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Abstract
Antimicrobial Resistance is challenging healthcare and food security and is driven by antibiotic overuse and environmental
pollution. Longitudinal monitoring of antibiotic residue would help to track pollution sources and assess the effect of interventions.
Here we propose a novel high-throughput monitoring method. We mutagenized E. coli MG1655 and identi�ed and characterized 12
antibiotic-sensitive biosensors (ABSBs) with different genotypes by a newly developed method called Antibiotic Response
determined by Euclidean Distance (ARED), based on growth (OD600) and metabolic activity (resazurin). The ABSBs contain
nonsense or frameshift mutations in expected genes, like those coding for e�ux pumps and lipopolysaccharide biosynthesis
enzymes, as well as mutations in genes lesser or not known to be important for antibiotic sensitivity. Resazurin-based ARED can
achieve antibiotic detection in the ng/mL range for most antibiotics tested in aqueous solutions. Our study shows that mutagenesis
of E. coli can generate a tremendous shift in antibiotic sensitivity and that quanti�cation of metabolic activity with ARED is a
straightforward manner to monitor antibiotic activity in aqueous solutions. We propose that this method can be adopted for any
collection of cell strains that possess differential antibiotic sensitivity and thus can be implemented for widespread monitoring of
samples with unknown antibiotic complexion and origin.

Key Points
ARED is a versatile antibiotic activity detection method

Generation of 12 unique E. coli biosensors hypersensitive to antibiotics

Suspected functional mutations in pal and bamA identi�ed

Introduction
Antimicrobial resistance (AMR) greatly hinders the effectiveness of medical treatments, and has been one of the drivers of the re-
emergence of several infectious diseases in recent years (Mulani et al. 2019; O'Neill 2014). Although the mechanisms of acquiring
AMR vary (Reygaert 2018), a main driver is increased exposure of bacteria to antibiotics at sub-inhibitory level in humans (Llor and
Bjerrum 2014), food animals (Van et al. 2020) and the environment (Rodriguez-Mozaz et al. 2020). Among these ecological niches,
animal-based food has become one of the major sources of chronic exposure to low-dose antibiotics due to extensive prophylactic
and therapeutic use in agricultural food production (Nüesch-Inderbinen et al. 2019; Shepherd and Jackson 2013; Wang et al. 2017).

To avoid chemical toxicity in food for human consumption, residue concentrations of individual veterinary pharmaceuticals and
other chemical products are restricted by so-called maximum residue limits (MRLs) by, among others, the Food and Agriculture
Organization of the United Nations (FAO) (FAO-WHO 2018), China (Guobiao standards 2019) and the EU (European Union
Regulations Commission 2010). However, MRLs do not take into account the accumulation of different types of residues, and
therefore disregard physiological interactions that can select for or against resistance (Baym et al. 2016). In addition, even when
regulations are in place, the right analytical tools are often missing to implement these effectively (Ayukekbong et al. 2017; Founou
et al. 2016). Recent �ndings of high concentrations of antibiotics in children in Hong Kong (Li et al. 2017) and Shanghai (Wang et
al. 2018) further emphasize the need for alternative approaches to reduce the antibiotic footprint of the food industry.

One approach would be by enhanced monitoring and data openness to the public, which could drive a reduced antibiotic footprint of
the food industry by creating market incentives and consumer involvement. Publicizing �eld data has been an important driver for
resolving acid rain in Europe and the US in the 1990’s (Grennfelt et al. 2020) and, more recently, has contributed to improved air
quality in China (Kay et al. 2015). Antibiotic monitoring would be most effective near food production sites, as the environment in
agricultural regions is constantly exposed to excreted or leaked antibiotics (Martinez 2009). For instance, the food animal biomass
and antibiotic consumption in this industry in China are estimated to be 287 M tons (441M livestock units (LSU), where 1 LSU
equals 650 kg) and 30,000 tons respectively (Bai et al. 2018; Schoenmakers 2020). Accordingly, the estimated antibiotic use is 100
ppm, the magnitude of which is consistent with a global estimate of antimicrobial consumption in food animals (Van Boeckel et al.
2015), while residue in food is normally detectable at ppb levels (Hassan et al. 2021).

Here, we introduce a new method called Antibiotic Response determined by Euclidean Distance (ARED) based on 12 antibiotic-
sensitive biosensors (ABSBs), with each ABSB having its own speci�c antibiotic-sensitivity pro�le. Combined, these ABSBs,
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generated based on Escherichia coli K12 strain MG1655 using random mutagenesis, can detect and separate different classes of
antibiotics. Resazurin-based ARED enabled us to detect a number of antibiotics in a concentration range between 1.25 and 400
ng/mL (ppb). These concentrations overlap with MRL levels in food of many antibiotics, which are generally at the 1-100 ng/mL
range, and are well below MRLs for tetracyclines and cipro�oxacin in milk. We demonstrate the application of this set of ABSBs in
hierarchical clustering of tap water samples from different sources as a proof-of-principle. We expect that ARED-based methods can
be further developed into cost-effective and easy to operate monitoring platforms.

Material And Methods

Bacterial Strains
The 12 ABSBs generated in this study were derived from E. coli K-12 MG1655, and named based on library number and position in
the 384-well plate. The ABSBs will be abbreviated in the rest of the article for simplicity: SA03L04 (L4), SA19B14 (B14), SA21K01
(K1), SA25aC12 (C12), SA27H17 (H17), SA28I03 (I3), SA32A05 (A5), SA32N10 (N10), SA46C19 (C19), SA48C14 (C14), SA062A18
(A18), SA063F21 (F21). Strains generated in this study were deposited in China General Microbiological Culture Collection Center
(CGMCC). E. coli GSO598 (∆acrB::kan), E. coli GSO581 (∆tolC::kan) and E. coli GSO231 (∆acrZ::kan) (Hobbs et al. 2012) were used
in this study as reference strains in the OD-based ARED.

The bacterial sequences were submitted to the NCBI website under BioProject PRJNA692079.

Culturing conditions and reagents
Typically, bacterial strains were grown in standard non-pH adjusted Luria-Bertani medium (LB) containing 1% tryptone, 1% NaCl and
0.5% yeast extract. In resazurin-based ARED, strains were cultured in medium containing 1% yeast extract and 0.5% NaCl. All strains
were maintained on 1.5% LB agar in 9 cm petri dishes and stored in LB supplemented with 15% glycerol at -80°C. Reagents for
growth media, antibiotics and resazurin sodium salt were purchased from Sigma-Aldrich, China. Antibiotics used in this study
include ampicillin (AMP), chloramphenicol (CAM), cipro�oxacin (CIP), clarithromycin (CLA), doxycycline (DOX), erythromycin (ERY),
nor�oxacin (NOR), o�oxacin (OFX), oxytetracycline (OTC), rifampicin (RIF), sulfamethizole (SFZ), sulfamethoxazole (SFX),
tetracycline (TET), trimethoprim (TMP), vancomycin (VAN).

UV mutagenesis
E. coli strains (MG1655 or B14) thawed from -80°C stocks were inoculated in LB, cultured in suspension shaking at 200 rpm for 4
hours at 37°C. OD600 of grown cultures was adjusted to 1, before being diluted 10,000-fold. These diluted suspensions (50 µL) were
evenly spread on LB-agar petri dishes by glass beads. Directly after spreading, individual plates without lids were irradiated with
8,000 µJ/cm2 UV-C light (254 nm) in a 30 seconds pre-heated CL-1000 UV cross-linker (Analytik Jena, US). Petri dishes were always
placed at the same position within the chamber to ensure consistent UV exposure. A 100,000-fold dilution (50 µL) of the OD600

adjusted sample was plated out as non-irradiated control. Directly after irradiation, plated cells were incubated at 37°C for 16-18
hours, and colony forming units (CFU) from both UV-irradiated petri dishes (UVIP) and non-irradiated petri dishes (NIP) were counted
to calculate survival rate (Nahrstedt and Meinhardt 2004) using the following formula:

Survival rate (%) = (CFU on UVIP * 10,000) / (CFU on NIP * 100,000) * 100

If the UVIP showed a survival rate of less than 5%, colonies were picked at random and grown for 16 to 18 hours in LB in a �at-
bottom 384-well plate (Jet Bio�l, China) to generate a Mutant Library Plate (MLP). The MLPs were either directly used to screen for
antibiotic sensitivity or stored at 4°C for at most 7 days.

Antibiotic sensitivity screening to identify �rst- and second-generation
ABSBs
Cell suspensions (1 µL) were taken from MLPs and inoculated in 75 µL LB (non-treated control), or LB supplemented with antibiotics
in �at-bottom 384-well plates. Antibiotics were used in the following concentrations: 10 µg/mL ERY, 1 µg/mL TET when screening
for �rst-generation ABSBs, and 2 µg/mL ERY, 2 µg/mL AMP, 2 µg/mL RIF, 200 µg/mL SFZ when screening for second-generation
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ABSBs. Antibiotic screening plates were incubated at 37°C for 16 to 18 hours, and the inhibition of each strain was calculated based
on the following equation:

Inhibition (%) = (OD600 of non-treated strain – OD600 of treated strain) / (OD600 of non-treated strain) * 100

Sensitive mutants were identi�ed by an inhibition rate above 80% in the presence of antibiotic.

Sequencing and mutation identi�cation
Illumina HiSeqTM paired-end sequencing was outsourced to Sangon (Shanghai, China) to obtain the whole genome sequences of
12 identi�ed ABSBs and MG1655. The sequence data of all ABSBs has been deposited on NCBI BioProject (Accession number:
PRJNA692079, see also section Bacterial Strains). The Sangon analysis pipeline included quality evaluation by FastQC (Andrews
2017) and adapter trimming by Trimmomatic (Bolger et al. 2014). It also included mapping against the MG1655 genome sequence
on NCBI accession number NC_000913, sorting of alignments and duplicate identi�cation using the BWA package (Li and Durbin
2009), SAMTools (Li et al. 2009) and Markduplicates (Broad Institute 2019), respectively. Output of the variation detection by
Haplotype Caller (Van der Auwera et al. 2013) was adapted by removal of 1) loci with heterozygous annotation and 2) mutations
where the maximal coverage across the ABSBs was less than 200 reads. All ABSBs combined harbored 166 mutations which were
covered by a total of 40663 reads, with an average coverage of 245 (minimal 129, maximal 349) reads per mutation, compared to
an overall coverage within the complete dataset of 272 (98% of coverage of our full dataset between lies between 199 and 398).

OD-based Antibiotic Response determined by Euclidean Distance (ARED)
For OD-based sensitivity assays, the OD600 of bacterial cultures was adjusted in LB to 0.1 before inoculation in LB supplemented
with appropriate antibiotics in a �at-bottom 384-wells plate. Assays were performed in triplicate. The plates were sealed with optical
�lm (Axigen), and incubated in a plate reader (BioTek Instrument, USA) for 13 hours at 37°C. Blank subtracted OD600 measurements
were taken every hour. The plate was shaken at 200 rpm for 10 minutes prior to measurements. The Euclidean Distance (ED) was
calculated over transformed data to enable comparisons independently of absolute intensity values. Data was transformed as
follows: for each ABSB, the end-point OD600 value in non-treated sample was set to 100%, while the other OD600 values in both non-
treated and antibiotic-treated samples were expressed as a fraction of 100%. ED was calculated based on the equation:

ED(p,q)=√N∑i=1(pi −qi )2

N is the number of time points and pi,qi are the transformed OD600 values at each time point of respectively a non-treated and
antibiotic-treated ABSB.

Resazurin-based ARED: plate design and handling
Non-coated 96-well plates (Jet Bio�ll) were �lled with 10 µl of bacterial suspension at an OD600 of 0.1 in ultrapure water (UPW,
obtained from a Milli-Q® IX water puri�cation system), covered with para�lm, and stored at -80°C until use. To prevent differences
caused by non-uniform temperature adaptation throughout a 96 well plate (the so-called edge-effect (Kim and Jang 2018)), the
following plate handlings were done in a �xed order. Prior to adding medium, plates were kept on the bench at RT for 30 minutes.
After adding 150 µL of medium by multichannel pipette, the plates were sealed (Axygen PCR-TS) gently shaken between the bench
surface and �ngers, and incubated for 4 hours in a 37°C stove. After incubation, plates were placed on ice immediately, and cooled
for 10 minutes. Hereafter, the seal was removed from the plate, 10 µL of 0.2 mg/mL ice-cold resazurin was added, and the plate was
half-immersed in a thin layer of water at ambient temperature, gently pushing the plate sideways and back, for 90 seconds. While
keeping the plate at ambient temperature it was dried on a tissue and transferred to an imaging station.

Resazurin-based ARED: data collection and image analysis
The LED-illuminated imaging station had a USB digital camera (1080p camera with a 4.2 mm lens) that captured one image per
minute of the plate via the Webcam Capture plugin (Jerome 2016) in ImageJ2 (Rueden et al. 2017) for at least 60 minutes. Of each
time series, data of separate color channels was extracted and stored. RGB values were normalized (Finlayson et al. 1998) and the
difference between the Red and Blue channel of the cell suspensions were calculated as a Metabolic Activity Indicator using the
equation:
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Metabolic Activity Indicator = (Red – Blue) / (Red + Blue + Green)

Data visualization and calculation of the ED was performed with the R package (R. Team 2014).

Resazurin-based ARED: data transformation for ED calculation
For each plate, the two most similar Metabolic Activity Indicator values out of the triplicate were selected to calculate the mean
(referred to as weighted mean). Normalization was performed by subtracting negative controls’ weighted mean values from the raw
data at each corresponding time-point. Normalized values were then used to calculate the ED as described for the OD-based ARED.
As the resazurin-based colorimetric approach occasionally led to higher intensity values in treated samples, we also calculated the
linear distance (LD) as

LD(p,q)= N∑i=1(pi −qi )

, where the plus or minus sign of ED is assigned to be consistent with the LD.

ARED: Data analysis and visualization
The ward.D2 method in the R package (R. Team 2014) was used for hierarchical clustering, after creating a table of the Pearson's r
of among all ED values. Heatmaps were drawn using the gplots library (Warnes et al. 2016). In order to compare the cell ABSBs’
hierarchical clustering alignment, we applied the dendextend package (Galili 2015), which also includes a non-parametric approach
for the correlation between the aligned clusters. The P value of the clustering alignment was calculated through obtaining
correlation values from randomizing our data 5000 times, and calculating the fraction of correlation values that were equal or larger
than the one we observed in our non-randomized data. Graphs and plots of data collections were made in LibreO�ce (The
Document Foundation 2020), the R package (R. Team 2014) and optimized with Inkscape (Inkscape Project 2020).

Tap water sampling
Tap water samples were collected from the laboratory and a household in Suzhou, China and from households in three
municipalities in North-Holland, the Netherlands. Tap water was run consistently for 30 seconds and then 40 mL was collected in a
50 mL Falcon tube or PET bottle. Samples were diluted 2-fold in UPW and assessed directly by ARED or stored at 4°C for later use.
Resazurin-based ARED of tap water samples was performed either in an imaging station as described above or in a Varioskan Lux
multimode microplate reader (ThermoFisher Scienti�c, USA) with 560 nm excitation/590 nm emission.

Results

Selection of �rst-generation ABSBs
To generate a set of ABSBs with hypersensitivity to different antibiotics, UV irradiation was chosen as an unbiased mutagenic
approach. Appropriate antibiotics for sensitivity screening were selected from the Antibiotic Residue Index (ARI), a comprehensive
overview of antibiotic residue in the environment (Linsen 2021). In the initial screen, two widely used antibiotics, TET (listed #1 in
the ARI) and ERY (listed #7 in the ARI) were selected.

In total 7392 mutants were screened for increased sensitivity to 1 µg/mL TET and 10 µg/mL ERY by checking the endpoint growth
inhibition in LB. These concentrations have been shown to not impair growth of MG1655 (Hobbs et al. 2012) and this was
con�rmed through our experiments. Three ABSBs (B14, K1, L4) displayed growth inhibition greater than 80% for at least one of
these antibiotics (Fig. 1a), and whole-genome sequencing of these ABSBs revealed seven different mutations across six different
genes (Table 1) and �ve mutations in genomic regions lacking annotation (Table S1).
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Table 1
Mutated genes in �rst generation ABSBs derived from MG1655

ABSB Nonsense Frameshift Missense

B14 - acrB (Leu25fs) agaS (Pro223Leu), cysJ (Pro490Ser), djlA (Leu14Ser), yhiN (Glu355Lys)

K1 - gmhA (Phe97fs) -

L4 acrB (Gln577*) - -

One frameshift mutation in B14 and one nonsense mutation in L4 were both predicted to result in the lack of AcrB, an essential part
of the AcrAB-TolC drug e�ux pump (Du et al. 2014). Consistent with previous reports that AcrAB-TolC is responsible for the
clearance of TET and ERY (Nolivos et al. 2019; Stubbings et al. 2005), B14 and L4 exhibited hypersensitivity to these two antibiotics
(with growth inhibition ranging from 77–97%). The mutation in gmhA in K1 should compromise the outer membrane (OM) of this
ABSB, as GmhA is crucial for the synthesis of heptose in LPS, the absence of which has been shown to increase bacterial sensitivity
to hydrophobic antibiotics (Raetz and Whit�eld 2002; Taylor et al. 2008). Indeed, enhanced entry of hydrophobic molecules such as
ERY was apparent in K1, with a growth inhibition of 97%, while the permeability towards TET, a hydrophilic molecule, was much less
affected in this ABSB (only 15% growth inhibition) compared to B14 and L4.

Second-generation ABSBs
While three ABSBs had been successfully created, to enable testing of a wide range of antibiotics more ABSBs with diversi�ed
sensitivities would have to be generated. We used B14 as the parent strain for a second-round screening, as this ABSB possesses
four missense mutations, of which three (in cysJ, djlA, and yhiN) potentially contribute to antibiotic sensitivity (Clarke et al. 1996; Liu
et al. 2019; Mitosch et al. 2017); see Table S2 for more background on these genes. To select ABSBs with diversi�ed sensitivities,
four antibiotics with different modes of action were used in this screening, namely ERY, AMP (listed #2 in the ARI), RIF (listed #12 in
the ARI), and SFZ (listed #60 in the ARI). Amongst 9642 second-generation mutants, nine ABSBs were identi�ed with enhanced
sensitivity to at least one of these antibiotics (Fig. 1b).

Sequencing of the second-generation ABSBs revealed mutations in 34 genes in addition to those already present in parent strain
B14 (Table 2) as well as mutations in 24 non-annotated regions (Table S1)

Table 2
Additional mutated genes in second-generation ABSBs derived from B14

ABSB Nonsense Frameshift Missense

A5 sapA
(Lys117*)

- lldP (Phe531Ser), mdtC (Lys287Ile), murJ (Ala63Thr), rem (Gly72Glu), ybeF (Gln164His)

A18 lpxM
(Trp203*)

- idnO (Lys197Arg), ogrK (Ala37Val), uvrC (Val296Ile), yjbL (Lys226Asn), yjbS (Tyr35Cys)

C12 - - nrdF (Met97Ile), oppF (Gly7Arg), pal (Leu133Pro), rsmG (Pro88Ser), yjfC (Gly317Asp)

C14 yaaA
(Leu28*)

- bamA (Ser502Phe), trkG (Leu205Pro), wbbI (Ile25Asn)

C19 yaaA
(Leu28*)

ldtF
(Leu25fs)

-

F21 waaG
(Leu298*)

- -

H17 yaaA
(Leu28*)

tolB
(Lys2fs)

appY (Leu184Arg)

I3 - waaF
(Phe98fs)

ydhV (Arg677Cys)

N10 tolA
(Lys309*)

- ddpD (Pro144Ser), frdA (Arg107Ser), kefF (Leu35Phe), purT (Pro236Ser), thiH
(Glu295Lys), yhdP (Gly1208Asn)
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Eight of the identi�ed nonsense, frameshift and missense mutations are in genes important for cell envelope integrity, i.e. in the Tol-
Pal complex, OM to peptidoglycan tethering and LPS synthesis. (bamA, ldtF, lpxM, pal, tolA, tolB, waaF, waaG) (Bennion et al. 2010;
Clementz et al. 1997; Morè et al. 2019; Szczepaniak et al. 2020; Werner and Misra 2005; Yethon et al. 2000).

The Tol-Pal complex is known to help maintain cell envelope integrity in Gram-negative bacteria and a lack of any of its functional
components will result in enhanced entry of several antibiotics (Szczepaniak et al. 2020). H17 has a defective TolB caused by early
frameshift mutations on position 2 and N10 has a nonsense mutation in tolA leading to a stop codon at position 309. Interestingly,
C12 has a missense mutation leading to a change of the leucine at position 133 in Peptidogylcan Associated Lipoprotein (Pal). This
leucine is highly conserved among many Gram-negative bacteria and part of a domain that is important for binding to TolB and
peptidoglycan (Cascales and Lloubès 2004).

Disruption of OM to peptidoglycan tethering is expected to weaken the cell envelope, and thus a reduced barrier for antibiotics to
reach their target. The frameshift mutation in ldtF in C19 leads to a truncated version of the protein LdtF, a recently identi�ed L,D-
endopeptidase. LdtF has been shown to cleave the cross-links between peptidoglycan and Braun's lipoprotein, thereby disturbing the
tethering of the OM to peptidoglycan (Bahadur et al. 2021). The bamA missense mutation in C14 could lead to diminished assembly
of β-barrel proteins, including TolC, directly (Werner and Misra 2005), or indirectly (Bennion et al. 2010). Interestingly, systematic
linker scanning mutagenesis of bamA showed that a change in residues 503 and 504 lead to lethality or increased sensitivity
towards VAN, respectively (Browning et al. 2013). The mutation identi�ed in C14 involves the directly adjacent serine at 502 into a
phenylalanine; a change that could very well disrupt proper folding of β-strand β6 and thus compromise barrel formation essential
for functioning of BamA. Indeed, C14 shows the highest sensitivity to 250 ng/mL VAN (Table 4).

Table 4
ED values for ABSBs and control strain from resazurin-based ARED

Antibiotic

(ng/ml)

MG1655a A5 A18 B14 C12 C14 C19 F21 H17 I3 K1 L4 N10

AMP 400 0.4 0.9 1.4 0.5 4.0 G 0.4 0.0 0.6 3.9 G 1.1 2.1 1.0 2.3 G

CAM 100 0.7 2.3 G 2.1 G 1.9 1.9 2.1 G 3.2 G 2.9 G 2.2 G 3.2 G 1.3 3.0 0.6

CIP 1.25 1.3 3.3 G 3.5 G 1.9 0.3 2.2 G 1.8 2.5 G 2.0 2.8 G 0.5 1.8 -1.8

CLA 500 0.5 2.2 G 2.2 G 1.2 3.4 G 3.0 G 2.2 G 2.8 G 2.7 G 4.7 G 5.0 1.4 1.8

DOX 50 1.1 4.6 4.9 5.2 4.4 6.2 5.6 6.3 4.3 5.8 5.0 5.7 3.5

NOR 15 0.9 4.5 4.9 3.8 2.1 4.6 3.1 3.6 2.5 3.7 2.7 2.5 -0.6 L

OFX 25 0.6 5.0 5.1 5.0 3.6 5.4 5.3 6.0 4.0 4.9 2.5 5.4 3.6

OTC 50 1.5 3.4 3.7 4.2 2.4 4.8 3.8 3.9 2.8 3.6 2.8 4.9 2.9

RIF 50 1.0 0.5 2.9 G 0.8 2.4 G 0.0 2.6 G -0.7 2.0 6 G 5.3 -0.6 1.6

TET 25 0.6 3.3 2.4 3.5 2.3 3.7 3.0 2.9 2.9 2.2 2.0 2.9 1.2 L

TMP 20 1.4 2.1 G 1.3 1.7 0.8 2.3 G 1.8 1.9 0.9 1.9 2.9 2.6 1.2

VAN 250 0.8 3.5 2.2 2.5 -0.7 L 3.8 -0.4 L -0.4 L -1.4 L -0.7 L -0.6 0.8 -1.5 L

aMean values from 15 replicates for MG1655 and from triplicates for other ABSBs. The average standard deviation within this
dataset was 0.47. Values above the threshold of 2.03 are in bold; a ‘G’ or ‘L’ behind a value indicates a gain or loss, respectively,
of sensitivity in this ABSB compared to its mother strain B14.

Defective lipopolysaccharide (LPS) synthesis will lead to a compromised OM (Ebbensgaard et al. 2018; Raetz and Whit�eld 2002).
Second-generation ABSB A18 has a premature stop codon at position 203 in LpxM, the myristoyltransferase responsible for adding
the �nal secondary acyl chain to generate hexa-acylated lipid A, the hydrophobic moiety of LPS embedded in the OM (Clementz et
al. 1997), while I3 has a frameshift mutation causing a premature stop codon after 129 amino acids and thus a defective WaaF, the
heptosyltransferase that adds the last heptose to the inner saccharide core of LPS (Ebbensgaard et al. 2018; Yethon et al. 2000).
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F21 has a premature stop at position 298 in WaaG, the glucosyltransferase adding the �rst glucose to the inner saccharide core of
LPS (Yethon et al. 2000).

The role of SapA in antibiotic sensitivity is less evident from literature. It seems an interesting candidate for further study, backed by
the presence of a nonsense mutation in its gene in A5 and leads obtained from literature. SapA is predicted to be periplasmic and
was shown to be important for resistance of H. in�uenzae to antimicrobial peptides (Mason et al. 2005). Not much is known about
its function in E. coli yet, but it might help in stabilizing cell envelope integrity or e�ux of certain molecules from the cytoplasm by
interacting with the putrescine exporter SapBCDF (Sugiyama et al. 2016). Furthermore, it was shown that a SapA deletion mutant
had enhanced accumulation of the cationic �uorescent dye carbocyanine diS-C3(5) (Jindal et al. 2019) and it is upregulated upon
TET and TMP exposure (Mitosch et al. 2017), indicating a potential role for SapA in the e�ux of certain antibiotics.

Lastly, attention needs to be given to yaaA, as an identical nonsense mutation in this gene was identi�ed in three ABSBs (C14, C19
and H17). We reasoned that this allele must have originated from a hybrid population of parent strain B14 during the mutagenesis
procedure. Indeed, our sequencing data revealed two alleles at two positions, one in the yaaA gene at position 6377 (covered by 136
reads with the reference sequence and 68 reads with the mutation) and one in an unde�ned genomic region at position 2025279
(covered by 77 reads with the reference sequence and 149 reads with the mutation), which were mutually exclusive in the B14-
derived strains. The origin of these two mutations is very interesting, but discussing the impact on antibiotics would be speculative,
from which we refrain in this report.

Antibiotic sensitivity pro�ling using OD-based ARED
Diverse antibiotic sensitivities are expected in the set of 12 ABSBs due to their varied genotype. To fully utilize the potential of these
ABSBs as biosensors, reference pro�les of antibiotic sensitivity are useful for comparison with test results from �eld samples to
deduce the presence of potential antibiotics. In addition to four antibiotics used in the screening (AMP, ERY, RIF, TET), CIP (listed #3
in the ARI), CAM (listed #4 in the ARI), TMP (listed #6 in the ARI), DOX (listed #14 in the ARI), OTC (listed #17 in the ARI), and SFX
(listed #5 in the ARI) were further included for pro�ling. To generate a quantitative antibiotic sensitivity pro�le for each ABSB, we
developed a novel method called Antibiotic Response determined by Euclidean Distance (ARED). OD-based ARED compares treated
sample with non-treated control by calculating Euclidean distance (ED) using transformed OD600 measurements from all time
points (Fig. 2a). This method is expected to reveal subtle strain-speci�c growth characteristics that are not picked up using endpoint
growth assays.
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Table 3
ED values for ABSBs and control strains in OD-based ARED with ten different antibiotics

Antibiotic
(ng/ml)

MG
1655a

GSO
231

GSO
581

GSO
598

A5 A18 B14 C12 C14 C19 F21 H17 I3 K1 L4 N10

AMP
1000

0.2 0.2 0.1 0.1 0.1 0.1 0.3 0.9
G

0.2 0.2 0.2 1.1
G

0.4 0.1 0.1 1.3
G

CAM 250 0.4 0.3 0.8 0.7 0.8 0.9 0.9 1.0 1.0 1.0 0.7 1.0 0.9 0.4 0.9 1.0

CIP 2.5 0.2 0.3 1.0 0.8 0.7 0.6
L

1.2 1.2 1.0 0.6
L

0.8 1.1 0.7 0.3 0.8 0.7
L

DOX 250 0.3 0.3 1.1 1.1 1.2 1.3 1.2 1.0 1.4 1.5 1.3 1.2 1.7 0.9 1.3 1.1

ERY
1000

0.2 0.2 0.6 0.2 0.1 0.5 0.3 0.3 0.9
G

0.3 0.5 0.6 1.1
G

0.7 0.2 0.7
G

OTC 250 0.3 0.6 0.5 0.7 0.8 0.7 0.9 0.7
L

0.7 0.8 0.4
L

0.7
L

0.6
L

0.2 1.0 0.7
L

RIF 1000 0.2 0.2 0.1 0.2 0.2 0.2 0.4 0.5 0.5 0.2 0.1 0.6 1.1
G

1.8 0.3 0.6

SFX
200000

0.3 0.4 0.3 0.3 0.3 0.3 0.6 0.6 0.3 0.4 0.2 0.6 0.9
G

0.5 0.5 0.4

TET 500 0.6 0.6 0.8 1.0 1.0 1.1 1.1 1.2 1.2 1.2 1.0 1.2 0.7 0.1 1.1 1.1

TMP 25 0.2 0.3 0.3 0.6 1.0 0.6
L

0.9 0.7 0.7 0.6
L

0.4
L

0.6
L

0.6
L

0.3 0.8 1.0

aMean values from 15 replicates for MG1655 and from triplicates for other strains. The average standard deviation within this
dataset was 0.05. Values above the threshold of 0.69 are in bold; a ‘G’ or ‘L’ behind a value indicates a gain or loss, respectively,
of sensitivity in this ABSB compared to its mother strain B14.

We determined ED values for each strain and antibiotic, and an ABSB was considered to have enhanced sensitivity if its ED value
was higher than 0.69 (3 standard deviations above the MG1655 mean). Accordingly, the minimal concentrations of the pro�led
antibiotics where one or more ABSBs show enhanced sensitivity were identi�ed (Table 3). We also compared the distributions of
aggregated EDs from the 12 ABSBs with those from MG1655 and GSO strains (Fig. 2b). The difference between the ED distribution
of MG1655 and ABSBs was statistically signi�cant using a two-sample Wilcoxon test (PWilcoxon = 8.35e-12), indicating an increase
in overall sensitivity towards this set of antibiotics. GSO strains harboring mutations in AcrAB-TolC e�ux pump have been shown to
exhibit hypersensitivity to antibiotics (Hobbs et al. 2012), and the pro�les of ΔacrB strain GSO598 and ΔtolC strain GSO581 indeed
showed signi�cant similarity to the ABSBs (PWilcoxon = 0.11). GSO581 and GSO598 display quite similar phenotypes, with
quantitatively comparable enhanced sensitivity towards most antibiotics, with TET 500 being the only exception for which loss of
AcrB caused a stronger phenotype than loss of TolC. In contrast, ΔacrZ strain GSO231 was not more sensitive than MG1655
towards most of the antibiotics tested at these concentrations, except for OTC and CIP.

To visualize similarities and differences between the strains tested in this way, we performed hierarchical clustering based on the
calculated correlations between the ED values for each antibiotic and strain (Fig. 2c). Evidently, each strain displays a different
antibiotic sensitivity pro�le, with the deep red squares indicating the highest sensitivity. MG1655 and GSO231, the two least
sensitive strains we tested, form a cluster that is clearly separated from all ABSBs and the two other GSO strains. GSO598 clusters
with B14 and L4, the �rst-generation ABSBs which also lack a functional AcrB. Furthermore, GSO581 clusters with F21 and C14,
which is expected to have a disrupted TolC assembly due to the mutation in bamA. Together, these observations illustrate the
potential of OD-based ARED to differentiate between antibiotic-sensitive strains with different genotypes.

Resazurin-based ARED
OD-based approaches for antibiotic detection are relatively time consuming, and the �rst few hours in such methods are the least
informative as hardly any detectable changes in OD are provided (Choi et al. 2014), although effects of antibiotics on bacteria
already emerge soon after exposure (Mitosch et al. 2017; Stubbings et al. 2005). The highly sensitive redox indicator resazurin is
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commonly used for measuring metabolic activity as an indicator for the number of viable cells, for instance in an early study
measuring the response of M. tuberculosis to antimicrobials (Yajko et al. 1995). We modi�ed the OD-based ARED using resazurin
and subjected the set of ABSBs to the colorimetric approach dubbed resazurin-based ARED, which is expected to provide a more
sensitive response to antibiotics in a shorter time-frame. A typical signal response with and without 50 ng/mL RIF is shown for K1
(Fig. 3a), to illustrate that differences already become apparent within 10 minutes.

Overall, the sensitivity of the ABSBs to 12 antibiotics was determined using resazurin-based ARED. Out of these antibiotics, eight
were used previously (AMP, CAM, CIP, DOX, OTC, RIF, TET and TMP), and newly added were OFX (listed #9 in the ARI), CLA (#25 in
the ARI), NOR (#18 in the ARI) and VAN (not in the ARI). The aggregated ED values for MG1655 exposed to all antibiotics for 60
minutes signi�cantly differed from those of the 12 ABSBs (PWilcoxon = 0.00012) (Fig. 3b), in line with the results obtained with OD-
based ARED. On top of being a faster method, it also enabled to measure inhibitory effects at concentrations up to 20-fold lower
than those for corresponding antibiotics in OD-based ARED (Table 4). An ABSB was considered to have enhanced sensitivity if its
ED value was higher than 2.03 (3 standard deviations above the MG1655 mean) for the conditions shown in Table 4.

Similar to the OD-based ARED, we performed hierarchical clustering to visualize the correlations of the ED values between all strains.
Two distinctive main clusters can be seen, with the �rst, consisting of C12, H17, I3, K1 and N10 strongly responding to AMP, RIF
and/or CLA, while the second cluster, consisting of A18, C14, B14, A5, C19, F21 and L4 is more sensitive to CAM, tetracyclines,
quinolones and VAN (Fig. 3c). In Table S2 we elaborate on the observed phenotypes of the ABSBs in light of the mutants on
annotated genes in E. coli.

We were also interested to see to what extent B14-derived ABSBs gained or lost sensitivity according to our set thresholds in the two
assays. In OD-based ARED, B14 showed sensitivity to six antibiotics, �ve B14-derived ABSBs gained sensitivity to at least one of the
four remaining antibiotics. In resazurin-based ARED, B14 also showed sensitivity to six antibiotics, and all nine B14-derived ABSBs
gained sensitivity to at least one of the other six antibiotics. However, we also observed loss of sensitivity in B14-derived strains in
both approaches, most prominently OD-based ARED in presence of CIP, OTC, and TMP; sensitivity loss is observed in both assays in
the ABSBs C12, N10, H17, C19, F21 and I3 and (Table 3, 4). Whether or not mutations in this complex would alter the response to
antibiotics in the B14 background would require further study.

The correlation analysis and hierarchical clustering analysis shown in Figs. 2c and 3c provide an overview of the responses
measured in both methods. A comparison of these two outcomes could elucidate the presence or absence of method-induced
biases. To this end we aligned dendrograms of ABSBs that were exposed to the same antibiotic in both OD-based ARED and
resazurin-based ARED (Fig. 4a), using the R library dendextend (Galili 2015). The similarities in branching lead to a non-parametric
correlation of 0.76 (P = 0.065), indicating a reasonable positive relation in the response of ABSBs. Comparing the dendrograms for
both methods, but now for each strain tested, shows that seven out of the 13 strains are in identical subbranches originating from a
common node (Fig. 4b). With a correlation of 0.8 (P = 0), the antibiotics evoke a response that is fairly consistent across the two
methods. The identical clustering of C12, H17 and N10 in both OD- and resazurin-based ARED seems to be mainly caused by the
strong response that these three ABSBs exhibit to AMP. Also, they all have mutations in one of the components of the TolAB-Pal
complex, which is known to result in a classical periplasmic leakage phenotype (Kern et al. 2019). Both K1 and I3 carry mutations in
the heptose biosynthesis pathway. K1 does not synthesize heptose in LPS and I3 cannot transfer heptose to LPS, thus these two
ABSBs fall into one cluster as expected. Given that these alignments show a good positive correlation, we conclude that the
methods themselves have only a mild effect on the results, and hierarchical clustering is an effective tool to align the ED values.
Altogether, both ARED approaches can be informative for investigating antibiotics in aqueous samples. Resazurin-based ARED
detects responses at lower antibiotic concentrations and can better discriminate the response of B14 and its derived ABSBs than
OD-based ARED.

Antibiotic assessments in tap water
The analysis of the ED values from OD- and resazurin-based ARED shows that speci�c responses can be explained by the genetic
background of the ABSBs, and that strains with different mutations in overlapping pathways show similar responses. We therefore
expect that an assay based on a set of ABSBs can also discriminate between samples with an unknown composition. Here, we
tested our ABSBs on tap water samples collected from Suzhou (China) and three cities in the Netherlands. To address the impact of
antibiotics on tap water results, we also included one tap water sample supplemented with RFP (50 ng/mL). Tap water in these
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regions is routinely monitored and quality indicators are shared publicly (Hua Yan Water 2021; Waternet 2021). Depending on the
water source and the sanitizing methods applied, tap water may vary in composition with respect to minerals, sanitizing residue,
and redox potential, which may in�uence cell growth, and, in case of resazurin-based ARED, may affect staining itself. Tap water
samples did not inhibit the OD-based growth of MG1655 and ABSBs (data not shown). We then investigated whether resazurin-
based ARED would be sensitive to non-antibiotic compounds that could be present in tap water samples. We tested individually
against the metals zinc (0.5 to 1 µg/mL) and lead (5 to 20 ng/mL), as well as chlorine (0.5 to 50 µg/mL), and did not �nd a negative
effect (data not shown). However, in our resazurin-based ARED, we found that compared to UPW, tap water did delay staining,
including in samples without cells (Fig. 5a). This delay also had a large impact on the ED of MG1655 (Fig. 5b), which should be
around 0 but increased in value in tap water samples. Since we did not have a “control tap water” sample and we had to use UPW
as a reference, we sought an alternative approach to deal with the delay in staining and decided to subtract the MG1655 ED from all
ABSBs ED values. By hierarchical clustering of these positive-control subtracted values, the samples clustered well according to our
sampling locations: two main branches were formed, with the largest one including tap water samples from the Netherlands
(Bloemendaal, Amsterdam and Driehuis) in one subbranch, and the two samples from Suzhou in another subbranch. The second
main branch contained only one sample: the Suzhou tap water sample supplemented with RIF (50 ng/mL) (Fig. 5c). Taken together,
this analysis shows that the resazurin-based ARED method is sensitive for sample types, which needs to be addressed when further
developing this method as a monitoring tool. We observed that ABSBs respond differently to RIF dissolved in tap water compared to
RIF in UPW. For instance, I3 hardly responds in tap water, while it strongly responds to RIF in UPW (Fig. 3c). In spite of this
discrepancy in the responses of individual ABSBs, the presence of the antibiotic can still be revealed by the response of all ABSBs
collectively.

Discussion
Bacteria in suspension have been long used as antibiotic sensors in commercial applications, especially the multi-sensitive G.
stearothermophilus var. calidolactis. These have been integrated in microbial inhibition assays developed for the dairy industry
(Navrátilová 2008), where growth is detected by a pH indicator. A current shortcoming of these commercialized microbial inhibition
assays is the lack of identi�cation information following a positive result: they only lead to a conclusion on presence or absence of
antibiotic activity. In the present study, we offer a potential solution for this shortcoming by including multiple ABSBs with
diversi�ed sensitivities, while consolidating the ED of colorimetric (resazurin-based ARED) or optical density (OD-based ARED) data
over multiple time points. As we have shown, ARED allows us to measure the impact of multiple antibiotics at concentrations down
to the ng/mL level, and the hierarchical clustering of ABSBs that are exposed to the same group of antibiotics correlates well across
the two methods. Together, the application of ABSBs in the ARED assay could be useful in antibiotic detection, and simultaneously
provide indications for identi�cation. This would be useful in situations where the antibiotic complexion of samples may be diverse
and antibiotic identi�cation is needed for tracking a pollution source.

In this study, we have generated 12 biosensors with enhanced antibiotic sensitivity from wild type E. coli K-12 MG1655 using UV
mutagenesis. The motivation to use E. coli was a pragmatic one, as it is a resource-rich, versatile model system which has been
applied in antibiotic detection before (Liu et al. 2010). In these ABSBs, several nonsense and frameshift mutations in genes
responsible for cell envelope synthesis or e�ux pumps could be linked to the antibiotic sensitivity pro�le of the individual ABSBs.
For a few of the mutations this was not obvious, not from literature, nor from our data, and it was beyond the scope of this study to
further investigate a potential role in antibiotic sensitivity of those genes further. Clearly, identi�cation of new genes that could be
targeted to increase antibiotic sensitivity could be exploited in the �ght against antibiotic resistant pathogens (Ayhan et al. 2016).

The detection limit of resazurin-based ARED is in the ng/mL range and thus approaching that of analytical chemistry methods
(Munteanu et al. 2018); the rate-limiting factor being the sensitivity of the ABSBs that we identi�ed in this study. A number of
practical challenges still need attention, as shown in the tap water analysis. This, in our view, does not disqualify the application of
ABSBs to detect antibiotic residue by this method, but rather points in the direction how to optimize the method further. Essential
considerations include: which reference sample is used along which the ED is calculated? How to align the positive control (in our
case, MG1655) data for the reference sample and test sample? How to control for redox potential in samples that could in�uence
resazurin staining? Such questions could be addressed by setting boundaries for the negative and positive controls; and, as we did
here, dilution of samples in UPW and subtracting the positive control; additionally, the construction of a standard reference sample
by mixing test samples could also be useful to look for deviations in the response of ABSBs. Another challenge is that correlation
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alone is incomplete without descriptive insights on the raw data. A dashboard consisting of a combination of Figs. 5a and 5c would
visualize the data from these two angles.

Resazurin-based ARED could be used for commercial applications, by combining a proper set of ABSBs and integrating a tool to
obtain colorimetric data over multiple time points. To enable this, we are currently optimizing a novel device, where ABSBs are stored
on isolated pieces of non-woven polyester fabric that is sealed off from an absorptive matrix for �uid absorption. Under a second
seal, patches of dried-up resazurin solution are placed. By introducing medium onto the absorptive matrix, and removing the seal,
ABSBs will be exposed to medium, and cell propagation can then initiate. Staining can be achieved after breaking the second seal
between the absorptive matrix and the resazurin patch (Linsen 2020). This method would allow for simple storage, handling and
readout without the need of laboratory equipment and thus be interesting for use as a consumer product.

In conclusion, ARED based on multiple ABSBs can successfully detect antibiotics in solution. The application of this method in
monitoring antibiotic pollution could lead to improvements of existing microbial inhibition assays, especially in samples for which a
priori knowledge on the antibiotic types or pollution sources is lacking.
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Figure 1

Initial characterization of ABSBs. (a) Growth inhibition by the indicated antibiotics (µg/mL) was determined for MG1655 and the
�rst-generation ABSBs using an OD600 end-point assay in LB medium at 11 hours. Strains show 80% inhibition against at least one
of the antibiotics used. (b) Lineage tree of ABSBs derived from MG1655 in this study. S indicates observed sensitivity to the given
antibiotic concentrations during the initial and second screen.
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Figure 2

Response of ABSBs and reference strains to antibiotics using OD-based ARED. (a) A theoretical example of OD-based ARED
showing growth inhibition of an antibiotic-treated strain compared to the untreated strain. The highest OD600 value of the non-
treated sample is set to 100% and the ED is subsequently calculated with the percentage-transformed OD600 values according to
the formula. (b) ED value distribution of our complete OD600 dataset obtained from MG1655, GSO strains and the 12 ABSBs grown
in presence of antibiotics. (c) Hierarchical clustering of correlations between ED values of the indicated strains and antibiotics.
Antibiotics concentrations shown in ng/mL, axes left and above the dendrograms indicate node height. The underlying data for
these �gures is shown in Table 3.
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Figure 3

Antibiotic sensitivity of ABSBs determined by resazurin-based ARED. (a) Metabolic Activity Indicator changes over time in resazurin-
based ARED with K1 incubated with or without 50 ng/mL RIF. (b) Distribution of ED values of MG1655 and ABSBs. (c) Hierarchical
clustering of correlations between ED values of indicated strains. Antibiotics concentrations shown in ng/mL, axes left and above
the dendrograms indicate node height. The underlying data for these �gures is shown in Table 4.
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Figure 4

Alignment of OD-based ARED and resazurin-based ARED dendrograms. (a) Dendrograms of the antibiotic types alignment displays
a correlation of 0.76 (P value alignment is 0.065). (b) Dendrograms of strains (MG1655 and all ABSBs) show a correlation value of
0.8 (P value alignment is 0). Dashed line types display subtrees that branch identically in both dendrograms, with a separate pattern
for each of these subtrees. Grey lines indicate a difference in subtree branching.



Page 21/21

Figure 5

Resazurin-based ARED applied to tap water samples from different geographical locations. (a) Resazurin reduction in tap water and
UPW, as measured by �uorescence (excitation 560 nm, emission 590 nm). The inset presents the absolute intensity increase since
t=0, with the signal accumulation in UPW stronger and more rapid. (b) ED values (indicated by differently sized triangles) for tap
water from three households (hh) in the Netherlands (Amsterdam, Driehuis and Bloemendaal), a Suzhou household and our
laboratory (lab) in Suzhou, as well as demineralized (demi) lab water and RIF-spiked (50 ng/mL) lab water. (c) Hierarchical
clustering of correlations between ED values of ABSBs from which the MG1655 ED value was subtracted. Axes left and above the
dendrograms indicate node heights.
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