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ABSTRACT Nitrofurantoin resistance in Escherichia coli is primarily caused by mutations
damaging two enzymes, NfsA and NfsB. Studies based on small isolate collections
with defined nitrofurantoin MICs have found significant random genetic drift in nfsA
and nfsB, making it extremely difficult to predict nitrofurantoin resistance from whole-
genome sequence (WGS) where both genes are not obviously disrupted by nonsense
or frameshift mutations or insertional inactivation. Here, we report a WGS survey of
200 ogxAB-negative E. coli from community urine samples, of which 34 were nitrofuran-
toin resistant. We characterized individual non-synonymous mutations seen in nfsA and
nfsB among this collection using complementation cloning and NfsA/B enzyme assays
in cell extracts. We definitively identified R203C, H11Y, W212R, A112E, and A112T in
NfsA and R121C, Q142H, F84S, P163H, W46R, K57E, and V191G in NfsB as amino acid
substitutions that reduce enzyme activity sufficiently to cause resistance. In contrast,
E58D, 1117T, K141E, L157F, A172S, G187D, and A188V in NfsA and G66D, M75I, VO3A,
and A174E in NfsB are functionally silent in this context. We identified that 9/166
(5.4%) nitrofurantoin-susceptible isolates were “pre-resistant,’” defined as having loss
of function mutations in nfsA or nfsB. Finally, using NfsA/B enzyme assays and proteo-
mics, we demonstrated that 9/34 (26.5%) ribE wild-type nitrofurantoin-resistant isolates
also carried functionally wild-type nfsB or nfsB/nfsA. In these cases, NfsA/B activity
was reduced through downregulated gene expression. Our biological understanding
of nitrofurantoin resistance is greatly improved by this analysis but is still insufficient to
allow its reliable prediction from WGS data.

KEYWORDS genome analysis, community-acquired infections, urinary tract infection,
diagnostics

N itrofurantoin is the first choice for the treatment of uncomplicated urinary tract
infections in adults in the United Kingdom, of which a majority are caused by
Escherichia coli (1). Nitrofurantoin enters E. coli, and the enzymes NfsA or NfsB catalyze
its degradation to release toxic-free radicals that kill. Resistance is relatively uncommon
compared with other potential agents [e.g., trimethoprim (1)] and primarily involves
mutations disrupting the functions of both NfsA and NfsB, though production of the
plasmid-encoded OqxAB efflux pump or disruption of RibE (an enzyme important for
production of a co-factor essential for normal NfsA/B activity) has also been implicated in
raising nitrofurantoin MICs (2-6).

In a recent study of nine nitrofurantoin-resistant (NTF-R) urinary E. coli, whole-genome
sequence (WGS) data revealed nine different sequence types and a variety of nfsA and
nfsB loss of function mutations (6). Gene loss has also been identified in laboratory-selec-
ted mutants (7). However, wider analysis of WGS data for E. coli clinical isolates has
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revealed that nfsA and nfsB are very diverse, with significant random genetic drift, and it
is difficult to accurately predict NTF-R unless both genes are clearly disrupted (2-6).

One hypothesis to explain the low prevalence of nitrofurantoin resistance in E. coli
in the UK despite widespread nitrofurantoin use is that individual nfsA or nfsB muta-
tions do not give a sufficiently strong selective advantage when nitrofurantoin is dosed
properly (8). However, NTF-R isolates have emerged (2-6), and there is some evidence of
nitrofurantoin-susceptible (NTF-S) isolates from humans and other sources having a loss
of function mutation in nfsA or nfsB (6). Collections of sequenced bloodstream isolates
are numerous (6), but without an accurate way of predicting which amino acid changes
seen in NfsA or NfsB are due to random genetic drift, and which damage the functions of
these two enzymes, it remains extremely difficult to accurately predict NTF-R/S status of
such isolates (6) and, therefore, to perform regional genomic surveillance via secondary
analysis of these available WGS data.

The aim of the work reported here was to establish methods that can be used to
address these clear gaps in our understanding of how NfsA/B activity can be predic-
ted from WGS data. We used a complementation cloning methodology and NfsA/B
enzyme activity assays to differentiate genetic drift from loss of function mutations. The
mutations studied were those identified from genomic surveillance of NTF-R urinary
E. coli submitted from primary care to a diagnostic laboratory serving a population of
approximately 1.5 million people.

RESULTS

In-patient isolate clonality but no evidence of person-to-person transmission
of NTF-R urinary E. coli from primary care

In 2020, the prevalence of nitrofurantoin resistance among isolates from 17,581 E.
coli-positive urine samples submitted from primary care to the Severn Pathology
diagnostic laboratory, North Bristol NHS Trust, was 1.34%. During September and
October 2020, NTF-R E. coli were collected. After confirming resistance using broth
microdilution and removing all but the first isolate from each patient during the
surveillance period, 34 isolates were sent for whole-genome sequencing. Twenty were
susceptible to the other five antibacterials tested during routine diagnostics. Of the
remainder, eight were cefalexin resistant, of which seven were cefpodoxime resistant;
eight were ciprofloxacin resistant; five were amoxicillin/clavulanate resistant; 10 were
gentamicin resistant (Table 1).

WGS revealed remarkable diversity among the 34 deduplicated NTF-R urinary isolates,
both phylogenetically and in terms of the mobile-resistance genes and NfsA/B amino
acid variations identified (Fig. 1; Table 1). All NTF-R isolates were negative for ogxAB, and
only 2/34 had a mutation altering a single amino acid in RibE (V51l), relative to E. coli
K12 as wild type. There were no instances of the same isolate (or even one with the
same combination of NfsA/B variants) being isolated from urine samples provided by
two people. However, sequencing of additional NTF-R isolates from four people where
multiple samples were positive during our surveillance period revealed that in all cases
(one person, three samples; three people, two samples each; Table 1); the bacteria
sequenced from each sample from the same person were essentially identical, with core
genome single nucleotide polymorphism (SNP) distances of <5 between them and the
same acquired resistance genes and NfsA/B variations.

Complementation cloning and phenotypic assays to differentiate function-
ally wild type from reduced-function E. coli NfsA and NfsB variants

Only 12/34 (35.2%) NTF-R isolates had obvious loss of function in both NfsA and NfsB
(defined as nonsense mutation or frameshift in, insertional inactivation or deletion of the
encoding gene), which is required for nitrofurantoin resistance without other mecha-
nisms being involved (2-6). Both NTF-R isolates with non-wild-type RibE had obvious loss
of both NfsA and NfsB. Additionally, 11/34 (32.4%) and 5/34 (14.7%) of NTF-R isolates had
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FIG 1 Maximum likelihood phylogenetic tree derived from a core genome alignment of WGS for 34 NTF-R E. coli from primary care urine samples. Five-digit
isolate numbers are provided alongside each isolate’s sequence type (ST) and the resistance genes/mutations carried (other than those causing nitrofurantoin
resistance). The reference (ref) genome is marked.

obvious loss of function in only one of NfsA or NfsB, respectively (Table 1). Missense
mutations causing loss of function were suspected in the remainder, and in many cases,
missense mutations altering the amino acid sequences of NfsA or NfsB were identified,
relative to E. coli K-12 as the wild-type reference (Table 1). However, given prior knowl-
edge of random genetic drift in these genes (2-6), it was considered important to
account for drift using a wider collection of NTF-S urinary isolates and in vitro analysis of
NfsA/B variant function. First, therefore, in addition to the 34 NTF-R isolates (Table 1), we
sequenced 166 confirmed NTF-S urinary E. coli isolates collected in parallel to make a
total of 200 isolates sequenced for this study (Table S1). It is important to note that these
isolates were collected during surveillance of cefpodoxime, ciprofloxacin, and amoxicil-
lin/clavulanate resistance in urinary E. coli from the community, so the NTF-S isolates
sequenced here were resistant to at least one of these agents. Using E. coli K-12 as the
wild type, NTF-S, reference, we collated amino acid sequence variant types for NfsA and
NfsB in the 166 NTF-S urinary isolates (Tables 2 and 3; Table S1). Clear loss-of-function
mutations (as defined above) were identified in seven NTF-S urinary E. coli isolates, four
losing the function of NfsA (Table 2) and three losing that of NfsB (Table 3). No isolate had
obviously lost both, as expected given that they are NTF-S. Otherwise, there was
clustering around four NfsA (including our chosen wild type) and six NfsB types, with four
additional NfsA types being represented by one isolate each (Tables 2 and 3). While
others have also reported the presence of some of these NfsA/B variant types in pheno-
typically NTF-S isolates (2-6), in order to independently confirm variant functionality, as
well as to test the functions of NfsA/B missense variants seen in the NTF-R isolates (Table
1), we set up a complementation assay and enzymatic assays for NfsA and NfsB.

Using NTF-R urinary isolate 39681, which has a frameshift in nfsA and insertional
inactivation of nfsB (Table 1) as a recipient for complementation, we introduced plasmid
pK18 with nfsA or nfsB variants inserted, in each case with its own ribosome-binding
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TABLE 2 Variants of NfsA seen among 166 NTF-S urinary E. coli from primary care based on WGS

NfsA variant type (susceptible isolate) Sequence Number of isolates
WT None 15
1 1117T,K141E, and G187D 105
2 1117T, K141E, G187D, and A188V 24
3 E58D, 1117T,K141E, A172S, and G187D 14
4 E58D, 1117T,K141E, and G187D 1
5 G187D 1
6 (loss of function) A112E (missense), 1117T, K141E,and 1
G187D
7 (loss of function) K141E, G187D, and T202P (missense) 1
Loss of function Group 1+ K141* (nonsense) 1
Loss of function 228FS (frameshift) 1
Loss of function Deletion rimK to rcdA 1
Loss of function Insertional inactivation with 1S26 1

site. Expression of the inserted gene was from the leaky lac promoter on the vector.
Since the loss of function in both NfsA and NfsB is required to confer nitrofurantoin
resistance (2-6), nfsA or nfsB alleles that encode functional enzymes will complement
isolate 39681 to nitrofurantoin susceptibility. Non-functional variants will not. To give a
more accurate measure of enzyme function, we also devised enzyme assays for NfsA
and NfsB by monitoring nitrofurantoin breakdown in the presence of cofactors NADH
[specific for NfsB (9-11)] or NADPH [used by both NfsA and NfsB (9-11)] upon addition of
crude bacterial cell extract from 39681 recipient carrying the various recombinant nfsA/B
plasmids to the reaction.

Using this approach, we were able to screen all the variants found among our 200
sequenced urinary isolates (Table 1; Table S1). This enabled us to confirm that the
following NfsA amino acid substitutions do not alter function sufficiently to confer
nitrofurantoin resistance, even in an additive way: E58D, 1117T, K141E, L157F, A172S,
G187D, and A188V. The following variants, however, were unable to complement
nitrofurantoin susceptibility and had reduced NfsA activity in order of increasing effect:
R203C (14% of wild type), H11Y (7%), W212R (3%), A112E (<1%), and A112T (zero
activity). This final variant was found alongside A34V, and while we did not have the
A34V variant alone in our collection so did not test it, the fact that A-V is a highly
conservative change and that A112E alone and A34V, A112T had essentially the same
effect on NfsA activity (i.e., activity was almost zero). It was considered unlikely that A32V
was necessary for this effect. But this possibility cannot be entirely excluded.

For NfsB, the following amino acid substitutions did not have a significant effect on
enzyme function: G66D, M75l, V93A, and A174E. The R121C variant could still comple-
ment nitrofurantoin to susceptibility (to 32 mg/L, compared with 8 mg/L for the fully
functional variants), but NfsB activity was reduced to 16% of wild-type levels. It is likely
that over-expression of this partially functional nfsB because of its presence on a high
copy number vector, pK18, explained the borderline NTF-S MIC seen, and in wild-type

TABLE 3 Variants of NfsB seen among 166 NTF-S urinary E. coli from primary care based on WGS

NfsB variant type (susceptible isolate) Sequence Number of isolates
WT None 3

1 G66D, VO3A, and A174E 130

2 M75l and V93A 9

3 VI93A 15

4 G66D, M75l, and V93A 3

5 G66D and V93A 3

Loss of function Group 1+ Y183* (nonsense) 1

Loss of function 92FS (frameshift) 1

Loss of function Deletion endD to cysS 1
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copy number, this allele is unlikely to be sufficiently active to complement nitrofurantoin
susceptibility. Hence, this variant was considered to be of reduced function. In order of
increasing effect, the following additional reduced-function variants could not comple-
ment nitrofurantoin susceptibility: Q142H (MIC 64 mg/L; 10% of wild-type activity), F84S
(MIC 64 mg/L; 9%), P163H (MIC 128 mg/L; <1%), W46R (MIC 128 mg/L; zero activity),
K57E (MIC 128 mg/L; zero activity), and V191G (MIC 128 mg/L; zero activity). One
variant carried E137Q, K165E, L172F, and had zero activity. It is, therefore, not possible to
determine which, if not all three, of these variations causes this loss of enzyme activity.

Nitrofurantoin “pre-resistance” among urinary E. coli from primary care

Factoring in the results of the above in vitro analysis of recombinant clones allowed
us to identify two additional NTF-S urinary isolates with loss of NfsA, making 6/166
(3.6%) of isolates in total (Table 2). No additional NfsB loss was identified, but alongside
3/166 (1.8%) isolates with NfsB loss (Table 3), in total, 9/166 (5.4%) of these NTF-S
isolates carried a mutation in nfsA or nfsB associated with nitrofurantoin resistance. We
consider these as “pre-resistant” isolates since they are more likely to evolve to a fully
resistant phenotype than is a currently functionally wild-type isolate. It is important
to remember, however, that the NTF-S isolates sequenced here are resistant to one or
more of cefpodoxime, amoxicillin/clavulanate, or ciprofloxacin. Accordingly, they are not
representative of the overall primary care urinary E. coli population. To illustrate this
point, in 2020, the proportion of all primary care urinary E. coli resistant to nitrofurantoin
was 1.34% based on 17,581 E. coli-positive primary care urine samples sent to the Severn
Pathology diagnostic laboratory. Of 176/200 sequenced urinary isolates reported here
that are resistant to one or more of cefpodoxime, amoxicillin/clavulanate, or ciprofloxa-
cin, 10/176 (5.7%) are NTF-R (Table 1). Nonetheless, when factoring in the data concern-
ing single loss of function variants (Table S1; Tables 2 and 3), 19/176 (10.8%) of isolates
resistant to one or more of cefpodoxime, amoxicillin/clavulanate, or ciprofloxacin are
either NTF-R or pre-resistant, as defined above. A total of five (three NFT-S and two NFT-R)
out of the 200 isolates sequenced here carried alleles encoding non-wild-type RibE: four
V511 and one A64V.

NfsA/B downregulation is a common cause of nitrofurantoin resistance in
urinary E. coli carrying genes encoding functionally wild-type enzymes

Integration of the results of our functional analysis confirmed a double NfsA/B loss of
function in 25/34 (73.5%) NTF-R isolates (Table 1). However, six carried loss of function
in nfsA but nfsB alleles encoding variants that should be functional. Furthermore, three
carried functional alleles in both nfsA and nfsB. We hypothesized that these additional
isolates—which were all wild-type for ribE and had wild-type copy numbers for nfsA,
nfsB, and ribE—would have downregulation of NfsA and/or NfsB production. To test
this, we first assayed enzyme activity directly from cell extracts made from the isolates
themselves (Table 4). These assays were calibrated against the standard susceptibility
testing control E. coli strain ATCC25922 as a positive control, and mutants derived from
this, having insertional inactivation of either nfsA or nfsB, served as negative controls.

As hypothesized, all NTF-R isolates with functionally wild-type NfsB variants had
statistically significantly downregulated NfsB enzyme activity (Table 4). Three isolates
had no detectable NfsB activity at all, and the remainder had a reduction of approx-
imately 50%-90%. We do not have a specific assay for NfsA enzyme activity, but
by factoring in the measured NfsB activity, it was possible to calculate the contribu-
tion of NfsA to our NfsA/B combined assay. All tested isolates had no detectable
NfsA activity, and this was confirmed by LC-MS/MS proteomics. Four of the isolates
with zero detectable NfsA had nonsense or frameshift mutations, with one having a
deletion, so we expected no protein production. Interestingly, the two isolates with NfsA
reduced function missense variants, confirmed incapable of complementing nitrofur-
antoin susceptibility, also had no detectable NfsA protein production. This apparent
downregulation could be due to co-regulation alongside NfsB production; alternatively,
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it may be because the mutant protein is unstable and liable to degradation. Nonetheless,
we confirmed that the NTF-R isolates with functionally wild-type NfsA variants all had no
detectable NfsA protein or enzyme activity (Table 4). It is apparent, therefore, that 9/34
(26%) of the NTF-R urinary E. coli sequenced here, with functionally wild-type NfsB or
NfsA/B, have genetic changes that have downregulated NfsA/B activity in other ways

NfsA/B downregulation is, in most cases, due to unknown regulatory
mutations

Analysis of WGS data for the 200 urinary isolates studied above identified that nfsA is
the first gene in a predicted three-gene operon. In silico promoter analysis identified
the most likely promoter (ATGATTn17TATTCT within control isolate ATCC25922; 7/12
matches to the consensus E. coli §° promoter) starting 106 nt upstream of the nfsA
start codon (Fig. 2). Of the three NTF-R isolates carrying functional nfsA alleles, but with
no detectable NfsA enzyme activity, isolate 39995 has an IS7 insertion 70 nt upstream
of the nfsA start codon, which removed the nfsA promoter, explaining why there is no
NfsA activity. In isolate 53898, there is a mutation in the promoter, weakening the —10
(TATTCT becomes GATTCT) and in isolate 53866, a mutation weakening the —35 (ATGATT
becomes ATGCTT). Notably, however, these two weaker promoter variants could be
found among many of the 176 NTF-S isolates sequenced for this study, so it is unlikely
that either has a significant effect, and it is further evidence of random genetic drift at
this locus.

nfsB is the fourth gene in a five-gene operon with the first gene in this operon being
ybdK (Fig. 2). The most likely promoter (TTGCCTn17TACCAT; 8/12 matches the consensus
E. coli 8" promoter in control isolate ATCC25922) starts 443 nt upstream of ybdK. Based
on the sequence further upstream, the isolates could be clustered into one of two types:
those with an intact entD gene upstream, and those with entD having been inactivated
by insertion of 10 genes following a genomic rearrangement. The gene closest to ybdK
in this second cluster of isolates is annotated as fabG (Fig. 2), though notably there are
multiple variants of this gene in the E. coli genome, so apart from being a putative
oxidoreductase, its function is unknown.

Using the 5’ proximal 10 amino acids from the frameshifted versus the full-length
EntD amino acid sequence to text search genome annotation files, we counted that
the entD upstream sequence for ybdK was found in 19/32 NTF-R and 70/165 suscepti-
ble isolates where the entire locus had not been deleted. This was not a statistically
significant bias (y* 3.11; P = 0.08). Furthermore, this variation in the upstream sequence
does not affect the ybdK operon promoter (Fig. 2) and is unlikely to have any effect on
nfsB expression. Of the nine isolates with confirmed reduced NfsB enzyme activity, only

aot & nfsA rimK ybjN

: ybdK ybdF nfsB
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FIG 2 Schematic representation of the nfsA (top) and nfsB (bottom) loci found in 200 urinary E. coli isolates sequenced in this project. Promoter sequences were

defined computationally and are noted as curved arrows. Where two possible promoters are noted for nfsB, the most likely based on a match to the consensus

promoter sequence is noted in black, and the less likely match is noted in gray. Genes that form part of the nfsA- or nfsB-containing operons are marked in blue;

flanking genes are marked in orange. For nfsB, there are two alternative upstream sequences, marked. All genes and intergenic sequences (black lines) are drawn

to scale, and promoter positions are marked using the same scale.
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one had an obvious genetic lesion in the vicinity of nfsB: isolate 53866 has a 17.5 kb 1526
mediated transposon insertion between ybdK and nfsB. This will disrupt the transcription
of nfsB as part of the operon and is highly likely to explain why this isolate produces no
NfsB. Isolate 55968 has a copy of 1S427 inserted between ybdK and entD, but this does
not affect the ybdK operon promoter sequence. It remains possible, though unlikely, that
this insertion has some impact on nfsB expression.

Overall, therefore, reduced NfsA and NfsB activity seen in the NTF-R isolates where
genes are functionally wild type appears mainly to be caused by genetic changes outside
of the nfsB or nfsA loci, which remain to be identified.

DISCUSSION

There have been a small number of surveys of nitrofurantoin-resistant E. coli from clinical
samples using PCR or, in some cases, whole-genome sequencing to identify NfsA/B
variants (2-6). However, there has been little analysis of NfsA/B sequencing in NFT-S
isolates (6) and little attempt to definitively identify functionally wild-type vs reduced-
function variants. We show how an assay of NfsA/B and specific NfsB enzyme activity
is necessary to do this. Ultimately, deploying these assays will allow us to bridge the
gap between nitrofurantoin susceptibility/resistance phenotype and WGS. Upon direct
application of these assays to crude cell extracts of clinical isolates, we show very clearly
that isolates having downregulated NfsA and NfsB are relatively common, even if they
have functionally wild-type variants of these enzymes.

This is important because there is interest in predicting nitrofurantoin susceptibility
among surveillance collections not routinely tested for nitrofurantoin susceptibility, e.g.,
bloodstream isolates. This is because bloodstream isolates are more often sequenced
than urinary isolates, and so surveillance for the emergence of NFT-R or nitrofurantoin
pre-resistant clones within regional populations might be possible based on secondary
analysis of these available data sets. Given the huge number of possible NfsA/B sequence
variants that might be encountered among routine surveillance studies (6), we show how
concurrent NfsA/B activity assay should accompany WGS. Such studies would provide
the raw information needed to iteratively improve our understanding of genotype-to-
phenotype relationships for nitrofurantoin resistance and, therefore, its prediction. Our
collection did not include any isolates carrying ogxAB, though such isolates could easily
be flagged as NFT-R from WGS. Only 5 out of 200 isolates sequenced here had non-wild-
type RibE. Further work is, therefore, warranted to integrate RibE sequence into any
genomic prediction tool for NFT-R, but it is notable that both variants seen in the isolates
in this study (A64V and V51I) were found in NFT-S isolates.

MATERIALS AND METHODS
Isolate collection and susceptibility testing

E. coli isolates were collected through routine diagnostic microbiology. These were from
mid-stream urine samples sent in September and October 2020 from >150 primary care
practices in the English regions of Bristol, Bath, North Somerset, and South Gloucester-
shire. Following diagnostic standard operating procedures, urine samples were plated
onto ChromAgar Orientation, and discs were directly applied. Zone diameters were
interpreted by reference to EUCAST breakpoints (12). Isolates were collected if they
were resistant to one or more of nitrofurantoin, cefpodoxime, ciprofloxacin, or amox-
icillin/clavulanate. Isolates were deduplicated by the patient. All (n = 34) NTF-R iso-
lates collected during this time period plus the first sequential 166 NTF-S isolates
were collected. Nitrofurantoin MIC was defined for NFT-R isolates using broth dilution
methodology by following the standard CLSI protocol. Resistance was defined using CLSI
breakpoints (13).
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Whole-genome sequencing and bioinformatics

Whole-genome sequencing was performed by MicrobesNG to achieve a minimum
30-fold coverage. Confluent growth for an isolate on tryptone bile-X-glucuronide agar
was streaked using a loop into a tube containing 10 mL of phosphate-buffered saline
(PBS) to create a stock suspension. Density was adjusted by serial dilution, and the
optical density at 600 nm (ODggg) was measured from the dilution point where ODggg
was <1. The density of the stock solution was then adjusted based on this measured
ODgqo to be equivalent to an ODggg of 8, and 1 mL of the stock solution was trans-
ferred to an Eppendorf, and the bacteria were pelleted by centrifugation. The pellet
was washed once in PBS and then resuspended in 500 uL of DNA/RNA Shield (Zymo
Research) and shipped to MicrobesNG at ambient temperature.

Upon receipt, 5-40 pL of cell suspension was lysed with 120 pL of Tris-EDTA buffer
containing lysozyme (0.1 mg/mL) and RNase A (0.1 mg/mL) by incubating for 25 min
at 37°C. Proteinase K (0.1 mg/mL) and SDS [0.5% (vol/vol)] were then added followed
by a further incubation for 5 min at 65°C. Genomic DNA was purified using an equal
volume of solid-phase reversible immobilization beads and resuspended in 10 mM
Tris-HCI, pH 8.0. DNA concentration was quantified with a Quant-iT dsDNA HS kit
(ThermoFisher Scientific) assay in an Eppendorf AF2200 plate reader (Eppendorf UK Ltd,
United Kingdom) and diluted as appropriate.

Genomic DNA libraries were prepared using the Nextera XT Library Prep Kit (Illumina,
San Diego, USA) following the manufacturer’s protocol with the following modifications:
input DNA was increased twofold, and PCR elongation time was increased to 45 s.
DNA quantification and library preparation were carried out on a Hamilton Microlab
STAR automated liquid handling system (Hamilton Bonaduz AG, Switzerland). Libraries
were sequenced on a lllumina NovaSeq 2500 (lllumina, San Diego, USA) using a 250 bp
paired-end protocol.

Reads were processed using Trimmomatic version 0.39 (14). De novo assembly was
performed using SPAdes version 3.13 (15). Assemblies were annotated using Prokka
version 1.14.5 (16), and the annotation of antimicrobial resistance (AMR) determinants
was performed using ABRicate version 1.0.1 (https://github.com/tseemann/abricate) to
search Resfinder including PointFinder (17). Sequence typing was performed using
MOAST version 12.0 (18). NfsA/B and RibE variants and gene copy numbers were
defined using Hound, a bespoke pipeline for sequence analysis that uses tblastn to
identify amino acid sequence variants relative to E. coli K-12 MG1655 (accession number
NC_000913.3) as reference based on a de novo assembly of the genome (19). Putative
promoter sequences were identified using BacPP (20).

Phylogenetics

A core genome alignment and SNP tree were constructed using parSNP v1.5.3 with
default parameters (21) to investigate phylogenetic relationships within this data set,
from the perspective of the core genome. The core genome SNP tree was overlaid with
AMR data and visualized using iTOL version 5 (22).

Insertional inactivation of nfsA and nfsB

nfsA and nfsB mutants were constructed by gene inactivation using the pKNOCK
suicide plasmid (23). The DNA fragments were amplified with Phusion high-fidelity DNA
polymerase (NEB, UK) from E. coli strain ATCC25922 genomic DNA. The DNA fragment of
nfsA was amplified using primers nfsA forward (5-TTTACTAGTATCGCTCCATTCGCCATTTC
-3’) with Spel restriction site, underlined, and nfsA reverse (5-TTTGTCGACCAGCGTCACCA
GTTCTTCAC-3") with Sall site, underlined. Similarly, nfsB was amplified using primers nfsB
forward (5"-TTTACTAGTCAATACAGCCCATCCAGCAC-3’) with Spel site, underlined, and
nfsB reverse (5-TTTGTCGACTTTGCACAGAACACCACGAC-3’) with Sall site, underlined. The
PCR products were ligated to pKNOCK-GM at Spel and Sall sites yielded pKNOCK::GM-
nfsA and pKNOCK::GM-nfsB, respectively. The recombinant plasmid was transferred by
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conjugation to E. coli ATCC 25922 carrying pK18 for counter selection (24). nfsA and nfsB
mutants were selected on gentamicin (5 mg/L) and kanamycin (20 mg/L). Mutations
were confirmed by PCR using primers nfsA-F (5'- ATAGAATTCACGTCTTGCCCCACAGCTGA
TGA -3’) with EcoRl site, underlined, and BT543 (5'- TGACGCGTCCTCGGTAC-3’) or nfsB-F
(5'- ATAGAATTCGAAATCTATAGCGCATTTTTCTC-3") with EcoRl site, underlined, and BT543.

Cloning nfsA and nfsB variants nfsA and nfsB genes were amplified with Phusion
high-fidelity DNA polymerase (NEB, UK) from various E. coli strain genomic DNA,
including ATCC25922 as positive control, using primers nfsA-F with EcoRl site and
nfsA-R (5" ATAGGATCCACATCGACGTGGCGGTTTTAGCGC-3’) with BamHI site, underlined,
or nfsB-F and nfsB-R (5-ATAGGATCCGATGCCCGGCAAGAGAGAATTA-3’) with BamHI site,
underlined; nfsA and nfsB variants were ligated into pK18 (25) at EcoRl and BamHI
restriction sites. pK18-nfsA and pK18-NfsB variants were transferred to isolate 39681 by
electroporation, and the recombinants were confirmed by kanamycin resistant and PCR
with M13rev (5-CAGGAAACAGCTATGAC-3’) and M13fwd (5-GTAAAACGACGGCCAGT-3’)
primers.

Measurement of NfsA/B and NfsB enzyme activity

A 1.5 mL overnight culture was pelleted at 12,000 rpm for 1 min at room temperature.
The pellet was resuspended with 75 pL of BugBuster (Merck, Germany) and mixed at
300 rpm for 15 min at 20°C for cell lysis. The cell lysate was collected by centrifugation
at 12,000 rpm for 20 min at 4°C. Ten microliters of cell lysate was added to the reaction
mixture containing 10 mM Tris-HCl pH 7.0 with 50 mM NacCl, 100 uM nitrofurantoin, and
100 uM of NADPH (for NfsA/B activity) or 100 uM of NADH (for NfsB activity) (11). The
degradation of nitrofurantoin was measured at OD4gg over 5 min for clinical isolates or
over 1 min for nfsA/nfsB complementation. Then, enzyme-specific activity was calculated
as umol min™ mL™ (g490 = 7,508 M~ cm™).

Proteomic analysis

An overnight liquid culture was diluted to ODggg of 0.1 in 50 mL of fresh Cation Adjusted
Mueller Hinton Broth and incubated at 37°C until an ODggg of 0.5-0.6. Samples were
centrifuged at 4,000 rpm for 10 min at 4°C, and the supernatants were discarded. Cells
were resuspended into 35 mL of 30 mM Tris-HCI, pH 8 and broken by sonication using
a cycle of 1s on and 1 s off for 3 min at an amplitude of 63% using a Sonics Vibra-Cell
VC-505TM. Non-lysed cells were pelleted by centrifugation at 8,000 rpm (Sorvall RC5B
Plus using an SS-34 rotor) for 15 min at 4°C. The supernatant was used as a direct source
of protein for analysis. LC-MS/MS was performed, and data were analyzed as described
previously (26) using 5 pg of protein for each run. Analysis was performed in triplicate,
each from a separate batch of cells. The abundance of each test protein in a sample was
normalized relative to the average abundance of ribosomal proteins in the same sample
(26).
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