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Environmental Significance Statement

This study examined the consequence of the transition from long-term irrigation with untreated 

wastewater to irrigation with WWTP effluent on the abundance of cultivable antimicrobial 

resistant bacteria (RB) in soils and fresh produce cultivated in irrigated soils. Our results show 

that although wastewater treatment reduced the abundance of RB in irrigation water, the 

irrigation transition did not reduce cultivable RB in soils. Soil properties rather than irrigation 

water type primarily affected RB abundance in soils. In addition, our results showed that plants 

are colonized by soil-derived RB likely introduced through irrigation. An ongoing monitoring of 

the contamination of harvested fresh produce with potentially pathogenic RB during the 

transition from irrigation with untreated wastewater to irrigation with WWTP effluent appears 

necessary.
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Abstract 

Agricultural fields in the Mezquital Valley, Mexico, were irrigated with untreated wastewater over 

several decades. Following the construction of a wastewater treatment plant (WWTP) in Atotonilco 

de Tula, WWTP effluent is used for irrigation. To evaluate the effects of changed irrigation, a soil 

incubation experiment was performed. Soils of the Mezquital Valley long-term irrigated with 

untreated wastewater were irrigated with WWTP influent or effluent, both unspiked and spiked with 

antibiotics and biocidal compounds and incubated four weeks. We investigated the effects of shifted 

irrigation on the abundance of cultivable total heterotrophic and resistant bacteria (RB). Additionally, 

RB were cultivated from Coriandrum sativum (cilantro) sown in soil of the incubation experiment. 

While wastewater treatment significantly reduced the bacterial abundance in effluent, spiking 

increased RB abundance in both wastewater types including ciprofloxacin (CIP) RB. Before 

wastewater addition, all soils contained cultivable RB. Irrigation increased the relative abundance of 

RB cultivated on Mueller Hinton (MH) agar in Leptosols and Phaeozems, compared to soils prior to 

wastewater addition irrespective of the water type, but not in Vertisols, suggesting the soil type rather 
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than water qualities influenced the RB abundance. Diverse CIP RB were cultivated from leaves and 

roots of cilantro including strains of 14 genera of three phyla. Among these, Achromobacter strains 

closely related to the potentially pathogenic A. spanius were abundant in both leaves and roots. Our 

results showed that the implementation of wastewater treatment does not reduce the abundance of 

cultivable RB in Mezquital Valley soils and cilantro plants. Health risk associated monitoring should 

include long-term persistent RB colonizing plants cultivated in wastewater irrigated soils. 

Introduction

Irrigation with treated or reclaimed wastewater from wastewater treatment plants (WWTPs) 

is practiced increasingly to compensate for freshwater shortage, droughts, and meeting growing 

global food demands.1–4 A WWTP is considered as an interface between the sewage and the 

receiving environment. Wastewater treatment processes reduce but do not efficiently remove 

pharmaceuticals, pesticides, bacteria carrying antibiotic resistance genes (ARGs), and antimicrobial 

resistant bacteria (ARB) from wastewater.5–8 Therefore, not only untreated wastewater, but also 

treated wastewater (WWTP effluent) contains pharmaceuticals and disinfectants, heavy metals, 

ARGs, and ARB that can contribute to the exchange and spread of antimicrobial resistance among 

bacteria in the environment.9–13 Long-term irrigation with wastewater leads to the accumulation of 

chemical pollutants in soils, which can be taken up by plants.14–16 Moreover, plants can be colonized 

by resistant environmental and/or facultative pathogenic bacteria.17–19 In consequence humans 

might get exposed to ARB and/or facultative pathogenic bacteria via consumption of fresh produce 

which was irrigated with wastewater or grown in wastewater-irrigated soils. In this study, we used 

the term resistant bacteria (RB) to designate bacteria resistant to antibiotics (ARB) and tolerant to 

biocidal compounds with the focus on quaternary alkylammonium compounds (QAACs).

Owing to their chemical stability, several antibiotics, especially fluoroquinolones, 

sulfonamides, and tetracyclines, are known to degrade slowly, resulting in their persistence and 

accumulation in the environment.20–26 A strong accumulation of antibiotics (ciprofloxacin, CIP and 

sulfamethoxazole, SUL), biocidal compounds assigned to the class of QAACs, and heavy metals 

was found in soils of agricultural fields of the Mezquital Valley. Those soils were irrigated with 

untreated wastewater for more than a century.27–31 The Mezquital Valley is a major agricultural area 

located in the federal state of Hidalgo in Mexico. Dalkmann et al. showed an enrichment of 
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enterococci and ARGs in long-term irrigated soils in the Mezquital Valley.28 Broszat et al. showed 

that culturable Gammaproteobacteria, including facultative pathogens, such as bacteria of the 

genera Pseudomonas, Stenotrophomonas, and Acinetobacter, and several resistance genes 

accumulated in the long-term irrigated soils.32 The fraction of cultivable RB was increased in 

wastewater-irrigated compared to rain-fed soils and multi-resistant Stenotrophomonas strains were 

selectively cultivated from irrigated soils.32 

Most studies considering wastewater use in agriculture hitherto have extensively focused on 

the effects of irrigation with WWTP effluent upon replacing fresh water.1,16,33,34 Other studies have 

focused on effects of treated wastewater (WWTP effluent) on soil properties and bacterial 

communities.35-41 The transition from long-term irrigation with untreated wastewater to irrigation with 

WWTP effluent has rarely been investigated.42 Changing irrigation with untreated wastewater to 

WWTP effluent could open a window of transiently elevated risk of the release of pollutants such as 

antibiotics, biocidal compounds, and heavy metals which were accumulated over time in irrigated 

soils. This may foster the proliferation of antimicrobial resistance.42–44

Since the construction of a large WWTP in Atotonilco de Tula at the entrance of the Mezquital 

Valley, WWTP effluent has been integrated into the irrigation regime of fields in the Mezquital 

Valley.45–47 This makes the Mezquital Valley a unique environment were consequences associated 

with changes in the irrigation with untreated wastewater to WWTP effluent get relevant. Ziegler 

Rivera et al.48 and Heyde et al.49 showed that this irrigation shift can increase the mobility of potential 

toxic elements including heavy metals in soils of the Mezquital Valley.

Up to date only the study of Soufi et al. investigated the effects of the transition from irrigation 

with untreated wastewater to irrigation with WWTP effluent on the soil microbiome and ARG 

abundance in more detail.50 A soil incubation experiment was performed with soil samples of different 

soil types (Leptosol, Phaeozem, Vertisol) from the Mezquital Valley. The soils have been irrigated 

with untreated wastewater for at least 60 years. Soil samples were irrigated either with untreated 

wastewater (WWTP influent, representing ongoing irrigation with untreated wastewater) or the 

WWTP effluent (mimicking transition to irrigation with treated wastewater) from the Atotonilco 

WWTP. In addition, both irrigation water types were spiked (spiked-influent and spiked-effluent) with 

an additional level of antibiotics and QAACs (mimicking enhanced pollutant exposure).50 Soufi et al. 

Page 4 of 39Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
2:

40
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6VA00055J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00055j


used cultivation independent DNA-based approaches to study the relative abundance of ARGs and 

investigated the bacterial communities present in the water types and the irrigated soils. It was shown 

that ARG abundances were affected by the spiking. Contrarily the composition of the soil bacterial 

communities was neither affected by the irrigation water types nor the spiking of irrigation water with 

increased concentrations of antibiotics and biocidal compounds but by the soil type.50 Heyde et al.49 

reported strong soil type effects on soluble concentrations of nutrients, metals, and carbon in the 

soils from the same soil incubation experiment described by Soufi et al.50

We aimed to complement the study of Soufi et al. with a cultivation-dependent approach by 

the investigation of cultivable RB present in the soils from the same soil incubation experiment.50 We 

cultivated RB from all wastewater types and soils before water addition (0 days) and 4 weeks 

incubation post water addition.49,50 We targeted heterotrophic bacteria growing under higher nutrient 

conditions at 37°C (among them facultative pathogenic bacteria) and heterotrophic bacteria growing 

under lower nutrient conditions at 25°C (environmental adapted bacteria) , respectively. In addition, 

we aimed to cultivate faecal indicator bacteria including Escherichia coli and enterococci and their 

resistant subgroups. 

In addition, we considered the aspect that the changes in the irrigation regime may also shift 

the use of agricultural fields in the Mezquital Valley. Traditionally wastewater-irrigated fields in the 

Mezquital Valley have been mainly used for cultivation of Alfalfa and maize as livestock fed and food. 

However, an extended use e.g. for the cultivation of cilantro (Coriandrum sativum L.), a common 

fresh produce cultivated in Mexico, may be possible after the implementation of wastewater 

treatment.32,51 For that reason, we used the irrigated soils (incubated for 14 days post irrigation) from 

the incubation experiment to study the transfer of RB from soil to cilantro (Coriandrum sativum L.) 

plants in a subsequently performed greenhouse experiment.

Our study tested the following hypotheses: (I) The total abundance of RB increases after 

changing irrigation from untreated wastewater to irrigation with effluent in Mexican soils with a history 

of long-term irrigation with untreated wastewater, (II) spiking of irrigation water with antibiotics and 

QAACs increases the RB abundance, (III) soil types modulate the abundance of RB, and (IV) 

differently irrigated soils all carry RB which can be transferred to fresh produce, such as Coriandrum 

sativum (cilantro), a herb commonly grown in the Mezquital Valley and consumed raw. 
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Materials and Methods
Wastewater and soil sampling

The Atotonilco WWTP has a treatment capacity of 35 m3 per second and a maximal capacity 

of 50 m3 per second (World Bank, 2018).46 The WWTP started operation at 30% of its capacity in 

2017 (10.5 m3 per second) and continued at full capacity from 2020 onward. The main aim of the 

wastewater treatment is to provide high-quality water (treated wastewater or WWTP effluent) for 

farmland irrigation, while preserving dissolved nutrients.45-47 Composite wastewater samples were 

collected in April 2022. The Atotonilco WWTP (19°57'28.52"N, 99°17'51.02"O) influent or effluent 

transported via the Salto-Tlamaco channel (sampled circa 1 km downstream from the WWTP and 

upstream of any settlements) were collected by mixing two individual samples of 10 L each taken 

daily over three consecutive days (i.e., a total 60 L of each wastewater type). Samples were stored 

at 4°C and transported cooled via airfreight to Germany for the experiment. 

Soil samples were taken from four different locations in the Mezquital Valley area: “Ulapa de 

Melchor Ocampo”, “Tetepango”, “Tlaxcoapan”, and “Tlahuelilpan” (16-23 km Northeast from 

Atotonilco WWTP) (Figure S1). Soils were taken from fields planted with Alfalfa (Medicago sativa) 

representing three typical soil types found in the region: Leptosol, Phaeozem, and Vertisol, 

respectively. Untreated wastewater had been used for irrigation of those fields for more than 60 

years in the past. Soil samples were taken from a transect 5 to 10 m parallel to the water inlet of the 

fields. Four composite samples per field site were taken by mixing eight individual samples from four 

distinct locations from 0-30 cm depth. Four different fields per soil type were sampled. Soil samples 

were stored at ambient temperature and transported under cooled conditions (<8°C) to Germany. 

Further details to the soil and wastewater sampling procedures and physicochemical characteristics 

are provided by Soufi et al. and Heyde et al.49,50

Soil Incubation experiment (soil microcosms)

The experimental setup is explained in detail by Soufi et al.50 An overview of the setup is 

additionally provided in Figure S2. The four composite samples per field were sieved to 8 mm size, 

homogenized, and mixed to one composite sample per field. The obtained composite soil samples 
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were used as soil type replicates. Composite samples were obtained from four fields per soil type.  

Individual soil microcosms were filled with 200 g (dry weight equivalent) of soil. For each sampling 

time point, one microcosm per replicate was prepared. To each of the soil microcosms 25 mL of one 

of the four water type was added: (i) unspiked-influent, (ii) unspiked-effluent, (iii) spiked-influent, or 

(iv) spiked-effluent (Figure S2). Spiking of water was done by adding six antibiotics namely 

azithromycin (AZI), CIP, clindamycin (CLIN), erythromycin (ERY), SUL, trimethoprim (TRIM), and a 

mixture of different QAACs including benzyl alkyldimethyl ammonium chloride (BACs), 

dialkyldimethyl ammonium chloride (DADMACs), and alkyltrimethyl ammonium chloride (ATMACs) 

Spiking raised the antibiotic and QAAC levels by 500-fold compared to those measured in the influent 

(for details see Table S1). The water content of the soils was then adjusted to 80% water holding 

capacity by adding deionized water, considering the initial water content of the field-moist samples. 

The soil microcosms were covered with sterile surgical masks, placed in a climatic chamber at 95% 

humidity and 22°C temperature, and incubated for a period of up to 8 weeks. For more details see 

Soufi et al. and Heyde et al.49,50 In this study, we investigated the cultivable bacterial abundance in 

soil samples before water addition (0 days, non-incubated, field composite samples), in the four 

water types used for irrigation, and in soil microcosms four weeks after water addition (Figure S2).

Enumeration of total and antibiotic and QAAC tolerant heterotrophic bacteria 

We applied two cultivation strategies to determine the abundance of total and antibiotic and 

QAAC tolerant heterotrophic bacteria. We aimed to differentiate between two groups of bacteria. 

Frist, fast-growing, copiotrophic bacteria, which grow well under higher nutrient conditions on Mueller 

Hinton agar (MH; Carl Roth GmbH) at 37°C within 24 h (including facultative pathogenic bacteria). 

Second, slower growing more oligotrophic bacteria which grow well at lower nutrient conditions on 

Reasoner's 2A agar (R2A; Carl Roth GmbH) at 25°C within 4 days. To keep it simple we used the 

terms "MH and R2A grown bacteria" throughout this study. MH agar is a non-selective and non-

differential nutrient-rich medium and commonly used for antibiotic susceptibility testing (AST), 

isolation, and enumeration of fast-growing heterotrophic bacteria, including pathogens associated 

with animals and humans.52,53 R2A agar contains lower nutrient concentrations than MH and is 

commonly used to obtain also slower growing oligotrophic environmental bacteria.54,55 In addition, 
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we applied cultivation conditions for the selective cultivation of faecal indicator bacteria (E. coli, 

enterococci) and resistant subgroups targeting 3rd generation cephalosporin-resistant (3GCR) E. 

coli and vancomycin-resistant enterococci (VRE).

Briefly, from each field composite sample and each soil microcosm 1 g of soil was suspended 

in 9 mL tetra sodium pyrophosphate buffer (TSPP, 0.2% filter sterilized using 0.45 µm sterile 50 mL 

syringe filter, Whatman) in a sterile 15 mL falcon tube (Greiner Bio-one) to detach bacteria from the 

soil matrices. After incubation on a horizontal shaker (150 rpm, 10 min) in the dark, soil suspensions 

were poured inside stomacher bags (Seward circulator, 400) and mechanically treated in a 

stomacher (Seward Bio-master Lab System) at maximum speed for 3 min. The suspensions were 

transferred again to the 15 mL tubes and left in the dark for 10 to 15 min to allow soil particles to 

settle down by sedimentation. Further analysis was performed with 2 mL of the supernatants 

containing bacterial cells detached from the soil matrix. Next, 30 µL of each supernatant and each 

irrigation water type were serially diluted (ten-fold up to 10-6) in sterile 96 wells plates filled with 270 

µL sterile (autoclaved) sodium chloride solution (NaCl, 0.9% w/v). Dilution series of each individual 

sample were performed in quadruplets (technical replications). Subsequently, 5 µL of each dilution 

were spotted on MH and R2A plates without and with antibiotics and biocidal compounds: CIP (1 

and 4 µg mL-1, Sigma Aldrich), TRIM/ SUL (4/76 µg mL-1, Sigma Aldrich), ERY (2 µg mL-1, Cayman 

Chemical Company)/ CLIN (0.5 µg mL-1, Sigma Aldrich), and BAC-C12 (50 µg mL-1, Tokyo Chemical 

Company). 

For the cultivation of faecal indicator bacteria the dilution series were spotted on selective 

differential media including Tryptone Bile X-Glucuronide agar (TBX, Carl Roth GmbH, Germany) 

without and with cefotaxime (CTX, 1 µg mL-1, Sigma Aldrich) and Slanetz and Bartley (SB) agar (Carl 

Roth GmbH) without and with vancomycin (VAN, 4 µg mL-1, Sigma Aldrich) to cultivate Escherichia 

coli, 3GCR E. coli, enterococci, and VRE, respectively. Plates for total and 3GCR E. coli were 

incubated under oxic conditions for 3 h at 37°C and moved to 44°C for 21 h. Plates for total 

enterococci and VRE were incubated under microaerophilic conditions using Anaerocult C gas 

Packs (Sigma-Aldrich) at 37°C for 48 h. All agar media were supplemented with cycloheximide (100 

µg mL-1, Biochemica) to inhibit fungal growth. Following incubation, colonies were counted manually 

to calculate colony forming units (CFUs) per mL or g analysed sample. Counting was performed 
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after 24 and 48 h for MH and R2A plates, respectively. Longer incubation times (48 h for MH, and 

more than 4 days for R2A) hindered an efficient colony counting. As 5 µL were spotted per dilution, 

3 to 30 CFUs were assumed as a countable range. Additionally, most probable numbers (MPNs) of 

bacteria per mL or g were calculated based on the number of spots per dilution that showed growth 

using the method of Jarvis et al.56 Because the concentrations determined by CFU and MPN counts 

showed homogenous trends throughout the samples, only CFU counts are presented in this study. 

Stored wastewater samples (4°C) were studied here in parallel to soil samples after the soil 

incubation experiment was started. 

Cultivation and sampling of cilantro grown in soil samples of the incubation experiment

Leptosol, Phaeozem, and Vertisol soils which were incubated for 14 days with the four 

different water types (influent, effluent, spiked-influent, spiked-effluent) in the soil incubation 

experiment were used for a greenhouse experiment. The soil samples were stored at 4°C in the dark 

and used for the cultivation of cilantro seedlings. The greenhouse experiment comprised 48 pots (3 

soil types x 4 different water types x 4 replicates). Each pot contained 15 g of irrigated soil. Five 

cilantro (Hortaflor variety) seeds were sown per pot. Pots were irrigated daily with sterile deionized 

water to keep the soil moisture content at 80% water holding capacity. The pots were incubated for 

6 weeks at 22°C (day) and 18°C (night) with a 12-hour photoperiod. The position of the pots was 

randomized daily. After 6 weeks of incubation, aboveground (mainly leaves) and belowground (roots) 

parts of the cilantro plants were separated carefully by placing plants on sterile petri dishes (Greiner 

Bio-one). Roots with adhering soil were carefully separated by hand (using gloves) from bulk soil. 

The aboveground and belowground parts of the plants were placed into sterile 2 mL Eppendorf tubes 

containing 750 µL autoclaved NaCl (0.3% w/v) and washed by vortexing for 1 min to remove the 

rhizosphere and detach bacteria from the plant surface. The supernatant was decanted and fresh 

NaCl solution was added. The process was repeated two times. The residual plant samples (both, 

“leaves” and “roots”) were transferred to sterile 15 mL tubes containing 5 mL autoclaved buffered 

peptone water (BPW; Sigma Aldrich). The plant material contained bacteria that were too strongly 

attached to the root and leave surfaces to be washed off and endophytic bacteria. All samples were 
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transported on the day of sampling on cool bags (6°C) to the laboratory and stored at 4°C until further 

analysis.

Pre-enrichment cultivation and isolation of RB from washed cilantro roots and leaves 

Total and resistant heterotrophic bacteria as well as faecal indicator bacteria were cultivated 

from washed plant material. Small fractions (at least 0.5 g) of surface washed plant samples (stored 

in BPW) were incubated overnight in 1 mL autoclaved BPW at 37°C and 25°C to reactivate the plant 

associated bacteria. After overnight cultivation, serial dilutions were performed in 0.3% NaCl in sterile 

96 wells plates as described above. Four technical replications were set up per sample. All dilutions 

(5 µL per well) were spotted on MH and R2A agar plates without and with antibiotics or biocidal 

compounds as described above. Following the spot assay, highest dilutions that showed growth in 

the presence of CIP were selected for cultivation of CIP RB. Therefore 100 µL of those dilutions were 

plated on MH and R2A agar containing CIP (1 and 4 µg mL-1). All agar plates were additionally 

supplemented with cycloheximide (100 µg mL-1) to avoid fungal growths. Plates were incubated 

under oxic conditions at 37°C (24 h) and 25°C (48 h - 4 days). At least five colonies of different 

abundant morphotypes were selected for analysis. Strains were purified by repeated streaking of 

single colonies on respective media with CIP. Additionally, overnight enrichment cultures in BPW 

(37°C) were spotted on TBX agar with and without CTX and SB agar with and without vancomycin. 

Plates were incubated as described above.

Preservation and phylogenetic characterization of CIP resistant strains

Fresh biomass of pure cultures was suspended in new-born calf serum albumin 

(ThermoFisher Scientific, USA) and stored at -20°C for long-term preservation. For molecular 

analysis cell lysates were generated from biomass of pure cultures as described by Schauss et al.57 

Genomic fingerprinting using the primer BOXA1R (Table S2) (BOX-PCR) was used to differentiate 

all strains at a strain level (genotyping). Analysis was performed according to Bartz et al. using 

BioNumerics version 8 (Applied Maths, Belgium).58 Strains with identical BOX-PCR patterns were 

assigned to one genotype. Few representatives of each genotype were phylogenetically identified 

by partial 16S rRNA gene sequencing. Amplification of the 16S rRNA gene was done using the 
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primer system EUB9f and EUB1492r (Table S2) as described previously.59,60 Purification of PCR 

products and Sanger sequencing with primer EUB9f were performed by LGC Genomics (Berlin, 

Germany). Manual corrections of Sanger sequences were conducted using Molecular Evolutionary 

Genetics Analysis (MEGA) software Version 11 (MEGA 11).61 16S rRNA gene sequence identities 

to next related type strains were obtained using the Basic Local Alignment Search Tool (BLAST; 

https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the NCBI RefSeq 16S rRNA gene sequence database. 

Phylotypes were defined based on a phylogenetic tree and sequence identities. Respective analysis 

was performed in ARB (http://www.arb-home.de/) as described in detail in Franco et al.62 Based on 

the phylotype grouping, genotypes were defined per phylotype using genomic fingerprint data 

according to Franco et al.62 All sequences generated in this study were deposited in GenBank under 

accession numbers PV243452 - PV243571. The 16S rRNA gene sequences of the bacterial strains 

were used for comparative analysis with amplicon sequence variant (ASV) sequences published by 

Soufi et al. for the same soil incubation experiment as described in our study using MEGA 11.50,61

Genetic diversity analysis of Achromobacter spp. strains 

Achromobacter spp. strains were further genetically differentiated using the 765 bp DNA 

fragments of the gene nrdA coding for the alpha subunit of the ribonucleoside diphosphate reductase 

1 as described previously.63 Amplification of partial nrdA sequences was carried out using primers 

and PCR condition as described by Spilker et al. and Amoureux et al.63,64 Sanger sequenced partial 

nrdA nucleotide sequences were manually checked by visual control of the chromatograms and 

shortened to a size of 765 nucleotide positions (5´-AAGAAGCCTACGTG ... TGCATCGCAATCGCC-

3´). The fragment was selected according to the Achromobacter PubMLSTdatabase locus nrdA_765 

(http://pubmlst.org/achromobacter/).65–67 The sequences were processed and compared using 

MEGA 11. Based on the alignment performed with ClustalW, nucleotide differences per codon 

position were counted. The nrdA_765 nucleotide sequence fragments were deposited in the 

Achromobacter PubMLST database and allele numbers were assigned. Phylogenetic trees based 

on nucleotides and translated amino acids sequences of the partial nrdA sequences were 

additionally calculated in MEGA 11 using the Maximum likelihood method.68 
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Antibiotic susceptibility testing (AST) and biocide tolerance tests

Achromobacter spp. strains cultivated from cilantro plants in the presence of CIP were used 

for AST. Testing was performed by the agar diffusion method using MH agar plates incubated at 

37°C following the Clinical and Laboratory Standards Institute (CLSI) guidelines (M100-ED34). The 

following antibiotics were used to test for additional antimicrobial resistances: levofloxacin (LEV, 5 

µg), CIP (5 µg), amikacin (AMK, 30 µg), meropenem (MER, 10 µg), imipenem (IMP, 10 µg), 

doripenem (DOR, 10 µg), piperacillin (PIP, 100 µg), piperacillin/tazobactam (PIT, 100/10 µg), and 

ceftazidime (CEF, 30 µg) (all Oxoid). Achromobacter spanius CCUG 47062T, Pseudomonas 

aeruginosa LMG 1242T, and E. coli ATCC 25922 were used as reference strains. P. aeruginosa 

specific CLSI breakpoints of inhibition zones were used to differentiate antibiotic resistant or 

susceptible phenotypes. Minimum inhibitory concentration (MIC) values of BAC-C12, DADMAC-

C10, and ATMAC-C16 were determined with a broth microdilution assay following the CLSI 

guidelines (M100-ED34) using methods described previously.8 The following concentration ranges 

were tested, 0, 3.125, 6.25, 12.5, 25, 50, 100, and 200 μg BAC-C12 mL-1, 0, 0.3125, 0.625, 1.25, 

2.5, 5, 10, and 20 μg DADMAC-C10 mL-1, and 0, 1.56, 3.125, 6.25, 12.5, 25, 50, and 100 μg ATMAC-

C16 mL-1, respectively. The lowest concentration with no visible growth was considered as MIC value 

for the respective QAACs.

Genetic characterization of the CIP resistance of Achromobacter spp. strains

Quinolone resistance determining regions (QRDRs) of the DNA gyrase (gyrA) and 

topoisomerase IV (parC) of CIP resistant Achromobacter spp. strains were PCR amplified using 

primers and PCR conditions as described previously.69,70 The PCR products of gyrA were Sanger 

sequenced with forward primers to determine point mutations leading to CIP resistance as reported 

previously in the Gram-negative bacteria.69–71 Amplification results for parC were unsatisfactory. The 

strains were further screened for the presence of plasmid mediated quinolone resistance (PMQR) 

genes qnrB and qnrS using primer systems and PCR conditions as described previously.72,73 Details 

of primer systems used are given in Table S2.

Statistical analysis
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Calculations of mean values and standard deviations were done in Microsoft Excel (Office 

2016). The relative concentrations (relative abundance) of RB were calculated as the ratio of MH or 

R2A CFU counts per g or mL obtained from antibiotic or QAAC supplemented agar plates to agar 

plates without supplements. The Shapiro-Wilk test was applied to test the distribution of CFU counts 

for normality.74 If normal distribution was confirmed, the Brown-Forsythe test for equal variance was 

performed to check for differences between mean values.75 The one-way analysis of variance 

(ANOVA, parametric) was used to test significant difference between the means of CFU counts in 

the irrigated soils (incubated for 4 weeks) and soil samples prior to water addition. The Kruskal Wallis 

ANOVA based on rank was performed for non-parametric data.76 Two-way ANOVA was used to test 

interacting effects of wastewater (influent, effluent) with spiking levels (unspiked, spiked) on means 

of CFU counts per mL or g, respectively. Effects of wastewater types (influent, effluent), spiking 

levels (unspiked, spiked), and soil types (Leptosol, Phaeozem, Vertisol) on the relative abundance 

of RB were tested by a three-way ANOVA. All statistical tests were considered significant at p<0.05. 

SigmaPlot (Version 15, Systat, USA) was used for the described statistics. Principal component 

analyses (PCAs), permutational multivariate analysis of variance (one-way PERMANOVA), and 

analysis of similarities (one-way ANOSIM) were performed in PAST4 

(https://folk.uio.no/ohammer/past/).

Results 

Wastewater treatment reduced the abundance of total and resistant heterotrophic bacteria in 

the effluent compared to influent water, while spiking increased their abundance

The absolute abundance (CFU counts) of total bacteria cultivated on MH or R2A from influent 

was 5.9 (± 5.1) and 6.9 (± 6.2) log10 CFUs mL-1 (Table S3). Wastewater treatment significantly 

reduced the concentrations of both cultivated bacterial groups by 0.6 and 0.9 log10 CFUs mL-1 in the 

effluent compared to the influent (p<0.05). Spiking of both water types significantly increased the 

absolute abundance of MH grown bacteria by 0.8 and 0.3 log10 CFUs mL-1 (p<0.05), while bacteria 

cultivated on R2A showed only a slight but non-significant rise (Table S3).

Antibiotic (CIP, TRIM/SUL, and ERY/CLIN) resistant and BAC-C12 tolerant bacteria 

(summarized as resistant bacteria, RB) were cultivated from all wastewater types on MH and R2A 
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(Table S3). Compared to the influent, the absolute abundance in the effluent was significantly lower 

for almost all targeted RB on MH and R2A, with a reduction of 0.3 to 1.5 log10 CFUs mL-1 (Table S3). 

Relative abundances of RB cultivated on MH or R2A (fraction of CFU counts obtained from 

media with antimicrobials relative to CFU counts for media without antimicrobials) was also lower in 

the effluent compared to the influent. Only CIP RB cultivated on MH and BAC-C12 RB cultivated on 

R2A showed increased relative CFU counts in the effluent (Figure 1A). 

Spiking influenced both, the relative abundance of MH and R2A grown RB, in both water 

types. In case of RB cultivated on MH, spiking led to a significant decrease in the relative abundance 

of CIP RB in both water types. Following spiking, the relative abundance of TRIM/SUL RB 

significantly decreased in the influent but significantly increased in the effluent. While the relative 

abundance of ERY/CLIN RB increased after spiking of both water types (Figure 1A, Figure S3). 

After spiking of both wastewater types, relative abundance of almost all targeted RB 

cultivated on R2A was significantly higher with a non-significant rise for CIP RB in the spiked influent 

(Figure 1A, Figure S3).

From none of the water samples, independent of spiking, E. coli and enterococci as well as 

3GCR E. coli and VRE could be cultivated by the spot assay cultivation approach. 

Mexican soils long-term irrigated with untreated wastewater contained cultivable RB

The Mexican soils used for the incubation experiment (before irrigation water addition, 0 

days) contained total bacteria cultivated on MH and R2A in a range of 6.4 to 7.1 log10 CFUs g-1 

(mean of four field replicates; Table S4). The highest CFU counts were obtained for Leptosol, 

followed by Phaeozem and Vertisol samples (Table S4). A significant difference (p<0.05, One way 

ANOVA) was observed only between Leptosol (7.1 ± 0.1 log10 CFU g-1) and Vertisol (6.4 ± 0.6 log10 

CFU g-1) for MH grown bacteria (standard deviations reflect variability among four field replicates).

From all soil samples RB could be cultured on MH and R2A without significant differences in 

the absolute or relative abundance among the soils (Figures 1A, S3, Table S4). The absolute 

abundance of CIP, TRIM/SUL, and ERY/CLIN RB were in the ranged of 4.9 to 6.1 log10 CFU g-1, 

while abundance of BAC-C12 tolerant bacteria were lower (3.5 to 4.0 log10 CFU g-1) (Table S4). The 

highest relative abundance of RB on MH was observed in Vertisols (1.4 log10 units, CIP RB) and 
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lowest in Leptosols (-1.6 log10 units, BAC-C12 RB) (Figure S3). Considering the relative abundance 

of RB on R2A, both highest and lowest relative abundances were observed in Leptosols (1.4 log10 

units for ERY/CLIN RB, -1.1 log10 units for BAC-C12 RB) (Figure S3). 

From none of the soil samples E. coli and enterococci as well as 3GCR E. coli and VRE could 

be isolated by the spot assay cultivation approach. 

RB abundance in four-week incubated soils – no difference between the irrigation water types 

but increased relative abundance compared to soils before water addition 

Following the four weeks of soil incubation after water addition, the absolute abundance of 

total and resistant bacteria (MH and R2A CFU counts per g soil) showed no significant changes 

compared to soils before water addition (Figure S3, Table S4). Neither the soil type, nor the added 

water type (effluent versus influent; spiked versus unspiked) showed any effects on the abundance 

of cultivated bacteria (Three-way ANOVA, p> 0.05). 

Significant differences in the relative abundance of RB were only observed for bacteria 

cultivated on MH from soil samples after water addition and four weeks of incubation compared to 

soil samples before water addition (0 days) (Figure 1A). In Leptosol and Phaeozem, TRIM/SUL and 

ERY/CLIN resistant and BAC-C12 tolerant MH cultivated bacteria occurred at significantly higher 

relative abundance following water addition and incubation than before (p<0.05; Figure 1A, Figure 

S3). No significant differences were obtained for respective Vertisol samples. Again, water type and 

spiking showed no significant effects. For R2A cultivated bacteria, no significant effects were 

observed for relative abundances of RB in Leptosol and Phaeozem, but for TRIM/SUL RB in Vertisol 

irrigated with the spiked-effluent (Figure 1A, Figure S3). 

PCA based on relative abundance data of RB showed a clear separation of soils before (0 

days) and 4 weeks after water addition if RB were cultivated on MH at 37°C (Figure 1B). This was 

supported by one-way PERMANOVA (Euclidean distance, permutations = 9.999, R2 = 0.41, F = 2.5, 

p = 0.0001) and one-way ANOSIM (similarity index= Euclidean, permutations = 9.999, R = 0.137, p 

= 0.005) which both showed significant differences between soils before versus after water addition 

for MH cultivated RB.
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Similar effects were not observed for the relative abundance of RB cultivated on R2A at 25°C 

(Figure 1C). Neither one-way PERMANOVA (Euclidean distance, permutations = 9,999, F = 1.20, p 

= 0.2) nor one-way ANOSIM (similarity index= Euclidean, R = −0.03, p = 0.7) detected significant 

differences between the two groups (soils before versus after water addition) for R2A cultivated RB. 

Cultivation of diverse RB from leaves/roots of cilantro plants grown in differently irrigated 

soils via pre-enrichment cultivation method

We aimed to study the transmission of RB present in soils irrigated with the different water 

types to cilantro plants. Neither from washed cilantro leaves nor from the washed roots samples, E. 

coli or enterococci could be cultivated after the performed non-selective pre-enrichment cultivation. 

However, RB (CIP, TRIM/SUL, and ERY/CLIN resistant and BAC-C12 tolerant bacteria) for all tested 

antimicrobials were cultivated from both leaves and root enrichment samples of cilantro plants grown 

in the different soil types after irrigation with all four water types (Table S5). 

Among all targeted RB we decided to study only CIP RB in more detail. A high diversity of 

CIP RB (both on MH and R2A containing CIP) were cultivated from enrichment of leaves and roots 

of cilantro plants. A total of 187 colonies, representing 108 strains from leaves (at least 31 from each 

soil type) and 79 strains from roots (at least 23 from each soil type), were randomly selected for 

further characterization (Figure 2A). The CIP resistant strains isolated from both leaves and roots 

belonged to the phyla Pseudomonadota (formerly Proteobacteria; represented by 

Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria), Actinomycetota (formerly 

Actinobacteria; represented by Actinomycetia), and Bacillota (formerly Firmicutes; represented by 

Bacilli). 

The CIP resistant strains from leaves were affiliated to 12 different genera, namely, 

Achromobacter, Bosea, Cellulomonas, Cellulosimicrobium, Lysinibacillus, Microbacterium, 

Paenarthrobacter, Paenibacillus, Pseudarthrobacter, Pseudomonas, Stenotrophomonas, and 

Stutzerimonas (Figure 2A, S4 A-F). The largest number of strains was assigned to the genus 

Achromobacter (29.6%, 32/108) followed by Paenibacillus (19.4%, 21/108), Cellulosimicrobium 

(11.1%, 12/108), Stenotrophomonas (10.2%, 11/108), and Paenarthrobacter (8.3%, 9/108). 

Similarly, CIP resistant strains from roots belonged to nine different genera namely, Achromobacter, 
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Arthrobacter, Cellulosimicrobium, Lysinibacillus, Oerskovia, Paenarthrobacter, Paenibacillus, 

Stenotrophomonas, and Stutzerimonas (Figure 2B, S4 A-F). The largest numbers of strains were 

again assigned to the genus Achromobacter (57%, 45/79), followed by Paenarthrobacter (21.5%; 

17/79) and Stenotrophomonas (10.1%, 8/79) (Figure 2A). Bacteria of those three genera were 

isolated from both leaves and roots on MH and R2A supplemented with CIP (MH/R2A with CIP; 

Figure 2B). Pseudomonas spp. strains were isolated only on MH CIP from leaves and Paenibacillus 

spp. and Cellulosimicrobium spp. strains were isolated from MH and R2A CIP, mainly from leaves 

and less frequently from roots. Borsea spp. strains were isolated only from R2A CIP from leaves. 

Detailed characterization of CIP resistant Achromobacter spp. strains of cilantro leaves and 

roots, with evidence suggesting soil origin

Due to the frequent isolation of CIP resistant Achromobacter spp. strains at both cultivation 

conditions (MH and R2A) and in both sample types (roots and leaves), Achromobacter spp. strains 

were selected for further characterization. Based on partial 16S rRNA gene sequences (approx. 

1000 nt) Achromobacter spp. strains were placed in one phylogenetic cluster within the genus 

Achromobacter (Figure S4 D). The cluster contained different Achromobacter type strains that 

shared all 98.9-100% 16S rRNA gene sequence identity with our strains and among each other; 

among those Achromobacter spanius, Achromobacter kerstersii, Achromobacter deleyi, and 

Achromobacter piechaudii, and Achromobacter marplatensis (Figure S4 D). Considering the 16S 

rRNA gene region used by Soufi et al.50 for 16S rRNA gene-based amplicon sequencing of soil 

samples of the same incubation experiment studied here, the isolated Achromobacter spp. strains 

were assigned to two soil-derived Achromobacter ASVs (ASV2677 and ASV7979). The two ASVs 

had one nucleotide difference. ASV2677 was represented by 36 strains and shared 100% sequence 

identity with the 16S rRNA gene sequences of the type strains of A. spanius, A. kerstersii, A. deleyi, 

and A. piechaudii, while ASV 7979 was represented by 14 strains and was identical to the 16S rRNA 

gene sequence of A. marplatensis (Figures S5, S6). Further phylogenetic analysis based on partial 

nrdA nucleotide and amino acid sequences showed that the isolated Achromobacter spp. strains 

could be separated into three clusters (A to C) (Figure S5). A total of 40 strains were assigned to 

cluster A. All 40 strains were sequence identical to ASV2677 but represented 21 different nrdA_765 
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alleles. Six of those 21 alleles were previously assigned to strains of the species A. spanius (Figure 

S5). The remaining 18 isolated Achromobacter spp. strains were assigned to cluster B (6 strains) 

and cluster C (12 strains) represented further three and five different nrdA_765 alleles (Figure S5). 

Interestingly, strains of clusters B and C either represented ASV2677 or ASV7979 (Figure 

S5). Further analysis based on genomic fingerprinting using BOX-PCR showed that the isolated 

Achromobacter spp. strains even represented a much higher genetic variability (Figures S6, S7). A 

total of 41 different Achromobacter BOX-genotypes were detected (Figure S6). Only two distinct 

genotypes (5a-1 and 5a-2) were found in both leaves and roots, and higher numbers of distinct 

genotypes were found specifically in roots (33 out of 41) compared to leaves (7 out of 41) (Figures 

S6, S7). 

For strains of other genera, 16S rRNA gene sequence-based analyses and genomic 

fingerprinting also showed a high genetic variability among the CIP resistant strains (Figure 2 B; S8). 

Strains assigned to the genus Paenarthrobacter showed the highest genotypic diversity (19 different 

BOX-genotypes, Figure S8).

Antibiotic susceptibility and QAAC tolerance of Achromobacter spp. strains isolated in the 

presence of CIP

The 60 Achromobacter spp. strains (23 from leaves, 37 from roots) cultivated on MH or R2A 

with 1 or 4 µg CIP mL-1 were further characterized with respect to their susceptibility to antibiotics 

and QAAC tolerance. All strains were susceptible to CIP and all other tested additional antibiotics 

(AMK, MER, IMP, DOR, PIP, PIT, and CEF). No nucleotide point mutation leading to changes of 

amino acids 83 or 87 were detected in the gyrA gene sequences of Achromobacter spp. strains. The 

PMQR genes qnrB or qnrS were not detected in any Achromobacter spp. strains. The MIC values 

for QAACs of the tested Achromobacter spp. strains were mostly in the ranges of 25-50 µg BAC-

C12 mL-1, 5-10 µg DADMAC-C10 mL-1, and 50-100 µg ATMAC-C16 mL-1 (Figure S6).

Discussion
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Previous studies considering irrigation in agriculture had extensively focused to implications 

of irrigation with WWTP effluent replacing fresh water such as ground and surface water 

sources.1,16,34 Currently, only few studies have addressed the effects of the transition from irrigation 

with untreated wastewater to irrigation with WWTP effluent in agricultural soils, a scenario relevant 

for soils in the Mezquital valley in Mexico.48-50 We complemented the previously published cultivation 

independent microbiome (Soufi et al.)50 and chemical studies (Heyde et al.)49 with cultivation-based 

data. 

We and Soufi et al.50 observed a typical reduction of CFU counts for heterotrophic bacteria 

between WWTP influent and effluent as reported in various studies of different countries.77–82 In the 

same manner, we found a significant reduction in the CFU counts of RB. While the direct comparison 

of our results with previous studies was hampered by the use of different media and tested antibiotics 

(including different antibiotic concentrations), similar reductions of the abundance of ARB, faecal 

coliforms, and total heterotrophic bacteria in WWTP effluent compared to influent were observed in 

several previous studies.77,81–85 However, while the relative abundance of most targeted RB 

decreased after wastewater treatment, the relative abundances of CIP RB cultivated on MH at 37°C 

and BAC-C12 tolerant bacteria cultivated on R2A at 25°C increased. This supported previous 

discussions that antimicrobial resistance could increase during the wastewater treatment 

processes.42,79 

We showed that spiking of both, influent and effluent with antibiotics and QAACs significantly 

affected the abundance of cultivable bacteria and increased the relative abundance of cultivated RB. 

The overall rise in CFU counts of cultivated RB after spiking influent and effluent might indicate a 

metabolic capability of RB to cope with the spiked concentration of antibiotics and QAACs. RB might 

have grown faster than susceptible bacteria, with their growth being even further augmented by the 

utilisation of lysed cells of susceptible microbial population.86-89 

We could not cultivate E. coli and enterococci from influent and effluent samples as well as 

from soil samples. However, at the time when the water samples were used to set up the soil 

incubation experiment both taxa could be cultured by a direct plating cultivation from influent and 

effluent waters (see also Suppl. Fig. S4).50 Long term storage of the water and soil samples before 

analysis seemed to have a negative effect on the cultivability of E. coli and enterococci in water and 
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irrigated soils. For technical reasons both were stored at 6°C and studied after the irrigation 

experiment was finished. At the day of water addition, the concentration of cultivable E. coli in the 

influent, the effluent, spiked influent, and spiked effluent were 2.9, 1.9, 2.4, and 2.2 log10 CFUs mL-

1, respectively.50 Based on those data the initial amount of cultivable E. coli present in the soils mixed 

with water was 2.0 and 1.0 log10 CFUs g-1 for influent and effluent water, 1.5 log10 CFU for spiked 

influent and 1.3 log10 CFUs g-1 for spiked effluent. The limit of detection (LOD) for E. coli with the 

spot assay experiment was 2.3 log10 CFUs mL-1 (for water samples) and 3.3 log10 CFUs g-1 (soil 

samples). In addition, the spot assays were performed four months after the soil incubation 

experiment was set up. The absence of cultivable E. coli in our samples therefore aligns with decay 

rates reported by Murphy et al.90 for a similar soil greenhouse incubation experiment. This however 

highlights even more that a large proportion of the cultivated RB is part of the stable microbiome in 

the long-term irrigated Mexican soils. 

After four weeks of soil incubation following irrigation, relative abundances of RB were not 

significantly affected by the irrigation water type (influent or effluent) in any soil type, regardless of 

whether or not the water was spiked with antibiotics and disinfectants. In line with our cultivation 

results, Soufi et al. also found that water type (influent vs. effluent) had no significant effect on ARG 

concentrations or patterns in soil samples from the same incubation experiment.50 However, spiking 

showed a significant effect which was not obtained in our study. An explanation for the lack of 

differences among influent and effluent irrigation is the fact that the effluent released from the 

Atotonilco WWTP might contain enough nutrients for the growth of bacteria in soil particularly on MH 

(at 37°C). This is different compared to effluents from other conventional WWTPs.49,50 The specific 

response of bacteria cultivable on MH agar at 37°C showed that especially copiotrophic bacteria 

including facultative pathogenic wastewater derived bacteria may respond to the nutrient input. As 

pointed out above, a previous study showed that Mexican soils long-term irrigated with untreated 

wastewater had significant higher abundances of culturable Gammaproteobacteria, including 

potential pathogens, such as Pseudomonas, Stenotrophomonas, and Acinetobacter than rain fed 

soils.32 

The lack of effects of spiking on the cultivability of RBs from irrigated soils may also be due 

to the adaptation of the soil bacterial communities to continuous pollutant exposure caused by the 
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long-term irrigation history of the studied soils (at least 60 years) with untreated wastewater.49,50 The 

abundance of cultivable multidrug resistant gammaproteobacterial strains in long term wastewater 

irrigated soils may support this hypothesis.32 Other factors can also play a role for the observed lack 

of differences in the relative abundance of RBs. Soufi et al. showed lack of pronounced differences 

in the water-extractable concentrations of the antibiotics (AZI, CIP, ERY; CLIN, and TRIM) in soils 

between before and after water addition, except for SUL which was present in higher concentrations 

in soils irrigated with spiked versus unspiked water.50 As indicated by the lack of significant 

differences in the concentrations of antibiotics after irrigation with unspiked and spiked wastewater50, 

different factors (e.g., sorption/desorption) may influence antibiotic concentrations in soil. This 

consequently could have influenced the abundance of RBs.31

Regarding the effect of wastewater irrigation on the abundance of RB in soils, a comparison 

of wastewater-irrigated soils to non-irrigated soils by Chen et al. showed no significant differences 

except for the relative abundance of sulfadiazine resistant bacteria despite significantly higher 

concentrations of antibiotics (sulfamethoxazole, sulfadiazine, oxytetracycline) in wastewater irrigated 

soils.91 Similarly, Negreanu et al. also did not find significant difference between relative abundances 

of RB in soils irrigated with WWTP effluent versus freshwater (including well water).92 

In contrast, our experiment revealed a significant increase in the relative abundance of RBs 

cultivable on MH at 37°C 4 weeks after wastewater addition to soils compared to the soils before 

water addition, especially in Leptosols and Phaeozems. MH agar is a medium used for the cultivation 

of fast-growing heterotrophs adapted to higher nutrient conditions.52,53 At an incubation temperature 

of 37°C this might include several potential pathogenic bacteria.93 In the studies of Chen et al.91 and 

Negreanu et al.92 Luria-Bertani (LB) agar, another nutrient rich agar, was used, but incubation was 

done at 30°C. Especially differences in media composition or temperature may have resulted the 

different study outcome. A study of manure-amended soils observed short term survival of manure-

derived tetracycline-resistant bacteria in Danish farmland soils.94 That study again used LB agar and 

an incubation temperature of 25°C.94 Our finding that effects on the RB abundance in Leptosols and 

Phaeozems were stronger than in Vertisols is in line with observations that soil types influence the 

fate of RB and ARGs following the land application of sludge and manure.95,96 As shown by Soufi et 

al. the composition of the microbial communities in the studied soils showed clear differences among 
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the soil types, and was less affected by the water applications.50 Our findings are in line with Seyoum 

et al. who showed that the occurrence and distribution of ARGs in treated wastewater-irrigated soils 

was independent of the irrigation water quality, but influenced by soil types, especially the soil clay 

content.97 Marano et al. showed that ARGs only correlated to irrigation water types in sandy but not 

in clay-rich soils, highlighting the significance of soil properties.98 While transient effects of 

wastewater irrigation could occur in the soil microbiomes, native microbial populations of soils are 

known to be resilient over time.99 Krause et al. and Obayomi et al. indicated that soil properties like 

the clay and the organic carbon content appeared to shape the bacterial communities, while irrigation 

water had negligible impact on the community composition and diversity.100,101 

In this study, we also aimed to demonstrate the transmission of RB from wastewater exposed 

soils to fresh produce. Despite using a non-selective pre-enrichment approach, E. coli, 3GCR E. coli, 

enterococci, and VRE were not cultivated from cilantro samples (leaves and roots). This can be 

explained by the fact that those faecal indicator bacteria were already not viable in the stored soil 

samples. This may have also been the case for other wastewater associated bacteria as Shewanella, 

Rheinheimera, Acinetobacter, Brevundimonas, Acidovorax, Cloacibacterium, or Arcobacter, which 

were cultivated as CIP RB on MH from wastewater samples used to set up the soil incubation 

experiment (see Fig. S4). However, we showed that the tissue of cilantro plants germinated and 

cultivated in the soils of the incubation experiment contained a broad range of cultivable RB (CIP, 

TRIM/SUL and ERY/CLIN resistant, BAC-C12 tolerant bacteria). Those however can also represent 

members of the native soil microbiome which can have intrinsic or acquired resistances.102,103 

Whether residues of antibiotics present in the differently irrigated soils or taken up by plants 15,16,104–

109 affected the abundance of culturable RBs in plants is not clear yet. A comparative experiment 

with non-irrigated soils was not performed at that time but would have finally been required to answer 

this question. 

Among all targeted RB (CIP, TRIM/SUL, and ERY/CLIN resistant, BAC-C12 tolerant 

bacteria), only CIP RB were selected for further characterization because fluoroquinolones are 

among the most prescribed antibiotics in Mexico City, and listed among the highest priority critically 

important antibiotics by the World Health Organisation.110,111 A large proportion of the CIP resistant 

strains from both leaves and roots represented soil derived Achromobacter.50 There was no 
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indication for an acquired CIP resistance mechanism in our strains. The presence of plasmid 

mediated quinolone resistance genes was only scarcely reported for Achromobacter spp. strains 

cultivated from environments impacted by anthropogenic activities.69 Active efflux pumps (e.g., 

AxyABM) were discussed as the quinolone resistance mechanism in the clinical strains of A. 

xylosoxidans.70,112 Respective genes were not further analysed for the Achromobacter spp. strains 

obtained in our study. In the EUCAST (https://www.eucast.org/) database, MIC values of CIP for 

Achromobacter spp. strains are in the range of 0.25 to 16 µg mL-1. Therefore, it must be considered 

that the epidemiological cut-off (ECOFF) value of CIP for Achromobacter might be above the 

concentration which we added to MH and R2A for selective growth condition in this study. 

Achromobacter are ecologically diverse bacteria found in various environments such as soil, 

water, waste and plants, but also in human clinical specimens.113–118 Most Achromobacter species 

are harmless, but few species of the genus Achromobacter have recently been considered as 

emerging pathogens in cystic fibrosis lungs.119–121 While A. xylosoxidans strains are most often 

isolated species from cystic fibrosis lungs and respiratory tracts, strains of A. spanius and A. 

marplatensis are also reported in cystic fibrosis.63,64,67,119,122 Achromobacter spp. strains were further 

on isolated from BAC-C12 to C18 containing disinfectants from different hospitals.123,124 It was shown 

that Achromobacter strains with the same pulsed-field gel electrophoresis (PFGE) pattern occurred 

in disinfectants and were responsible for a nosocomial infection.124 CIP resistance was most 

common among Achromobacter species in community-onset bloodstream infection during a 19 

years study of an Australian population.125 We showed that the cultivated Achromobacter spp. strains 

likely originate from the Mexican soils (identical to detected ASVs, see Soufi et al.)50 and actively 

colonized the plants grown in the soil. 

Beside Achromobacter we cultivated several other CIP resistant strains assigned to the 

genera Stenotrophomonas, Cellulosimicrobium, Paenibacillus, and Lysinibacillus from both, leaves 

and roots, or only leaves (Pseudomonas) of cilantro plants. Stenotrophomonas and Pseudomonas 

were previously already discussed as potential harmful taxa detected in long term irrigated Mexican 

soils which may colonize plants.32 This was also confirmed by our study. Again, according to 

EUCAST database it must be considered that the Stenotrophomonas ECOFF value for CIP (16 µg 
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mL-1) was above the applied concentrations used in our study, however for Pseudomonas the CIP 

ECOFF value was lower than the applied concentrations (ECOFF of 0.5 µg mL-1 for P. aeruginosa).

All taxa which were detected are known to be plant associated but also reported in the context 

of human infections. Stenotrophomonas spp. are found in soil and plants, and known for for their 

beneficial interaction with plants.126–127 Currently, only Stenotrophomonas maltophilia is known to 

cause human infections.126 Cellulosimicrobium spp. are commonly found in soil and sewage.128 

Strains of the species Cellulosimicrobium cellulans and Cellulosimicrobium funkei were reported to 

cause infection to immunocompromised patients.129,130 Here, members of the genus 

Cellulosimicrobium were exclusively cultivated on MH containing CIP at 37°C, which are growth 

conditions for bacteria including potential human pathogens.93 However, there are studies which 

reported Cellulosimicrobium spp. strains with plant growth promoting and plant protecting 

properties.131,132 Members of genus Paenibacillus have been isolated from variety of environments 

such as soil, wastewater, and plants, and are known for promoting growth in plants.133 Paenibacillus 

infections are opportunistic only against immunocompromised individuals.133,134 Lysinibacillus spp. 

strains have been isolated from diverse environments ranging from pristine aquatic environments, 

soils, plants, food, insects, waste, and indoor air.135 Bacteria of this genus are considered non-

pathogenic to humans, and have been rarely associated with infections, for instance, Lysinibacillus 

fusiformis linked to bacteremia.136 A recent study showed by genome sequencing of a plant growth 

promoting Lysinibacillus capsici strain isolated from leaf of ready-to-eat lettuce plants carried several 

pathogenicity and ARGs.137 If the occurrence of resistance genes in plant growth promoting 

endophytic bacteria is linked to environmental pollutions e.g., caused by wastewater irrigation needs 

further evaluation. The CIP RB in cilantro plants cultivated in Mexican soils require further evaluation 

of the complex mechanisms leading to their CIP resistance and abundance. The pathogenicity of 

CIP resistant strains cultivated from cilantro was not yet studied, however, several strains 

represented genera that include both plant growth-promoting and human pathogenic species. As 

shown by Kleyn et al. plant endophytes can share these different traits.137 

Conclusion and Prospective
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We investigated the consequences of the transition from long-term irrigation of soils with 

untreated wastewater to irrigation with WWTP effluent for the abundance of cultivable RB in soil and 

fresh produce using the Mezquital Valley, Mexico, as model case. Our study showed no significant 

effects of irrigation water quality (WWTP influent vs effluent) on the abundance of RB in Mexican 

soils with a long-term history of irrigation with untreated wastewater, contrary to our hypothesis that 

switching to WWTP effluent would increase RB abundance. Spiking of antibiotics and QAACs 

increased the abundance of RB in WWTP influent and effluent, but unexpectedly not as 

hypothesised in the irrigated soils four weeks after irrigation. Inputs of bacteria, nutrients, and organic 

matter with added WWTP influent and effluent might have increased the relative abundance of RB 

in Leptosols and Phaeozems, but not in Vertisols. This supported our hypothesis that the soil type 

modulates the RB abundance. A key finding of our study was that a significant increase of RBs was 

only observed when a nutrient rich medium and 37°C were used for cultivation. This may indicate 

that either fast growing bacteria in the soils or wastewater derived RB bacteria were activated. 

Further studies of isolated bacterial strains from irrigation water and irrigated soils are required to 

understand this phenomenon. Isolation of soil-derived CIP RBs from cilantro plants showed potential 

RB selection and their transfer to fresh produce in agriculture system. This suggests that wastewater 

treatment alone does not replace the monitoring of wastewater irrigation health risks. Long-term field 

experiments are required in addition to laboratory experiments for assessing environmental risks of 

RB and ARGs during irrigation transition adopting the “One Health” approach. Our study illustrates 

that complementary studies using cultivation-independent and dependent studies of soil microbes, 

and studies of chemical pollutions are the key to understand the resistance spread linked to 

wastewater irrigation in more detail. Regular monitoring of fresh produce for Achromobacter and 

other RB during irrigation transition is advised.
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Agricultural fields in the Mezquital Valley, Hidalgo, Mexico, have been irrigated with untreated 

wastewater for several decades. Following construction of the Atotonilco de Tula wastewater 

treatment plant (WWTP), treated wastewater (effluent) was integrated into the irrigation system. This 

study examined the consequence of the transition from long-term irrigation with untreated 

wastewater to irrigation with WWTP effluent on the abundance of cultivable antimicrobial resistant 

bacteria (RB) in soils and fresh produce (Coriandrum sativum, cilantro) cultivated in the irrigated 

soils. Our results show that although water treatment reduced the abundance of RB in irrigation 

water, the transmission from irrigation with untreated wastewater to WWTP effluent did not reduce 

cultivable RB in the Mezquital Valley soils. Soil properties rather than irrigation water type primarily 

affected RB abundance in soils. In addition, our results showed that plants can be colonized by soil 

derived RB likely introduced through irrigation. An ongoing monitoring of the contamination of 

harvested fresh produce with potentially pathogenic RB during the transition from irrigation with 

untreated wastewater to irrigation with WWTP effluent appears necessary to minimize the risk of 

their transfer to humans via the food chain. 
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Figure legends

Figure 1. (A) Heat map showing mean of relative abundance of RB cultivated on MH (high nutrient 

conditions at 37°C, among them potential pathogens) and R2A (low nutrient conditions at 25°C, 

environmentally adapted) from the irrigation water types (unspiked-influent, unspiked-effluent, 

spiked-influent and spiked-effluent) and soil before (0 days) and after irrigation. Significant 

differences (p<0.05) were indicated with asterisks (*). PCA analysis of relative abundance of RB on 

(B) MH and (C) R2A in soil before (0 days) and after four weeks incubation following irrigation with 

both unspiked and spiked influent or effluent. For irrigation water types mean values of four technical 

replications are presented. For each soil type mean values of four fields are presented. The used 

values per field are arithmetic means of four technical replications. For details see Figure S2.

Figure 2. (A) Proportion of bacterial genera representing strains cultivated on MH and R2A plates 

containing CIP (1 and 4 µg mL-1) from leaves and roots of cilantro grown on soils irrigated with 

different wastewaters (influent, effluent, and both spiked). (B) Seriation analysis based on an 

absence-presence (0/1) matrix showing the presence of each phylotype cultivated on MH/R2A with 

CIP (1 and 4 µg mL-1) from cilantro. Cilantro plants were harvested 6 weeks after sowing seeds. The 

greenhouse experiment comprised 48 pots (3 soil types x 4 wastewater types x 4 replicates). 
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Data availability statement
All data produced given in the manuscript. All 16S rRNA gene sequences produced in this 

study are submitted to GenBank and are publicly available under Accession numbers 

PV243452 to PV243571. All Achromobacter nrdA sequences produced in this study are 

accessible at the Achromobacter PubMLST database (http://pubmlst.org/achromobacter/) with 

the given locus nrdA_765 numbers. 
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