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Abstract 

Marine sediments have been suggested as a reservoir for pathogenic bacteria, including Esc heric hia coli . The origins, and properties 
pr omoting survi v al of E. coli in marine sediments (including osmotoler ance , biofilm formation capacity, and antibiotic resistance), 
have not been w ell-c har acterized. Phenotypes and genotypes of 37 E. coli isolates from coastal marine sediments were characterized. 
The isolates were diverse: 30 sequence types were identified that have been previously documented in humans, livestock, and other 
animals. Virulence genes were found in all isolates, with more virulence genes found in isolates sampled from sediment closer to 
the effluent discharge point of a w astew ater tr eatment plant. Antibiotic r esistance w as demonstrated phenotypicall y for one isolate, 
which also carried tetracycline resistance genes on a plasmid. Biofilm formation capacity varied for the different isolates, with most 
biofilm formed by phylogroup B1 isolates. All isolates were halotolerant, growing at 3.5% NaCl. This suggests that the properties 
of some isolates may facilitate survi v al in marine environments and can explain in part how marine sediments can be a reservoir 
for pathogenic E. coli . As disturbance of sediment could resuspend bacteria, this should be considered as a potential contributor to 
compromised bathing water quality at nearby beaches. 

Ke yw ords: environmental Esc heric hia coli ; biofim; halotolerance; whole genome sequencing; antibiotic resistance; bathing water 
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Abbreviations 

ANI: Av er a ge nucleotide identity 
ARG: Antibiotic resistance gene 
DP: Disc har ge point 
E. coli : Esc heric hia coli 
ExPEC: Extraintestinal pathogenic Escherichia coli 
GPS: Global positioning system 

LB: Lysogen y br oth 

PCR: Pol ymer ase c hain r eaction 

ST: Sequence type 
WGS: Whole genome sequence 
W-UPEC: Wastewater-urinary pathogenic Escherichia coli 
WWTP: Waste water tr eatment plant 

Introduction 

Esc heric hia coli is a facultativ e-anaer obic Gr am-negativ e bacteria 
of the v ertebr ate gut, and detection of this bacteria is fr equentl y 
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r e pr oduction in any medium, provided the original work is properly cited. For com
sed as indicator for fecal contamination (Odonkor and Ampofo 
013 ), and thus the presence of viruses, bacteria, or parasites
hich can cause serious diseases (Whitman et al. 2014 ). In des-

gnated swimming areas like beaches, monitoring programs for E.
oli and other indicators are essential to minimize the health risks
o the public (Halliday and Gast 2011 ). While E. coli itself can cause
 variety of different diseases such as enteritis, urinary tract infec-
ions, and wound infections (Kaper et al. 2004 ), E. coli is also a com-

ensal bacteria of warm-blooded animals and its presence is not
ecessarily connected to a direct risk to human health (Tenaillon
t al. 2010 ). Understanding the origins of E. coli in the environment
s thus an important factor in assessing both actual health risks
nd identify possible sources of contamination. 

Contamination of urban bathing water with E. coli is often as-
ociated with multiple sources, such as anthropogenic activities,
tormw ater runoff, w astew ater disc har ge, and animals in the ma-
ine environment (Haile et al. 1999 , Solo-Gabriele et al. 2000 , Alves
t al. 2014 ). Esc heric hia coli has been detected in sediments and in
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Figur e 1. Sampling locations . T he filled colour in each square corresponds to the sampling depth in meters . T he approximate location of the WWTP 
effluent DP is at location N27_F and marked with a cross . T he initial letter in the sample name indicates its position relative to the DP of the WWTP 
with N for North, E for east, S for south, and W for west, while the following number indicates the distance to the DP in meters. 
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each sand (Halliday and Gast 2011 , P ac hepsky and Shelton 2011 ,
ignaroli et al. 2013 , Salam et al. 2021 ). These sediments may be a
ource of E. coli (Ishii et al. 2007 ) and in freshwater en vironments ,
 esuspension fr om sediments has been shown to contribute E. coli
nto the water phase (Schang et al. 2018 ). A pr e vious study sug-
ested that marine sediments in the proximity of an effluent dis-
 har ge point (DP) of a w astew ater treatment plant (WWTP) could
erve as a potential reservoir for E. coli (Frank et al. 2024 ). 

There is growing evidence that E. coli can persist and some-
imes e v en thriv e in envir onments other than in warm-blooded
nimals, wher e they ar e normall y found. For example, E coli be-
onging to phylogroup B1 are commonly observed in water envi-
 onments (Touc hon et al. 2020 ). In these envir onments, or ganic
atter might be a sufficient nutrient source and facilitates sur-

ival of E. coli (Gerba and McLeod 1976 ). While recent studies have
 har acterized both genotypes and phenotypes of environmental E.
oli isolates (Julian et al. 2015 , Kindle et al. 2019 ), including marine
nvir onments (Vignar oli et al. 2013 , Grunwald et al. 2022 ), there is
imited knowledge about E. coli from marine sediments. Addition-
lly, it is unclear whether E. coli are still suitable indicators of fecal
ollution, and if they pose potential risk to human health. 

One possibility is that urban marine sediments select for E. coli
trains that possess properties that facilitate survival and thus
ead to naturalization. This should also mean that occurrence of
irulence , antibiotic resistance , genetic determinants , and phy-
ogroup of whole genome sequences (WGSs) will not be random
nd depend instead on the proximity of the isolates’ location to
he WWTP DP. 

This study used whole genome sequencing and standard phe-
otypic assays to address this possibility. Thirty-se v en E. coli iso-

ates were obtained from marine sediments. Genes associated
ith virulence, biofilm formation capacity, and antibiotic resis-

ance wer e compar ed to phenotypic determination of antibiotic
 esistance pr ofiles, biofilm formation ca pacity, and halotoler ance.
hese phenotypes were selected to examine if the isolates were
ble to survive in sediments due to adaptation to the specific en-
ironment, and if these characteristics could be explained by ge-
etic determinants. In addition, by examining both genotype and
henotype, the suitability of DNA-based methods to determine
ealth risks, including antibiotic resistance could be assessed.
astly, to examine possible sources for the E. coli present in the sed-
ments, whole genome sequences were compared to sequences of
. coli with defined origins. 

aterial and methods 

ampling 

ediments were retrieved using a core sampler (diameter: 15 cm)
rom 17 locations in the Öresund near the city of Helsingborg,
weden on 24 th August 2021. All samples not located in proximity
o the DP of the WWTP were sampled perpendicular to the bathing
ocations on the coast ∼300 m from the land ( Table S4 , Fig. 1 ).
he top 1 cm of sediment fr om eac h cor e was collected into ster-

le 50 ml centrifuge tubes . T he samples were k e pt on ice during
r ansport bac k to the labor atory (maxim um time: 4 h). Location
ames, global positioning system (GPS) coordinates, and sampling
epth can be found in Table S4 in the supporting materials . T he
ap of the sampling locations was generated in QGIS 3.22.6 (QGIS
e v elopment Team 2023 ) using the coordinate r efer ence system
WEREF99 13.30 (EPSG:5847). 

uantification and isolation of E. coli 
n the laboratory, sediments were transferred into sterile Petri
ishes and mixed, then 10 ml of each sample was tr ansferr ed into
 new centrifuge tube. Milli Q-water was added to a total volume
f 30 ml and filled tubes were gently mixed for 18 h at 5–6 ◦C on a
 oc king platform. The samples were then allowed to settle for 1 h
efore the top 11 ml, maximum amount of water without any dark
ediment particles coming along, was poured off into a measuring
ylinder. Water from duplicates was pooled (total volume of 22 ml)
nd diluted with Milli Q-water to generate 5x and 50x dilutions of

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
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the water extracted from the sediments. Escherichia coli concen- 
tr ations wer e determined using Colilert-18 and Quanti-Tray/2000 
(IDEXX, ME, USA). Concentr ations wer e m ultiplied by 5 to obtain 

MPN/100 ml sediment. 
To isolate individual E. coli , positive wells in the Quanti- 

Tr ay/2000 wells fr om either 5x or 50x duplicates wer e r andoml y 
punctured with a sterile needle. Approximately, 200 μl liquid was 
tr ansferr ed to HICrome Agar B plates (Sigma-Aldrich, MA, USA) 
and streaked for single colonies. Plates were incubated for 14 h at 
36 ◦C and individual blue colonies, indicating pr esumptiv e E. coli ,
wer e str eaked a gain befor e being gr own in liquid l ysogen y br oth 

(LB). For each of the 15 locations where E. coli was observed, at least 
two isolates were selected and arc hiv ed in 25% gl ycer ol at −80 ◦C.
Ov ernight cultur es wer e gr own in liquid LB from single colonies 
str eaked on LB a gar plates for additional experiments and DNA 

isolation. 

DN A extr action and sequencing 

DN A w as extr acted fr om ov ernight cultur es using the GeneJet Ge- 
nomic DNA Purification Kit (Thermo Fisher Scientific, MA, USA) 
according to the manufacturer’s instructions for Gr am-negativ e 
bacteria. DN A concentrations w ere determined b y Qubit dsDN A 

HS Assay kit (Thermo Fisher Scientific). Forty-one isolates were 
selected for sequencing. Libraries were prepared with Illumina 
DNA prep (M) tagmentation. A NextSeq 550 (Illumina, CA, USA) 
was used for 2 × 150 bp paired-end sequencing with a NextSeq 

500/550 Mid Output Kit v2.5 (Illumina). 

Genome analysis 

Reads were assembled with SKESA v2.2 (Souvorov et al. 2018 ),
cr oss-species and intr aspecies contamination assessed with 

Chec kM v1.0.12 (P arks et al. 2015 ) and ConFindr v.0.7.1 (Low et al.
2019 ). This led to exclusion of two genomes with sequence con- 
tamination. Taxonomic affiliation was estimated with GTDB-Tk 
v2.1.0 (Chaumeil et al. 2019 ) using the GTDB Release 07-RS207 
taxonomy (Parks et al. 2022 ). An additional two genomes, clas- 
sified as Shewanella algae and Serratia ureil ytica , wer e excluded 

from the dataset. The remaining 37 genomes were classified as 
E. coli . 

Phylogenetic groups (phylogroups) were estimated with Cler- 
monTyping (Beghain et al. 2018 ). Esc heric hia coli sequence types 
(STs) were determined with the multilocus sequence typing 
(MLST) MLST 2.0 webtool (Larsen et al. 2012 ) using the Achtmann 

scheme (Wirth et al. 2006 ). Average nucleotide identity (ANI) of 
the E. coli genomes was estimated with fastANI v1.33 (Jain et al.
2018 ). ANI similarity values were converted to dissimilarities, and 

then a dendr ogr am was made in R by hier arc hical clustering with 

av er a ge linka ge method. 
Genes potentially linked to antibiotic resistance in the assem- 

bled genomes were identified with the Resistance Gene Identifier 
v6.0.2 using the Compr ehensiv e Antibiotic Resistance Database 
v3.2.6 as r efer ence (Alcoc k et al. 2019 , 2023 ). Default settings for 
detection of only perfect and strict hits were used. Genes associ- 
ated with virulence in E. coli were identified with VirulenceFinder 
2.0 (Joensen et al. 2014 , Malberg Tetzschner et al. 2020 ) with the 
2022-02-12 database version, using a BLAST search of the assem- 
bled genomes with a 90% threshold identity. 

The web tool MLST query of EnteroBase v.1.1.3 (Zhou et al.
2020 ) with the Achtman scheme was used to examine where STs 
had been pr e viousl y observ ed. Differ ent individual sour ces w ere 
pooled into main source groups ( Table S1 ). A heatmap showing 
bserv ed pr e v alence of sources of the different STs was created
sing R version 4.1.1 and the R package heatmaply. 

Genes linked to biofilm production and halotolerance were an- 
otated in assembled genomes with eggNOG-mapper v2.1.9 (Can- 
ala piedr a et al. 2021 ) using DIAMOND (Buchfink et al. 2021 ), the
ggNOG 5.0 database (Huerta-Cepas et al. 2019 ), and Prodigal (Hy-
tt et al. 2010 ). Genes associated with biofilm production ( Table S2 )
nd osmotic stress regulation ( Table S3 ) were identified by litera-
ur e searc h for use in the pr esence and absence anal ysis. 

Disk diffusion assays were performed according to the antimi- 
robial susceptibility testing disk diffusion method version 10.0,
anuary 2022, of the European committee of antimicrobial suscep- 
ibility testing (EUCAST). Isolates wer e gr own on Müller–Hinton
gar plates and tested for their susceptibility with antibiotic disks
Oxoid 

TM antimicrobial susceptibility disks , T hermo Fisher Scien- 
ific) on cefotaxime (5 μg), meropenem (10 μg), ciprofloxacin (5 μg),
etracycline (30 μg), and gentamicin (10 μg). 

iofilm test 
iofilm formation capacity was assessed as pr e viousl y described

Coffey and Anderson 2014 ) with a few modifications. LB and LB
ith 3.5% NaCl were used as growth medium. 3.5% NaCl was cho-

en since this concentr ation a ppr oximatel y r esembles the maxi-
um NaCl concentration found in the marine sediments, where 

solates were sampled from (Leppranta and Myrberg 2009 ). 
The 96-well plates were incubated at 37 ◦C with shaking at

00 r pm e v ery 5 min in a micr oplate r eader (Multiskan Ascent,
 hermo Fisher Scientific). T he absorbance was measured for trip-

icates at 620 nm e v ery 30 min for 8 h before staining with crystal
iolet. Crystal violet intensity was quantified using the microplate 
eader, measuring the absorbance at 550 nm. LB media was used
s a negative control. 

alinity test 
he same experimental setup was used as described for the
iofilm test, without crystal violet staining. 

Data describing the growth in LB and LB with 3.5% NaCl
as analysed in R v4.1.1 (R Core Team 2021 ) using the R pack-
 ge Gr owthcurv er v0.3.1. with the bac kgr ound corr ection ‘min’
Sprouffske and Wagner 2016 ). 

tatistical tests 

ll statistical comparisons were performed in R version 4.1.1 (R
ore Team 2021 ). Differences in biofilm formation capacity and
eneration time in LB and LB with 3.5% NaCl were identified us-
ng the Wilcoxon signed-ranked test. One-way ANOVA and Tukey 
SD tests were performed to show differences in biofilm forma- 

ion capacity, abundance of virulence genes, and generation time 
etween the phylogroups. 

To identify trends in the distribution of genes among phy-
ogroups, and to explore potential links with phenotype, redun- 
anc y analyses (RDA) w ere done in the R pac ka ge Vegan v 2.6.4. A
atrix of the number of observed genes across the E. coli genomes
as made from: the (1) genes associated with biofilm formation
ccording to the liter atur e surv ey, or (2) all the KEGG orthologs
rom the eggNOG annotation, except for core genes . T hese were
sed as input to the RDA. The constraining variables were gener-
tion time in LB with and without NaCl, and absorbance of the
iofilm assay with and without NaCl. A Hellinger transformation 

as used for the gene matrices, and the constraining variables
 ere standar dized. 

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data


4 | FEMS Microbes , 2024, Vol. 5 

R
V
s
T  

e  

H  

s  

1  

o  

w  

y
 

d  

b  

p  

v  

h  

(  

f  

o  

t  

t  

c  

t  

h  

e  

w  

c

W
c
W  

l  

a  

c  

g  

4  

(  

p  

w  

C  

s  

P  

r  

w  

3  

o
 

t  

(  

l  

a  

b  

(  

s  

f  

S  

p  

e  

R  

c  

2  

a  

a  

(  

a  

t  

l  

t  

o  

s  

i  

2  

s  

e  

c  

o

I
E  

2  

c  

s  

h  

t  

m  

a  

(  

S  

w  

o  

s  

u  

a  

w  

2  

s  

G  

S  

s

V
v
V  

s  

g  

l  

w  

S  

l  

c  

fi  

(  

t  

m  

t  

a  

(  

l  

p  

m  

c  

b  
esults and discussion 

iable E. coli was observed in coastal marine 

ediments 

he presence of viable E. coli in coastal marine sediments was
 v aluated for 17 locations alongside the coastline of the city of
elsingborg, Sweden (Fig. 1 ). The concentration of E. coli in surface

ediments r anged fr om 0 to 4540 MPN/100 ml, with an av er a ge of
113 MPN/100 ml ( Table S4 ). Esc heric hia coli was observed in 15 out
f 17 sampling locations. For each of the 15 locations where E. coli
as observed, at least two isolates were selected for further anal-
sis. 

While E. coli is used as an indicator of fecal contamination, un-
er the assumption that E. coli is associated with the gut micro-
iota and short-lived in the environment, recent studies have re-
orted survival and growth in the environment (Luo et al. 2011 ,
an Elsas et al. 2011 , Rumball et al. 2021 ). Environmental E. coli
ave been isolated from diverse environments like groundwater

Tropea et al. 2021 ), seawater, shellfish (Balière et al. 2015 ), and
reshwater sand (Walk et al. 2007 ). This suggests that while some
f the observed E. coli in this study could constitute recent con-
amination, ada ptation to natur al envir onments (i.e. natur aliza-
ion) of some populations was also considered. WWTPs play a cru-
ial role in contaminating water environments with E. coli (Anas-
asi et al. 2012 , Zieli ́nski et al. 2021 ), and the WWTP in this study
as been proposed as source of contamination near the DP (Frank
t al. 2024 ) Ther efor e, further c har acterization of isolates using
hole genome sequencing was pursued in an attempt to further

larify the source of the bacteria. 

hole genomes reveal diversity of E. coli in 

oastal marine sediments 

hole genome sequencing was performed for 41 isolates, fol-
o w ed b y genome assembl y. Thirty-se v en isolates wer e classified
s E. coli, with genome completeness of ≥99.32% and minimal
ontamination of foreign DNA ( ≤1.56%). Genome size of these 37
enomes ranged between 4.50 and 5.11 Mbp, with an av er a ge of
.84 Mbp ( Table S5 ). In silico multiplex polymerase chain reaction
PCR) (Beghain et al. 2018 ), assigned 36 of the 37 E. coli isolates to
hylogroups A, B1, B2, D, and E and for 35 of the 37 isolates there
as a match between in silico PCR and mash clustering results of
lermonTyping ( Table S6 ). W387_F1 and E215_F2 isolates were as-
igned to phylogroup C and ‘unknown’, respectively, using in silico
CR, while mash assigned both isolates to phylogroup A. Similar
esults to the mash classification were observed when genomes
er e gr ouped using ANI estimations ( Figur e S1 ). MLST identified
0 different STs further demonstrating the high genetic diversity
f E. coli in these coastal sediments ( Table S6 ). 

One isolate was assigned to phylogr oup E, whic h includes
he highly pathogenic serotype O157:H7, and many commensals
Clermont et al. 2021 ). Fifteen of 37 isolates were assigned to phy-
ogr oup B1. This phylogr oup has been pr e viousl y associated with
nimals (Higgins et al. 2007 , Carlos et al. 2010 , Johnson et al. 2017 )
ut has also been fr equentl y observ ed in water envir onments

Berthe et al. 2013 , Touchon et al. 2020 , Rumball et al. 2021 ). This
uggests that some isolates in Öresund sediments may originate
rom animals or could occur naturally in the marine environment.
ix isolates from sediments near the WWTP DP were identified as
hylogr oup B2 (Fig. 1 , Figur e S1 ), This phylogr oup harbours se v-
r al extr aintestinal pathogenic E. coli (ExPEC) str ains (Johnson and
usso 2002 , Denamur et al. 2021 ). It has been shown that ExPEC
an survive w astew ater treatment (Raboni et al. 2016 , Zhi et al.
020 , Yu et al. 2022 ). ExPEC often belong to the phylogroups B2
nd D (Picard et al. 1999 , Johnson and Russo 2002 , Denamur et
l. 2021 ). Mor e specificall y, Waste water-urinary pathogenic E. coli
W-UPEC) cluster within the phylogroup B1, B2, and D, with B2
s the predominant group within W-UPEC (Zhi et al. 2020 ). Taken
ogether, this indicates that some isolates, particularly those iso-
ated from sediments in proximity to the WWTP could be poten-
ially pathogenic and likely also originated from the WWTP, while
thers are more likely to have entered the environment from other
ources including combined sewer o verflows , storm water, and an-
mals habituating the area (Wright et al. 2009 , McCarthy et al.
017 , McGinnis et al. 2022 ). This w as also supported b y the diver-
ity observed in the MLST analysis: a recent study in the marine
nvironment in the Salish Sea demonstrated that high diversity
orrelated with areas that were partially impacted by wastewater
utflo ws (Grunw ald et al. 2022 ). 

nformation about source based on STs 

nteroBase can associate STs with different sources (Zhou et al.
020 ) and was applied to identify the most likely sources asso-
iated with the STs assigned to the isolates (Fig. 2 ). STs in this
tudy corresponded to STs that have been mainly documented in
umans and animals, including liv estoc k. Appr oximatel y 20% of
he observed STs corresponded to STs frequently reported in hu-

ans, such as ST10, ST73, ST131, and ST127. ST131 and ST73 are
mong the major ExPEC strains and are considered pathogenic
Nicolas-Chanoine et al. 2014 , Riley 2014 ). In addition, ST131 and
T127, both r epr esented among the isolates , ha ve been associated
ith w astew ater (Finn et al. 2020 , Zhi et al. 2020 ). ST131 has been
bserved in marine sediments (Vignaroli et al. 2013 ) and is as-
ociated with carriage of virulence factors causing complicated
rinary tract infections with potential treatment failure (Can et
l. 2015 ). ST8972, assigned to S1008_F1, has only been associated
ith two environmental isolates from surface soil (Dusek et al.
018 ). ST214, which was assigned to N1922_F2, has only been ob-
erved in one E. coli isolated from humans (GenBank accession:
CA_900490405.1). Observ ations fr om a recent study sho w ed that
Ts 10, 162, 362, and 2144 hav e been isolated fr om aquatic animals
uch as fish and seals (Grunwald et al. 2022 ). 

iable E. coli from sediments harbour a variety of 
irulence genes 

irulence genes were identified using VirulenceFinder 2.0. Sixty-
ix genes potentially linked to virulence were found in the
enomes ( > 90% identity), with an av er a ge of 18.46 genes per iso-
ate. Virulence gene patterns differed between the phylogroups,
ith B2 showing the highest abundance of virulence genes ( Figure
3 ), consistent with what has been pr e viousl y r eported for phy-
ogroup B2 (Picard et al. 1999 ). Among the observed genes of con-
ern were genes encoding vacuolating autotranspoter toxin ( vat ),
mbrial-like protein ( yfcV) , siderophore yersiniabactin receptor
 fyuA ), outer membrane hemin receptor ( chuA ) , iron transport pro-
ein (sitA ), increased serum survival lipoprotein ( Iss ), and outer

embrane usher P fimbriae ( papC ), which have all been linked
o virulence in ExPEC (Sarowska et al. 2019 ) . These genes are
lso considered as predictor genes for uropathogenic potential
Spurbeck et al. 2012 ). This suggests that the phylogroup B2 iso-
ates in this study are potentially ExPEC and uropathogenic. The
r e v alence of virulence genes can increase after w astew ater treat-
ent (Osi ́nska et al. 2020 ), and the hypothesis that some of the E.

oli isolates in this study originate from the WWTP is supported
y the observation that the isolates from sediments in proximity

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
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F igure 2. P er centage of entries in EnteroBase associated with different sources and the assigned STs of different isolates as of 19 December 2022. 
Colours in the heatma p corr espond to the colour bar on the right. The corresponding isolates to the STs are displayed on the x -axis. Number of entries 
in EnteroBase for each ST is displayed in brackets next to STs. 
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of the DP carried more virulence genes than those at a greater 
distance (Fig. 3 ). 

One of the genes coding for long polar fimbriae, lpfA, was 
onl y observ ed in 14 of the isolates identified as phylogroup B1 
( Figure S2 ). The lpfA gene is common in B1 isolates, and encodes 
one of the major subunits of long polar fimbria (Madoshi et al.
2016 , Zhou et al. 2021 ). This gene is often observed in intestinal 
pathogenic strains, including E. coli O157:H7 (Zhou et al. 2019 ) and 

has been associated with virulence via enhancement of adhesion 

and biofilm formation capacity (Ross et al. 2015 ). The ability to 
produce this fimbria might facilitate adhesion and biofilm forma- 
tion capacity of E. coli in marine sediments , pro viding a survival 
adv anta ge, and partiall y explaining why B1 phylogroup isolates 
were abundant. 

Esc heric hia coli in coastal sediments are potential 
reservoirs for antibiotic resistance genes 

Resistance to aminogl ycosides, carba penems, cephalosporins, flu- 
or oquinolones, and tetr ac yclines w as e v aluated using the clini- 
cally accepted EUCAST protocol with the antibiotics cefotaxime 
(cephalosporin), mer openem (carba penem), cipr ofloxacin (fluor o- 
quinolone), tetr acycline, and gentamicin (aminogl ycoside). The 
presence of genes in the isolate genomes associated with antibi- 
otic resistance phenotypes was assessed using antibiotic resis- 
tance gene (ARG) prediction in silico . ARGs were observed in all 
genomes ( Figures S4 –S8 ). 

All isolates were sensitive to all five antibiotics tested, with the 
exception of isolate N119_F1. This isolate was resistant to both 

ciprofloxacin and tetracycline ( Tables S7 –S11 ). The genome of iso- 
late N119_F1 was the only isolate harbouring the genes tet(B) and 

tetR (strict hits) linked to tetracycline resistance ( Figures S5 and 

S6 ) (Nguyen et al. 2014 ), and specific mutations within gyrA and 
arC linked to fluoroquinolone resistance (strict hits) (Redgrave et 
l. 2014 ). 

Further investigation of the genome obtained for N119_F1 iden- 
ified a single contig predicted to be an IncR plasmid (100% iden-
ity). This contig harboured the tet(B) and tet(R) genes as well
s the aph(3’’)-Ib ( strA ) and a ph(6)-Id ( strB ) genes encoding phos-
hotr ansfer ases linked to aminogl ycoside r esistance (Shaw et al.
993 ). As an alternative approach to identify putative plasmids,
e novo assembly of plasmids was performed for the DNA reads
rom all isolates . T his a ppr oac h r ecov er ed a putativ e plasmid fr om
119_F1 carrying the tet(B) , tetR , aph(3’’)-Ib , and a ph(6)-Id genes.
his str ongl y suggests, that in N119_F1, these ARGs located on a
lasmid wer e r esponsible for the observ ed tetr acycline r esistance
henotype. Using the same a ppr oac h, a putativ e IncI1-I(Alpha)
lasmid carrying both aph(3’’)-Ib and a ph(6)-Id was identified for
he isolate N119_F3. 

While only one isolate demonstrated antibiotic resistance as 
efined in the EUCAST protocol, the other isolates could still
e sources for spread ARGs via horizontal gene transfer within
he sediments (Wang et al. 2021 ) with the N119_F1 and N119_F3
solates posing an e v en gr eater risk for spread, as they carried
RGs likely to be present on a plasmid. Sediments in aquatic
n vironments ha ve previously been identified as potential reser- 
oirs for ARGs (Luo et al. 2010 , Wu et al. 2021 ) and sediments in
his marine environment of the Öresund also could serve as a
eservoir. 

sc heric hia coli show potential adaptation to the 

arine sediment environment 
s the ability to form biofilm could facilitate survival of E. coli in
arine sediments, the isolates were assessed for their biofilm for-
ation capacity in LB and LB with ele v ated NaCl of 3.5% using

he crystal violet biofilm growth assay in 96-well microtiter plates.

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
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Figure 3. Geogr a phical distribution, and virulence genes identified, in the different isolate phylogroups. (A) Distribution of assigned phylogroups of 
isolates in coastal sediment samples. DP of WWTP is marked with a cross. (B) Identification of genes potentially linked to virulence in the different 
isolates, with coloured dots indicating the gene and phylotype associated with the isolate named along the x -axis. To group isolates by their genome 
r elatedness, isolates ar e cluster ed by ANI. Onl y genes detected in at least 20 isolates ar e shown. Less fr equentl y detected virulence genes are described 
in Figure S2 . 

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
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Figure 4. (A) Boxplot showing biofilm formation capacity of different isolates grown in LB and LB with 3.5% NaCl. Values above indicate the P -value of 
the Wilcoxon signed-rank exact test. (B) Linked boxplot of biofilm formation capacity of different isolates grown in LB and LB with 3.5% NaCl. (C) 
Boxplots of biofilm formation capacity in isolates grown in LB, grouped by assigned phylogroup A, B1, or B2 with ANOVA P -value ( P -value = .031) and 
p -adj of the Tuk e y HDS test (above the square brackets). (D) Boxplots of biofilm formation capacity in isolates grown in LB with 3.5% NaCl, grouped by 
assigned phylogroup A, B1, or B2 with ANOVA P -value ( P -value = .29). 
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For most isolates, biofilm formation at ele v ated NaCl was signif- 
icantly lo w er. (Wilcoxon signed-r ank exact test P -v alue = 1.79e- 
06; Fig. 4 A). Remarkably, isolate W497_F1 (ST1443) and S1008_F3 
(ST10) sho w ed increased biofilm formation capacity in LB with 

3.5% salt (Fig. 4 B). When grown in solely LB medium, abundant 
biofilm formation capacity (OD 550 > 0.3) was observed for two 
isolates and 16 isolates had moderate biofilm formation capac- 
ity (OD 550 0.2–0.3). Minimal biofilm formation capacity was no- 
ticed for 10 isolates (OD 550 0.1–0.2) while nine isolates did not 
sho w gro wth as biofilm (OD 550 > 0.1) ( Figure S9 A). Biofilm for- 
mation capacity was inhibited in most strains when grown in LB 

with 3.5% NaCl. In this condition, 27 strains did not show growth 
s biofilm and 7 isolates sho w ed minimal biofilm formation ca-
acity. Moderate biofilm formation capacity was observed for two 
trains while abundant biofilm formation capacity was only ob- 
erved in one strain ( Figure S9 B). Biofilm growth was associated
ith phylogroup when grown in LB (one-way ANOVA, P -value =

035; Fig. 4 C), with phylogroup A forming less biofilm than phy-
ogroup B1 (Tuk e y HDS, P -value = .022). No significant differences
etween phylogroups A and B2 (Tuk e y HDS, P -value = .34), and
1 and B2 (Tuk e y HDS, P -value = .47) were observed (Fig. 4 ). No
ignificant differences in biofilm formation capacity between the 
hylogr oups wer e observ ed when gr own in LB medium with 3.5%
aCl (one-way ANOVA, P -value = .29). 

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
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Figure 5. (A) Boxplot showing generation times of different isolates grown in LB and LB with 3.5% NaCl. Values above indicate the P -value of the 
Wilcoxon signed-rank exact test. (B) Linked boxplot of generation times of different isolates grown in LB and LB with 3.5% NaCl. (C) Boxplots of 
generation time in isolates grown in LB, grouped by assigned phylogroup A, B1, or B2 with ANOVA P -value ( P -value = .3). (D) Boxplots of generation 
time in isolates grown in LB with 3.5% NaCl, grouped by assigned phylogroup A, B1, or B2 with ANOVA P -value ( P -value = .021) and p -adj of the Tuk e y 
HDS test (above the square brackets). 
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Esc heric hia isolates assigned to phylogroup B1 tend to produce
ore biofilm than other phylogroups (Olo w e et al. 2019 ), also

bserved in this study when comparing the B1 isolates to iso-
ates from other phylogroups. As biofilm protects bacteria dur-
ng growth on surfaces, this may facilitate colonization of sedi-

ents (Dang and Lovell 2016 , Flemming and Wuertz 2019 ) and
ould explain why phylogroup B1 is often observed in water envi-
 onments. Inter estingl y, for B1 isolate N2036_F1 (ST155), produc-
ion of biofilm could not be detected, while for the closely related
solate W182_F3 (ST155) (ANI > 99.9%) biofilm growth was low in
B ( Figure S9 A). Isolates from phylogroup A had an overall lo w er
e v el of biofilm formation ca pacity, whic h has pr e viousl y been r e-
orted for this phylogroup (Martínez et al. 2006 ). Isolates from
hylogroup A often lack several genes associated with biofilm pro-
uction ( Figure S9 C). Despite the ov er all low biofilm formation ca-
acity in phylogroup A, S1008_F3 (ST10) and W497_F1 (ST1443)
ho w ed increased biofilm formation capacity when grown in LB
ith 3.5% NaCl compared when grown in LB alone. 
Some trends between individual phenotypes of biofilm forma-

ion capacity and genome content could be identified ( Figure S10 ).
solate E229_F2 (ST1079) had the highest degree of biofilm forma-
ion capacity and possessed all analysed genes associated with
iofilm grown in LB. With elevated NaCl, this isolate had lo w er
ut still moderate biofilm formation capacity. It had six copies
f the flu (Antigen 43) gene, which has been linked to enhanced
iofilm production in E. coli (van der Woude and Henderson 2008 ).
1008_F3 (ST10) and W497_F1(ST1434) had all analysed genes, al-
hough biofilm formation capacity in LB was low, when grown with

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae024#supplementary-data
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3.5% NaCl moderate and high biofilm formation ca pacity, r espec- 
tiv el y was observ ed. N2036_F1 (ST155) and W182_F3 (ST 155) had 

no biofilm abundance in solely LB. Both genomes from these iso- 
lated lacked pgaABCD genes implicated in biofilm formation in E.
coli (Wang et al. 2004 ). In addition, no biofilm formation capac- 
ity was observed in N27_F2 (ST5295) and N27_F3 (ST5295) when 

grown in LB. These genomes lacked the bscAB genes associated 

with cellulose production during biofilm formation (Omadjela et 
al. 2013 ). 

In contrast, E229_F1 (ST162), E215_F1 (ST5628), and E215_F3 
(ST5628) sho w ed moder ate le v els of biofilm formation ca pac- 
ity despite the lack of pgaABCD or bcsAB genes when grown in 

LB. Ho w e v er, tr ends became e v en mor e a ppar ent when gr own in
LB with 3.5% NaCl, isolates lacking pgaABCD , bcsABCD , fimA , or 
dgcT did not show biofilm formation capacity. In contrast, isolates 
S845_F2 (ST144), N119_F1 (ST46), and S845_F3 (ST1434) sho w ed no 
biofilm formation capacity despite the presence of all genes asso- 
ciated with biofilm production in both media. Biofilm formation 

capacity in the isolates likely depends on multiple factors such 

as pH, nutrients, and temper atur e, whic h can influence expres- 
sion le v els and up- or downr egulating m utations within the genes 
(Dhanasekaran and Thajuddin 2016 ). Thus, while some patterns 
could be identified, analysis of the presence/absence of biofilm- 
associated genes is not sufficient to draw accurate conclusions 
about the phenotypes expressed. 

T he en vir onment fr om whic h these isolates were sampled is 
c har acterized b y w ater with a dynamic saline gr adient (Leppr anta 
and Myrberg 2009 ), which would create positive selection for halo- 
tolerant E. coli . The genomes from most isolates carried all genes 
associated with tolerance of osmotic stress ( Figure S11 ) and all iso- 
lates gr e w in LB media with 3.5% NaCl, although gener ation time 
increased for almost all the isolates compared to the growth in LB 

media alone (Wilcoxon signed-rank exact test P -value = 3.012e- 
09; Fig. 5 A). Notabl y, the phylogr oup E isolate S1008_F1(ST8979) 
gr e w particularl y slow in the presence of 3.5% NaCl, with a gen- 
eration time of 1.5 h, compared to generation times of 0.65–0.89 h 

for other isolates. In contrast, the isolate that did not form biofilm,
N2036_F1(ST155), had an increased growth rate in LB with 3.5% 

NaCl (Fig. 5 B). 
Although significant differences in generation time between 

the phylogroups were not observed when grown in LB media (one- 
way ANOVA, P -value = .3) (Fig. 5 C), generation time in 3.5% NaCl 
was dependent on phylogroup (one-way ANOVA, P -value = .021; 
Fig. 5 D), with phylogroup B1 having a shorter generation time than 

phylogroup B2 (Tuk e y HDS, P -value = .019). No significant differ- 
ences between phylogroups A and B1 (Tuk e y HDS, P -value = .92) 
and A and B2 (Tuk e y HDS, P -value = .087) were observed. The in- 
cr eased halotoler ance in phylogr oup B1 compar ed to B2 could be 
explained by the fact that phylogroup B1 is associated with nat- 
uralized E. coli strains, while B2 is more associated with animals 
and human sources (Clermont et al. 2013 , Martak et al. 2020 ). This 
supports the hypothesis that E. coli in these marine environments 
could originate from various sources and also supports the use of 
additional a ppr oac hes than determining concentr ations of E. coli 
for assessment of fecal, or other sources of contamination. 

Conclusion 

While the original source of E. coli in this marine environment re- 
mains lar gel y unclear, this study shows that coastal marine sed- 
ments can harbour a variety of viable E. coli. The geographic dis-
ribution and genetic typing of these isolates was not random.
his suggests that E. coli in this study might originate from sev-
r al sources suc h as the WWTP or animals but may survive in
he marine environment. All isolates were halotolerant and some 
ormed biofilm supporting the hypothesis that the marine sedi- 

ents select for E. coli with incr eased surviv al pr operties and that
arine sediments, could be a potential reservoir for naturalized 

. coli . This makes E. coli a questionable indicator for recent fe-
al contamination of marine sediments. Additionally, isolated E.
oli harboured a variety of different ARGs and genes encoding vir-
lence factors . T his suggests there is a potential risk to human
ealth, both through contact with potentially pathogenic STs and 

hat marine sediments can serve as reservoirs for ARGs and genes
or virulence factors. 
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hole genome sequences are available at the NCBI Bioproject PR-
NA967680. Codes for bioinformatic analysis will be made avail-
ble upon request. 
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