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Abstract: The detection of antibiotic-resistant facultative pathogenic bacteria in surface waters is
common in the present day. However, there is limited understanding of the factors that influence
the spread and stabilization of resistance in this habitat, particularly regarding the role of biofilms.
Despite the perceived differences between sediments, biofilms, and open water, their potential con-
tribution to the long-term maintenance of resistances remains unclear.In this study, we investigated
Escherichia coli isolates obtained from the Mur and Drava rivers in Austria. Samples were collected
from both the water column and sediment at two locations per river: upstream and downstream of
an urban area, including a sewage treatment plant. The isolates were subjected to antimicrobial sus-
ceptibility testing against 21 antibiotics belonging to seven distinct classes. Additionally, any isolates
exhibiting an extended-spectrum beta-lactamase (ESBL) or carbapenemase phenotype were further
analyzed for the presence of specific antimicrobial resistance genes.E. coli isolates obtained from the
two rivers exhibited resistance to at least one of the tested antibiotics, with rates of 25.83% and
23.66% respectively. The most prevalent antimicrobial resistances observed were towards ampicil-
lin, amoxicillin-clavulanic acid, tetracycline, and nalidixic acid. Surprisingly, there was a similar
proportion of resistant bacteria observed in both open water and sediment samples, contrary to
expectations. The difference in resistance levels between samples collected upstream and down-
stream of the cities was minimal. Out of the total isolates, 13 E. coli were found to carry ESBL genes
with one isolate carrying the gene for KPC-2 carbapenemase.There were no significant differences
between the biofilm (sediment) and open water samples in the occurrence of antimicrobial re-
sistance. Even the difference between the samples upstream and downstream of the cities and their
wastewater treatment plants was minor. There seems to be no evidence of a large adaptive effect in
this analysed biofilm population of E. coli. The untypical phenotype of the KPC-producing and some
of the ESBL-producing E. coli from this study could, however, be an indication that such adaptation
effects generally exist in water.

Keywords: biofilm; ESBL; KPC-2; wastewater treatment plant; phenotyping

1. Introduction

The presence of human-generated antibiotic resistances in surface waters is a fact of present day.
Almost every resistance mechanism known from the clinical environment has been detected in rivers,
lakes, oceans and even ground water [1-4]. Escherichia coli is one of the most common facultative
pathogens in human medicine and is also a key factor in the study of water quality, especially in
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terms of fecal contamination. Studies have shown that a significant proportion of the E. coli popula-
tion found in surface water already exhibits at least one acquired resistance, and multi-resistant iso-
lates are no longer a rarity [3,5-10]. Antibiotic resistance in surface water does not appear to be just a
short-term contamination from various sources. Populations in rivers and lakes are also subject to
evolutionary selection. Therefore, it seems that certain strains, plasmids and resistance mechanisms
are more dominant in waters than in humans or animals [11-13]. However, knowledge about how
this contributes to the problem of antimicrobial resistance is relatively limited.

The analysis of the E. coli population bares some problems, especially in rivers. This is mainly
due to the nature of the rivers, as it is difficult to distinguish between individuals that have only been
in the river for a short time and those that have been there for a longer period, for example, as part
of a biofilm. Biofilms are of high interest as a harborage for long-term bacterial colonizers. Unlike
bacteria in open waters, bacteria in biofilms have more time to grow and have the opportunity to
pass on genetic information [14,15]. The establishment and stabilization of antibiotic resistances in
these biofilms is influenced by a number of factors that differ in their impact from those in open water
[16,17]. Competition with other (environmental) bacteria and the burden of the additional genetic
load of antibiotic resistance genes are factors that counteract the stability of the resistances. A higher
concentration of toxic substances in the sediment and on other surface structures (e.g. stones) can
have a positive effect on the selection of antimicrobial resistance [18]. This does not have to happen
directly due to the presence of antibiotics or their degradation products. Other substances can also
contribute directly or indirectly to the stabilization of the antibiotic resistance mechanisms. In addi-
tion, the close contact of species in biofilms makes it easier to transfer genes, even to other strains or
species that are much better adapted to life in the aquatic environment [15].

The aim of this study was to investigate the differences between antibiotic-resistant E. coli iso-
lates from water and sediment. Two major rivers in southern Austria were chosen. Samples were
taken from the river Mur, the main river in the state of Syria, where it flows through Graz. Samples
from the Drava River, the main river in the state of Carinthia, were taken at its flow through Villach.
E. coli were isolated from all samples, including resistant and multi-resistant isolates, and tested for
their susceptibility to 21 antibiotics.

2. Results

In total, 831 E. coli were isolated from all samples of both rivers, 569 from Mur River and
262 from Drava River (Tablel, Supplementary Table 1).

E. coli isolates obtained from Mur water samples totaled 261. From Mur sediment samples,
308 E. coli isolates were collected. From the sampling point WOX (upstream of the WWTDP)
144 E. coli were isolated from water and 113 from sediment samples. The obtained yield
from the sampling point KDO01 (downstream of the WWTP) was 117 E. coli from water and
195 from sediment samples (Table 2).

E. coli isolates obtained from Drava water samples included 195 E. coli and 67 E. coli from
sediment samples. From the sampling point DR01 (upstream of the WWTP), 90 E. coli were
isolated from water and 33 E. coli from sediment samples. The achieved yield from the sam-
pling point DK01 (downstream of the WWTP) was 105 E. coli from water and 34 E. coli from
sediment samples (Table 1).
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Table 1. Overview of the E. coli isolates isolated from all samples of the Mur and Drava rivers.

Mur wa- Mur sedi- Sum of isolates Drava wa- Drava sedi- Sum of isolates

ter ment Mur ter ment Drava
upstream 144 113 257 90 33 123
downstream 117 195 312 105 34 139
Sum of iso- 261 308 569 195 67 262

Wildtype, resistance and multi-resistance in Mur River E. coli isolates

The E. coli from Mur River water isolates showed a high proportion of wildtype E. coli suscepti-
ble to all 21 tested antibiotics. Wildtype resistance was detected in 76.63% (200/261) of water isolates,
while 16.48% (43/261) were resistant to one or two antibiotic classes. Only 6.90% (18/261) of the iso-
lates were multi-resistant. (Figure 1).

In the water samples from upstream the WWTP, 72.92% (105/144) of the isolates were wildtype,
19.44% (28/144) were resistant to one or two antibiotic classes, and 7.64% (11/144) were multi-resistant
(Figure 1). Of the isolates from downstream the WWTP, 81.20% (95/117) showed wildtype resistance,
12.82% (15/117) showed a resistance to one or two antibiotic classes, and 5.98% (7/117) were multi-
resistant (Figure 1).

The differences in resistance patterns of Mur isolates from up- and downstream were not signif-
icant (p-value 20.05).

In the Mur sediment samples, 72.1% (222/308) of the isolates were wildtype, 18.83% (58/308)
were resistant and 11.07% (28/308) were multi-resistant (Figure 1).

The isolates from the Mur sediment samples from upstream the WWTP showed 64.60% (73/113)
wildtype characteristics, with 30.09% (34/113) of the isolates resistant to one or two antibiotic classes
and 5.31% (6/113) being multi-resistant. In the sediment samples from downstream the WWTP,
76.41% (149/195) of the isolates were wildtype, 12.31% (24/195) were resistant to one or two antibiotic
classes and 11.28% (22/195) were multi-resistant (Figure 1).

The proportion of wildtype isolates was significant higher (p-value <0.05) in the downstream
samples compared the upstream samples. Conversely, the proportion of isolates resistant to one or
two antibiotic classes was significant higher (p-value <0.05) in the upstream samples. The sediment
samples from downstream had a higher proportion of multi-resistant isolates than the upstream sam-
ples. However, this difference in multi-resistance was not significant (p-value >0.05).

There were no significant differences in resistance patterns of E. coli between combined water
and combined sediment samples from the Mur River (p-value 20.05).

Highlighting the most important species E. coli and K. pneumoniae in comparison (Figure 1) re-
sistance patterns show a high similarity with the exception of the 3-Lactamase inhibitors and combi-
nations (AMC, TZP) and GM. Generally, E. coli showed a lower resistant proportion in tested isolates.
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Figure 1. Proportions of wildtype, resistance and multi-resistance in E. coli Mur River isolates. The
stapled columns from left to right represent the proportions of isolates showing the respective phe-
notype in the water and sediment samples from upstream and downstream of Graz and its WWTP.
Isolates were classified as wildtype (indicated as blue part of columns) when showing no resistance
to the tested antibiotics. Isolates with resistance to one or two classes of the tested antibiotics were
classified as resistant (indicated as orange part of columns). Resistance to three or more classes of the
tested antibiotics was classified as multi-resistant (indicated as grey part of columns).

Wildtype, resistance and multi-resistance in E. coli Drava River isolates

The water isolates from the Drava Rivers showed that 76.41% (149/195)had a wildtype resistance
pattern, while 17.95% (35/195) were resistant to one or two antibiotic classes and 5.64% (11/195) were
multi-resistant (Figure 2).

The water samples from upstream the WWTP showed 83.33% (75/90) of wildtype E. coli, while
11.11% (10/90) of the isolates were resistant to one or two antibiotic classes. The multi-resistant iso-
lates reached a proportion of 5.56% (5/90). The water isolates from downstream the WWTP showed
a wildtype resistance pattern of 70.48% (74/105), while 23.81% (25/105) of the isolates were resistant
to one or two antibiotic classes and 5.71% (6/105) were multi-resistant (Figure 2).

Thus, the water isolates from upstream showed a significant higher proportion of isolates with
wildtype characteristics compared to downstream (83.33% vs. 70.48%, p-value <0.05). However, the
downstream samples showed a significant higher proportion of resistant isolates than the upstream
samples (23.81%vs. 11.11%, p-value <0.05).

The proportion of multi-resistant isolates was similar in the up- and downstream samples. In
total, about three quarters (76.12%, 51/67) of the isolates from Drava sediment samples showed
wildtype characteristics while 16.42% (11/67) were resistant. The proportion of multi-resistant isolates
was 7.46% (5/67) (Figure 2).
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Figure 2. Proportions of wildtype, resistance and multi-resistance in E. coli Drava River isolates.
The stapled columns from left to right represent the proportions of isolates showing the respective
phenotype in the water and sediment samples from upstream downstream of Villach and its WWTP.
Isolates were classified as wildtype (indicated as blue part of columns) when showing no resistance
to the tested antibiotics. Isolates with resistance to one or two classes of the tested antibiotics were
classified as resistant (indicated as orange part of columns). Resistance to three or more classes of the
tested antibiotics was classified as multi-resistant (indicated as grey part of columns).

The isolates of sediment samples from upstream the WWTP showed 72.73% (24/33) with
wildtype characteristics, while 15.15% (5/33) were resistant to one or two antibiotic classes and 12.12%
(4/33) were multi-resistant. The sediment samples from downstream the WWTP showed 79.41%
(27/34) wildtype isolates, while 17.65% (6/37) were resistant and 2.94% (1/37) were multi-resistant
(Figure 2). None of the differences in resistance patterns were significant (p-value >0.05).

There were no significant differences between the combined water and combined sediment sam-
ples from the Drava River (p-value 20.05).

Antibiotic resistances of the E. coli Mur and Drava River isolates

The most common resistance in E. coli water and sediment isolates in both rivers was the re-
sistance to the 3-lactam antibiotic ampicillin. The highest number of ampicillin resistant isolates was
discovered in the Mur sediment isolates with a proportion of 15.26% (47/308) (Table 3, Supplementary
Table 2-5).

The greatest differences in the proportion of resistance were found between the Mur water and
sediment isolates with regard to resistance to nalidixic acid. Of the Mur sediment isolates, 15.91%
(49/308) were resistant to nalidixic acid, compared to 10.34% (27/261) of the water isolates. In the
Drava, a high proportion of isolates were also resistant to nalidixic acid: 9.23% (18/195) of the water
isolates were resistant to the antibiotic, in contrast to only 5.97% (4/67) of the sediment isolate samples
(Table 2, Supplementary Tables 2-5).

When the resistances to nalidixic acid in the E. coli isolates from the two different rivers are
compared, the proportion distribution in the water and sediment isolates is exactly the opposite. The
Drava water isolates showed a higher proportion of resistance to nalidixic acid than the Drava sedi-
ment isolates. Conversely, the results from the Mur showed a higher proportion of isolates resistant
to nalidixic acid in sediment than in water samples.

A high proportion of isolates resistant to tetracycline was detected in the Mur: 10.34% (27/261)
of the water isolates and 10.39% (32/308) of the sediment isolates (Table 2).
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Table 2. Antibiotic resistances of E. coli isolates in comparison between water and sediment samples

from the rivers Mur and Drava: The proportions and, in parentheses, the number of isolates resistant

to each antibiotic. All classes of antimicrobial resistance are given with the corresponding p-values of

the statistical tests. Isolates were classified as wildtype when showing no resistance to the tested an-

tibiotics. Isolates with resistance to one or two classes of the tested antibiotics were classified as re-

sistant. Resistance to three or more classes of the tested antibiotics was classified as multi-resistant. P-

values <0.05 were considered statistically significant. P-values with more than four decimal places

containing a value of nine were rounded to one.

Mur sedi- p- Drava wa- Drava sedi- p-
Mur water
ment value ter ment value

(261  iso- (308 isolates) (195 iso- (67 isolates)
p-Lactams
Ampicillin 10.73% (28)  15.26% (47) 0.14 14.87% (29) 14.93% (10) 1
Amoxicillin/ 3.83% (10)  5.19% (16) 0.55 11.28% (22) 13.43% (9) 0.66
clavilanic acid
Cefalexin 3.45% (9) 3.25% (10) 1 2.56% (5) 0% (0) 0.33
Cefuroxime 3.07% (8) 2.92% (9) 1 2.05% (4) 0% (0) 0.58
Cefoxitin 1.15% (3) 0.97% (3) 1 1.03% (2) 0% (0) 1
Cefotaxime 2.68% (7) 2.92% (9) 1 1.54% (3) 0% (0) 0.57
Piperacillin/ 1.53% (4) 1.62% (5) 1 0% (0) 2.99% (2) 0.06
tazobactam
Ceftazidime 2.3% (6) 2.6% (8) 1 1.03% (2) 0% (0) 1
Cefepime 2.68% (7) 3.25% (10) 0.81 1.54% (3) 0% (0) 0.57
Imipenem 0% (0) 0.32% (1) 1 0% (0) 0% (0) 1
Meropenem 0% (0) 0.32% (1) 1 0% (0) 0% (0) 1
Quinolones
Moxifloxacin 5.75% (15)  4.22% (13) 0.44 5.64% (11)  2.99% (2) 0.53
Ciprofloxacin 6.13% (16)  5.84% (18) 1 6.15% (12)  8.96% (6) 0.41
Nalidixic acid 10.34% (27) 15.91% (49) 0.06 9.23% (18)  5.97% (4) 0.61
Tetracyclines
Tetracycline 10.34% (27)  10.39% (32) 6.67% (13)  1.49% (1) 0.13
Tigecycline 0% (0) 0% (0) 0% (0) 0% (0) 1
Aminoglyco-
Gentamicin 0.38% (1) 2.6% (8) 0.04 0.51% (1) 2.99% (2) 0.16
Amikacin 0% (0) 0% (0) 1 0.51% (1) 0% (0) 1
Antifolate
Trimethoprim/ 8.43% (22)  6.82% (21) 0.53 9.74% (19)  5.97% (4) 0.46
sulfamethoxa-
Polymyxins
Colistin 0% (0) 0% (0) 1 0% (0) 0% (0) 1
Chloramphen-
Chlorampheni- 2.3% (6) 3.25% (10) 0.61 2.05% (4) 2.99% (2) 0.65

In addition, a resistance to ciprofloxacin was strongly detected in Drava sediment isolates. In the
Dur samples, 8.96% (6/67) of the isolates were resistant to the fluoroquinolone, while the Mur sedi-
ment sample’s isolates reached only 5.84% (18/308) (Table 2).

Resistance to aminoglycosides (amikacin and gentamycin) was rare in both rivers, but one iso-
late from the Drava showed a resistance to the last line antibiotic amikacin. All isolates were suscep-
tible to colistin, tigecycline and carbapenems, with one exception: one isolate from the Mur sediment
showed resistance to meropenem and imipenem (Table 2).
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Phenotyping of E. coli from Mur and Drava River

Phenotypic differentiation of all isolates by evaluation of metabolic reactions was performed
using the PhenePlate (PhP) system.

For the Mur River, differentiation resulted in 87 PhP clusters consisting of 75.92% (432/569) of
all isolates, and 24.08% (137/569) singletons (Supplementary Table 1).

Over half the clusters, 55 of the 87, occurred in more than one sample. Fifteen of these clusters
had only members from upstream water and sediment, and 23 clusters consisted exclusively of
downstream isolates. Three clusters were water isolates only (up and downstream), and one con-
sisted of sediment isolates only. There were 11 clusters with members from three samples, and two
clusters (M-14 and M-18) had members from all four Mur samples (Supplementary Table 1).

Cluster M-18 was also the largest Mur cluster with 27 isolates. In total, nine clusters consisted of
ten or more isolates, and all of them had members of at least two different samples (always with a
water and a sediment sample) (Supplementary Table 1).

For the Drava River differentiation resulted in 33 clusters, including 75.19% (197/262) of all iso-
lates, and 65 (24.8%) singletons.

29 of the 33 clusters occurred in more than one sample. Five of these clusters had only members
from upstream water and sediment, and another five clusters only members from downstream the
WWTP. Seven clusters consisted of water isolates only (up and downstream), 11 clusters had mem-
bers of three samples, and one cluster (D-01) had members from all Drava samples (Supplementary
Table 1).

With a total of seven isolates, cluster D-01 was the smallest by far. Six clusters consisted of at
least 10 isolates. Only one of these large clusters, D-27, consisted exclusively of isolates from the
downstream sediment, while the other five clusters included isolates from more than one sample.
The largest cluster was D-30 with 45 total isolates, all from upstream. Therefore, the influence of clus-
ters D-27 and D-30 must be given special consideration in the further analyses of diversity (Supple-
mentary Table 1).

The overall diversity of the Mur River isolates was 2.33 isolates per cluster, and 2.7 isolates per
cluster for the Drava River.

The diversity between the water samples was lower (i.e., more isolates per cluster) at2.05 (Mur)
and 2.50 (Drava) than in the sediment samples, which were 1.75 (Mur) and 1.67 (Drava). Also, in both
rivers the upstream population had a lower diversity than the downstream one. In this comparison,
the highest difference was detected between upstream Mur isolates with 2.82 and downstream iso-
lates with only 1.75. The isolates from Drava River revealed 2.51 isolates per cluster upstream and
2.09 downstream (Tables 3 and 4).

Perhaps due to the relatively small number of Drava sediment isolates, including a large cluster
of 12 isolates (D-27), this sample set does not follow the general trend and these values should there-
fore be taken with caution (Table 4).

Table 4. Average number of isolates per cluster (including singletons) for the sample set from the
Mur River.

Mur River  Water isolates  Sediment isolates  Total isolates
Upstream 2.25 2.22 2.82
Downstream 1.60 1.37 1.75
Total course 2.06 1.75 2.33
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Table 5. Average number of isolates per cluster (including singletons) for the sample set from the
Drava River.

Drava River Water isolates Sediment isolates Total isolates

Upstream 2.50 1.27 2.51
Downstream 1.81 1.95 2.09
Total coures 2.50 1.67 2.70

ESBL and carbapenemase producing E. coli

In total, 13 E. coli isolates with a presumptive ESBL phenotype according to susceptibility testing
were confirmed via CLSI-test as ESBL. These ESBL-isolates were present in all four sampling loca-
tions in the water samples, but could only be isolated from sediment samples from the Mur River. In
addition, one of these E. coli isolates (KD0O1EC110) revealed resistance to imipenem and meropenem.
After a Rosco test, it was suspected of being a KPC-producer (Table 5).

The genes of these phenotypes were then analyzed by sequencing. Detected ESBL genes were
eight blacrx-m-15, three blactxm1, one blacrx-m-14 and one blasuv-12. Genes for the non ESBL-3-lactamase
TEM-1 were detected in six E. coli isolates.

The carbapenemase blaxec2 was genetically confirmed in the isolate KDO1EC110 in combination
with blacrx-m1 and blatem.
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Table 6. Detected resistance genes and resistance patterns of ESBL and KPC harboring E. coli iso-

lates.
IS(I)]I; te Origin cll)llif(;r Re(s;:rtlzl;ce Resistance Pattern!
DCI;)(?OE water M-20 blacrx-m1 AM, CN, CXM, CTX, FEP
DRO1E AM, AMC, CN, CXM, FOX , CAZ,
Co12 water M-31 blasuv-12, blatem-1 GM, MXE, CIP, NA, SXT, TE, C
DRO1E AM, AMC, CN, CXM, CTX, CAZ,
C036 water M-31 blacrx-m-15 FEP, TE
KDO1E  sedi- . AM, AMC, CN, CXM, CTX, FEP,
C006  ment 8l blacoawis X CIP, NA, SXT
. AM, AMC, CN, CXM, FOX, CTX,
Kgl%E rs;j;t Sing]t. bl“CTX;lZ;PifTEM'” TZP, CAZ, FEP, MEM, IPM, MXF,
CIP, NA, C
KDO1E  sedi- Md2  blacoons blats AM, AMC, CN, CXM, CTX, CAZ,
C112 ment ' FEP, MXF, CIP, NA
WO4EC  sedi- M-18 T AM,CN, CXM, CTX, CAZ, FEP, NA,
016 ment SXT, TE
WO04EC  sedi- MAS  blacooes blat: AM, AMC, CN, CXM, CTX, CAZ,
018 ment ' FEP, NA, SXT, TE
WO4EC  sedi- M-18 T AM, CN, FOX, CTX, CAZ, FEP, NA,
029 ment SXT, TE
WOIEC  sedi- g5 e blacrxi AM, CN, CXM, CTX, CAZ,FB, TE
057 ment
WO4EC AM, CN, CXM, CTX, CAZ FEP, NA,
088 water M-18 blactx-m-15, blatem-1 SXT, TE
WO4EC AM, CN, CXM, CTX, CAZFEP, NA,
090 water M-18 blactx-m-15 SXT,  TE
WO4EC AM, CN, CXM, CTX, CAZ FEP, NA,
093 water M-18 blacrx-m-15 SXT, TE

1AM, ampicillin; AMC, amoxicillin/clavulanic acid; TZP, piperacillin/tazobactam; CN, cephalexin; CXM,
cefuroxime; FOX, cefoxitin; CTX, cefotaxime; CAZ, ceftazidime; FEP, cefepime; MEM, meropenem; IPM,
imipenem; CIP, ciprofloxacin; MXF, moxifloxacin; GM, gentamicin; SXT, trimethoprim/sulfamethoxa-
zole; TE, tetracycline; NA, nalidixic acid; C, chloramphenicol; 2Resistance gene blatem-1 encoding non-

extended-spectrum-B-lactamases.

3. Discussion

Many studies show that human induced resistances can be found in nearly every kind of envi-
ronment [19]. Rivers and lakes seem to have a key role, as the waste waters from cities and hospitals
eventually flows into public waters. It was previously described that river sediments seem to play a
role in the prolonged persistence of various bacteria and resistance mechanisms, more so than in open
river water [9,17,20,21]. In the current study, it could be shown that three quarters of the tested E. coli
Mur River (water and sediment) isolates were susceptible to all tested antibiotics. In comparison with
studies done in other locations, the proportion of resistant and multi-resistant E. coli isolates in the
Drava River and the Mur Riverways are low [5,6,22-25]. This could be related to the fact that the Mur
and Drava flow through only a few major cities, and that waste-water treatment processes are well
conducted in Austria.

It was somewhat surprising to discover the presence of resistant and especially multi-drug re-
sistant E. coli in the area downstream of the WWT did not differ from the sections taken from up-
stream the river near a treatment plant. Only the water from the Drava River had a significantly
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higher proportion of E. coli resistant to one or two antibiotic classes with the additional city flow
through Villach and its WWTP, but no resistance to a specific antibiotic was significantly increased.

The samples were intentionally not taken from the wastewater stream, but were intended to
show the general and long-term effects of the discharge from upstream located WWTPs. These results
are in line with other studies that shows the influence of wastewater treatment plants tends to have
a significant impact typically on rare resistance mechanism (like carbapenemases) only in the area of
the direct wastewater plume, unless the river is small and/or largely untouched by human influence
prior to wastewater inflow [5-7,26-28].

However, no significant differences in the resistance patterns in sediment and river water sam-
ples could be found. This could be due to the contamination of the sediment samples by river water,
which unfortunately cannot be avoided during sampling. Also, it is possible that many of the E. coli
populations in the open water derive from the sediment and biofilm and only a small proportion of
them represent freshly introduced E. coli (as could be seen from the comparison of before and after
the treatment plants). These two factors may be reasons why the sediment samples have shown a
slightly higher variability in phenotypic clustering as well. Overall, the phenotypic relationship anal-
ysis shows, apart from one case, that there is no strong clustering of a clone in either sample material.
This high variability strengthens the statements about the resistance data obtained.

One observation is still worth mentioning, especially since it was not the result of the study
planning, but of the given condition of the course of the two rivers: the E. coli sediment samples before
and after Villach did not differ significantly in their antibiotic resistance patterns. In the Mur, how-
ever, the isolates from the sediment samples downstream of Graz and its WWTP were significantly
more susceptible to the antibiotics tested. This sediment sample from the Mur River was the only one
that was collected from an area without a power station in the immediate area, so the river is not
affected by its flow velocity. The sinking, or rather the lack of sinking, of particles from the river due
to a damming (and thus reduced introduction of toxic substances) could be the cause of this finding.
However, due to the design of the study and the number of sampling points, this is pure speculation.

In this study, ESBL and KPC harboring E. coli isolates were detected without using any kind of
selective media with added antibiotics in culture. The KPC-2 harboring isolate found was the first E.
coli with these resistance mechanisms to be isolated from the environment in Austria and the first
KPC expressing isolate ever found in a river in Austria [29]. In previous studies of river water and
sediment isolates, selective media were always used in order to detect these kinds of resistance genes
in different bacteria. Furthermore, in parallel isolation without antibiotics, the same studies failed to
isolate carbapenem-resistant E. coli [5,21,30-32]. This is particularly interesting, as clinical studies for
Austria also show that carbapenemase-producing E. coli are extremely rare. However, it is possible
that KPC-forming Enterobacteriaceae are better able to persist in sediment (or in the biofilm found
there) than was previously suspected, or that the colonization of the normal healthy population is
much higher than the clinical data suggests [33,34].

4. Conclusions

The study did not reveal a significant impact of the sample material, whether water or sediment,
don the observed outcomes. The influence of the sampling location showed some discernible differ-
ences, albeit not as substantial as initially expected. It is worth noting that the relatively low propor-
tion of (multi-) resistant E. coli isolates, in comparison to previous studies, was overshadowed by the
identification of a KPC-2-producing isolate, which raises concerns regarding the presence of highly
resistant strains.

These findings provide valuable insights into the dissemination of resistant isolates within the
environment and highlight the potential risk of their long-term establishment as permanent inhabit-
ants of aquatic ecosystems. The data contributes to our understanding of the spread of antibiotic re-
sistance and emphasizes the need for continued vigilance and preventive measures to address this
issue effectively.
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Materials and Methods

Sample collection

Water samples were collected in 500 ml sterile plastic flasks (VWR International, Austria) 30 cm
below the river surface and 50 cm from the bank. Sediment samples were lifted from the riverbed
using a paddle and packed into sterile homogenizing bags (BagLight® HD PolySilk®, Interscience,
France). Further samples were scraped from stones and packed in sterile bags.

On November 24, 2016, three water and three sediment samples were taken near the
Weinzodlbriicke (W0X) upstream of Graz and the municipal wastewater treatment plant. On Decem-
ber 12, 2016, three water and three sediment samples were taken in Kalsdorf (KD01) downstream of
Graz and the WWTP. On April 3, 2017, three water and three sediment samples were taken from the
Drava River at Rennsteinerstraie (DR01) upstream of Villach and the WWTPthere. On April 3, 2017,
three water and three sediment samples were taken from the Drava River at Klampfererweg (DK01)
downstream of Villach and its WWTP (Table 5).

Table 5: List of sampling sites including sampling date, site name, geographic name and coordinates.

Sampling Sample Location Coordinates
date name

2016-11-24  WOX Graz, Weinzddlbriicke  47°06'30.3"N

15°23'25.4"E

2016-12-21 KDo01 Kalsdorf 46°58'01.7"N

15°29'24.6"E

2017-03-04  DRO1 Villach, Renn- 46°38'30.7"N

steinerstrafie 13°4821.1"E

2017-03-04 DKO01 Villach, Klampfererweg 46°36'46.0"N

13°55'16.3"E

E. coli isolation from water samples

The water samples were filtered using a pump (EZ-Stream™ Pump, Merck KGaA, Germany) and
sterile membrane filters (EZ-Pak® mixed cellulose ester filters, 47 mm, 0.45 pm, Millipore S.A.S 67120,
Austria). 100 ml from each sample were filtered into two portions of 50 ml each and placed on COL
plates (Chromo Cult Coliform Agar, MERCK, Austria). Additionally, 5 ml in 500 pl portions of the
water samples were plated directly onto ten COL plates. For each of the three samples from each
sampling point, this procedure was performed separately. The COL plates were incubated at 42°C
for 24 hours (h). All presumptive E. coli colonies (according to the manufacture’s manual) were picked
with sterile inoculating loops, transferred onto blood agar (COL-S, BD BBL Stacker Plates, Germany)
and incubated for 24 hours at 37°C. Confirmed E. coli were stored at -70°C in bacterial storage flasks
(mWE medical wire, Viabank®, England).

E. coli isolation from sediment samples

Sediment and stone samples were diluted 1:10 (1 g sediment + 9 ml Ringer Tween solution 0.3%)
in 50 ml sterile plastic tubes (Greiner, bio-One, Austria) with 0.3% Ringer Tween (TWEEN 80, Am-
resco, VWR Austria) solution and incubated at current river temperatures for one hour on a roll mixer
(CATRMS, servoLAB, Austria). 500 pl of the diluted samples were then plated on COL agar plates.
After incubation, the colonies were isolated and stored using the same procedure used for the water
samples.
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Matrix-assisted laser desorption/ionization (MALDI-TOF)

Species identification of the isolates was performed by MALDI-TOF (Vitek® MS, bioMérieux
Austria GmbH, Austria).
Antimicrobial susceptibility testing

Susceptibility testing was performed for all E. coli isolates as recommended by the European
Committee on Antimicrobial Susceptibility testing (EUCAST) for 21 antibiotics [35]. Tetracycline,
chloramphenicol and nalidixic acid tests were carried out according to the Clinical Laboratory Stand-
ards Institute (CLSI) [36]. Interpretation of zone diameters was done according to EUCAST or CLSL
To determine (clinical) resistance to colistin, protocols by Gales et al. and Boyen et al. were used
[37,38].

The susceptibility testing was performed with ampicillin (10 ug), amoxicillin/clavulanic acid
(20/10 pg), cefalexin (30 pg), cefuroxime (30 pg), cefoxitin (30 pg), cefotaxime (5 ug), piperacillin/tazo-
bactam (30/6 ug), ceftazidime (10 pug), cefepime (30 pg), imipenem (10 pig), meropenem (10 pug), mox-
ifloxacin (5 pg), ciprofloxacin (5 pg), nalidixic acid (30 pg), tetracycline (30 pug), tigecycline (15 ug),
gentamicin (10 pg), amikacin (30 pg), trimethoprim/sulfamethoxazole (1,25/23,75 pg), colistin (10 ug)
and chloramphenicol (30 pg) and BD BBL™ Sensi-Disc™ paper discs (Becton Dickinson, Austria).

E. coli ATCC 25922 was used as control strain in all performed tests.

E. coli susceptible to all antibiotics tested were classified as wildtype (WT), isolates with re-
sistance to one or two classes of antibiotics were labeled as resistant, and isolates resistant to three or
more classes of antibiotics were considered multi-resistant.

Phenotypic confirmation of extended spectrum beta-lactamases and carbapenemases

The minimum inhibitory concentrations (MICs) for imipenem and meropenem were determined
using Etest® (bioMérieux Austria GmbH, Vienna, Austria) for all isolates showing resistance to at
least one of the tested carbapenems. The expression of carbapenemases was confirmed with the mod-
ified Hodge Test.

Presumptive extended spectrum beta-lactamases (ESBL) were confirmed using the double disc
tests according to CLSI (30 ug ceftazidime, 30 pg cefepime, 30/10 ug ceftazidime-clavulanic acid and
30/10 pg cefepime-clavulanic acid; bioMérieux Austria GmbH, Vienna, Austria). KPC/MBL and
OXA-48 Confirm Kit: Carbapenemases (Rosco Diagnostica, Taastrup, Denmark) were used to deter-
minate the type of carbapenemases. Isolates that revealed an ESBL and/or carbapenemase phenotype
were screened for antimicrobial resistance genes.

Determination of ESBL and carbapenemase genes

PCR detection and gene identification were performed for different 3-lactamase gene families,
blacrx-m-1-group, blactx-m-2 -group, blacrx-m-9-group, blaces, blasuv, blatem and blaves. PCR and sequencing proce-
dures were performed as previously described and carried out for all isolates that showed an ESBL-
positive phenotype [39—-42]. For confirmation of blaxec, PCR and sequencing protocols were used as
previously described [43].

Phenotyping - the PhenePlate system

To reveal the relationship between E. coli isolates, a biochemical fingerprint method (PhenePlate
AB, Sweden) was used according to the manufactural protocol. The ODe0 was measured after 16
hours and 24 hours (Zenyth 3100 Multimode Detector, Anthos Mikrosysteme GmbH, Germany).
Analyses were performed using the PhenePlate software (PhPlate AB). Isolates with an identification
level of 97.5% or higher were grouped in PHP-clusters and considered as clones. To calculate the
diversity level, the number of isolates in one sample set was divided by the number of clusters (sin-
gletons count as one cluster with one member).
Statistics

Statistical analyses were conducted with IBM SPSS Statistics 27.0.1.0. To determine the p-values,
Chi-square-tests (Fisher's exact test) were performed. P-values less than 0.05 were considered statis-
tically significant.
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Supplementary Table 2. Antibiotic resistances of E. coli Mur River water and sediment isolates in

comparison between upstream and downstream of the WWTP. The proportions, and in parentheses,

the number of isolates resistant to each antibiotic and for all classes of antimicrobial resistance are

given with the corresponding p-values of the statistical tests. Isolates were classified as wildtype when

showing no resistance to the tested antibiotics. Isolates with resistance to one or two classes of the

tested antibiotics were classified as resistant. Resistance to three or more classes of the tested antibi-

otics was classified as multi-resistant. P-values <0.05 were considered as statistically significant. P-

values with more than four decimal places containing a value of nine were rounded to one. us — up-
stream of the WWTP; ds — downstream of the WWTP.

Mur water Mur water p- Mur sediment Mur sediment p-
us ds value us ds value
(144  iso- (117  iso- (113 isolates) (195 isolates)
p-Lactams
Ampicillin 13.89 % (20)  6.84 % (8) 0.07 12.39 % (14) 16.92 % (33) 0.33
Amoxidllin/ 5 o 5y 427% () 076 0.88% (1) 769% (15 <001
clavulanic acid
Cefalexin 4.17 % (6) 2.56 % (3) 0.74 3.54 % (4) 3.08 % (6) 1
Cefuroxime 4.17 % (6) 1.71 % (2) 0.3 3.54 % (4) 2.56 % (5) 0.73
Cefoxitin 1.39 % (2) 0.85 % (1) 1 1.77 % (2) 0.51 % (1) 0.56
Cefotaxime 3.47 % (5) 1.71 % (2) 0.46 4.42 % (5) 2.05 % (4) 0.3
Piperacillin/ 139%(2) 171%@Q) 1 0% (0) 2.56 % (5) 0.16
Tazobactam
Ceftazidime 2.78 % (4) 1.71 % (2) 0.69 3.54 % (4) 2.05 % (4) 0.47
Cefepime 2.78 % (4) 2.56 % (3) 1 5.31 % (6) 2.05 % (4) 0.18
Imipenem 0 % (0) 0 % (0) 1 0 % (0) 0.51 % (1) 1
Meropenem 0 % (0) 0 % (0) 1 0 % (0) 0.51 % (1) 1
Quinolones
Moxifloxacin 4.17 % (6) 7.69 % (9) 0.29 4.42 % (5) 4.1 % (8) 1
Ciprofloxacin 4.86 % (7) 7.69 % (9) 0.44 5.31 % (6) 6.15 % (12) 1
Nalidixic acid 11.81% (17) 8.55 % (10)  0.42 24.78 % (28) 10.77 % (21) <0.01
Tetracyclines
Tetracycline 10.42 % (15) 10.26 % (12) 1 8.85 % (10) 11.28 % (22) 0.57
Tigecycline 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Aminoglyco-
Gentamicin 0.69 % (1) 0 % (0) 0% (0) 4.1 % (8) 0.03
Amikacin 0% (0) 0 % (0) 0 % (0) 0 % (0) 1
Antifolate
Trimethoprim/ g 75 o, (14)  6.84%(8) 05 5.31 % (6) 7.69 % (15) 0.49
sulfamethoxa-
P(;lymyxins
Colistin 0% (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Chloramphen-
Chlorampheni-  2.08 % (3) 2.56 % (3) 1 1.77 % (2) 4.1 % (8) 0.33
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Supplementary Table 3. Antibiotic resistances of E. coli Drava River water and sediment isolates in

comparison between upstream and downstream of the WWTP. The proportions, and in parentheses,

the number of isolates resistant to each antibiotic and for all classes of antimicrobial resistance are

given with the corresponding p-values of the statistical tests. Isolates were classified as wildtype when

showing no resistance to the tested antibiotics. Isolates with resistance to one or two classes of the

tested antibiotics were classified as resistant. Resistance to three or more classes of the tested antibi-

otics was classified as multi-resistant. P-values <0.05 were considered as statistically significant. P-

values with more than four decimal places containing a value of nine were rounded to one. us — up-
stream of the WWTP; ds — downstream of the WWTP.

Dravawa-  Dravawa-  p- Drava sedi- Drava sedi- p-
ter us ter ds value ment us ment ds value
(90 isolates) (105 iso- (33 isolates) (34 isolates)
lates)
p-Lactams
Ampicillin 13.33 % (12) 16.19 % (17)  0.69 18.18 % (6) 11.76 % (4) 0.51
Amoxicillin/ 12.22 % (11) 1048 % (11) 0.82 18.18 % (6) 8.82 % (3) 0.3
clavulanic acid
Cefalexin 2.22 % (2) 2.86 % (3) 1 0 % (0) 0 % (0) 1
Cefuroxime 2.22 % (2) 1.9 % (2) 1 0 % (0) 0 % (0) 1
Cefoxitin 1.11 % (1) 0.95 % (1) 1 0 % (0) 0 % (0) 1
Cefotaxime 2.22 % (2) 0.95 % (1) 0.6 0% (0) 0 % (0) 1
Piperacillin/ 0% (0) 0 % (0) 1 0 % (0) 5.88 % (2) 0.49
Tazobactam
Ceftazidime 2.22 % (2) 0 % (0) 0.21 0 % (0) 0 % (0) 1
Cefepime 2.22 % (2) 0.95 % (1) 0.6 0% (0) 0 % (0) 1
Imipenem 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Meropenem 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Quinolones
Moxifloxacin 2.22 % (2) 8.57 % (9) 0.07 6.06 % (2) 0 % (0) 0.24
Ciprofloxacin ~ 3.33 % (3) 8.57 % (9) 0.15 6.06 % (2) 11.76 % (4) 0.67
Nalidixic acid  8.89 % (8) 952 % (10) 1 12.12 % (4) 0% (0) 0.05
Tetracyclines
Tetracycline 4.44 % (4) 8.57 % (9) 0.39 3.03 % (1) 0 % (0) 0.49
Tigecycline 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Aminoglyco-
sides
Gentamicin 1.11 % (1) 0% (0) 0.46 3.03 % (1) 2.94 % (1)
Amikacin 0 % (0) 0.95 % (1) 1 0% (0) 0 % (0)
Antifolate
Trimethoprim/ 8.89 % (8) 10.48 % (11) 0.81 12.12 % (4) 0 % (0) 0.05
sulfamethoxa-
zole
Polymyxins
Colistin 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Chloramphen-
icols
Chloramphen-  1.11 % (1) 2.86 % (3) 0.63 6.06 % (2) 0 % (0) 0.24

icol
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Supplementary Table 4. Antibiotic resistances of E. coli Mur River isolates from upstream and down-

stream of the WWTP in comparison between water and sediment. The proportions, and in parenthe-

ses, the number of isolates resistant to each antibiotic and for all classes of antimicrobial resistance are

given with the corresponding p-values of the statistical tests. Isolates were classified as wildtype when

showing no resistance to the tested antibiotics. Isolates with resistance to one or two classes of the

tested antibiotics were classified as resistant. Resistance to three or more classes of the tested antibi-

otics was classified as multi-resistant. P-values <0.05 were considered as statistically significant. P-

values with more than four decimal places containing a value of nine were rounded to one. us — up-
stream of the WWTP; ds — downstream of the WWTP.

Mur water Mur sediment p- Mur water Mur sediment p-
us us value ds ds value
la(tljsi 1907 (113 isolates) ;altle75;so— (195 isolates)
p-Lactams
Ampicillin 13.89 % (20) 12.39 % (14) 0.85 6.84 % (8) 16.92 % (33) 0.01
Amoxicillin/ o o o o
clavulanic acid 3.47 % (5) 0.88 % (1) 0.23 4.27 % (5) 7.69 % (15) 0.34
Cefalexin 4.17 % (6) 3.54 % (4) 1 2.56 % (3) 3.08 % (6) 1
Cefuroxime 4.17 % (6) 3.54 % (4) 1 1.71 % (2) 2.56 % (5) 0.72
Cefoxitin 1.39 % (2) 1.77 % (2) 1 0.85 % (1) 0.51 % (1) 1
Cefotaxime 3.47 % (5) 4.42 % (5) 0.75 1.71 % (2) 2.05 % (4) 1
Piperacillin/ o o o o
Tapzobactam 1.39 % (2) 0 % (0) 0.51 1.71 % (2) 2.56 % (5) 0.72
Ceftazidime 2.78 % (4) 3.54 % (4) 0.73 1.71 % (2) 2.05 % (4) 1
Cefepime 2.78 % (4) 5.31 % (6) 0.34 2.56 % (3) 2.05 % (4) 1
Imipenem 0 % (0) 0 % (0) 1 0 % (0) 0.51 % (1) 1
Meropenem 0 % (0) 0 % (0) 1 0 % (0) 0.51 % (1) 1
Quinolones
Moxifloxacin 4.17 % (6) 4.42 % (5) 1 7.69 % (9) 4.1 % (8) 0.2
Ciprofloxacin 4.86 % (7) 5.31 % (6) 1 7.69 % (9) 6.15 % (12) 0.64
Nalidixic acid 11.81 % (17) 24.78 % (28) <0.01 855%(10) 10.77 % (21) 0.56
Tetracyclines
. 10.26 %
Tetracycline 10.42 % (15) 8.85 % (10) 0.83 (12) 11.28 % (22) 0.85
Tigecycline 0 % (0) 0 % (0) 1 0 % (0) 0% (0) 1
Aminoglyco-
sides
Gentamicin 0.69 % (1) 0 % (0) 1 0 % (0) 4.1 % (8) 0.03
Amikacin 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Antifolate
Trimethoprim/
sulfamethoxa-  9.72 % (14)  5.31 % (6) 0.24 6.84 % (8) 7.69 % (15) 0.83
zole
Polymyxins
Colistin 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Chloramphen-
icols
Chlorampheni- ) o0 3 1779 (2) 1 256%(3)  4.1% (8) 0.55

col



https://doi.org/10.20944/preprints202306.1800.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 June 2023 doi:10.20944/preprints202306.1800.v1

Supplementary Table 5. Antibiotic resistances of E. coli Drava River isolates from upstream and
downstream of the WWTP in comparison between water and sediment. The proportions, and in pa-
rentheses, the number of isolates resistant to each antibiotic and for all classes of antimicrobial re-
sistance are given with the corresponding p-values of the statistical tests. Isolates were classified as
wildtype when showing no resistance to the tested antibiotics. Isolates with resistance to one or two
classes of the tested antibiotics were classified as resistant. Resistance to three or more classes of the
tested antibiotics was classified as multi-resistant. P-values <0.05 were considered as statistically sig-
nificant. P-values with more than four decimal places containing a value of nine were rounded to one.
us — upstream of the WWTP; ds — downstream of the WWTP.

Drava wa-  Drava sedi- p- Dravawa-  Drava sedi- p-
ter us ment us value terds ment ds value
(90 isolates) (33 isolates) (105 iso- (34 isolates)
lates)
p-Lactams
Ampicillin 13.33 % (12)  18.18 % (6) 0.57 16.19 % (17) 11.76 % (4) 0.78
Amoxicillin/ 12.22 % (11)  18.18 % (6) 0.39 10.48 % (11) 8.82 % (3) 1
clavulanic acid
Cefalexin 2.22 % (2) 0 % (0) 1 2.86 % (3) 0 % (0) 1
Cefuroxime 2.22 % (2) 0 % (0) 1 1.9 % (2) 0 % (0) 1
Cefoxitin 1.11 % (1) 0 % (0) 1 0.95 % (1) 0 % (0) 1
Cefotaxime 2.22 % (2) 0 % (0) 1 0.95 % (1) 0 % (0) 1
Piperacillin/ 0% (0) 0 % (0) 1 0 % (0) 5.88 % (2) 0.06
Tazobactam
Ceftazidime 2.22 % (2) 0 % (0) 1 0 % (0) 0 % (0) 1
Cefepime 2.22 % (2) 0 % (0) 1 0.95 % (1) 0 % (0) 1
Imipenem 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Meropenem 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Quinolones
Moxifloxacin 2.22 % (2) 6.06 % (2) 0.29 8.57 % (9) 0% (0) 0.11
Ciprofloxacin ~ 3.33 % (3) 6.06 % (2) 0.61 8.57 % (9) 11.76 % (4) 0.52
Nalidixic acid  8.89 % (8) 12.12 % (4) 0.73 9.52 % (10) 0% (0) 0.12
Tetracyclines
Tetracycline 4.44 % (4) 3.03 % (1) 1 8.57 % (9) 0 % (0) 0.11
Tigecycline 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Aminoglyco-
sides
Gentamicin 1.11 % (1) 3.03 % (1) 0.47 0 % (0) 2.94 % (1) 0.24
Amikacin 0 % (0) 0 % (0) 1 0.95 % (1) 0 % (0) 1
Antifolate
Trimethoprim/ 8.89 % (8) 12.12 % (4) 0.73 10.48 % (11) 0 % (0) 0.07
sulfamethoxa-
zole
Polymyxins
Colistin 0 % (0) 0 % (0) 1 0 % (0) 0 % (0) 1
Chloramphen-
icols
Chloramphen-  1.11 % (1) 6.06 % (2) 0.18 2.86 % (3) 0 % (0) 1

icol
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