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Deletion of the capsule phosphatase gene wzb renders Escherichia
coli strain K30 sensitive to the antibiotic nitrofurantoin.
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SUMMARY The group | capsular polysaccharides (CPS) are assembled through the Wzy-
dependent pathway that involves Wza, Wzb and Wzc proteins. CPS has been characterized
as a virulence factor that confers antimicrobial resistance in Escherichia coli (E. coli).
Increasing antimicrobial resistance among uropathogens has led to increased interest in using
the antibiotic nitrofurantoin. While previous studies have investigated the effect of single
gene deletions of wza, wzb, and wzc on erythromycin sensitivity in E. coli K30, susceptibility
of these individual gene knockout strains to nitrofurantoin has not yet been explored. We
aimed to investigate the relationship between nitrofurantoin sensitivity and E. coli group |
CPS production by studying its biosynthesis genes wza and wzb. Strains were confirmed via
polymerase chain reaction (PCR) and Sanger sequencing. Zones of inhibition for each strain
were quantified via a disc diffusion assay, and the minimum inhibitory concentration (MIC)
of nitrofurantoin for each strain was determined. Results of the disc diffusion assay revealed
significant differences in zone of inhibition sizes for wza-wzb-wzc and wzb mutant strains
relative to wild type (WT) E. coli K30. In contrast to the E. coli K30 wzb mutant, the
BW25113 wzb mutant from the Keio collection showed less sensitivity than its WT parent
strain. We conclude that other factors besides the presence of capsule may be contributing to
nitrofurantoin susceptibility, and that Wzb may be involved in complex interactions with
substrates that affect the activation of nitrofurantoin.

INTRODUCTION

antigen or capsular polysaccharides (CPS) are large molecular weight surface
K polysaccharides found in a variety of Gram-positive and Gram-negative bacteria (1).
CPS has been shown to to be involved in increasing resistance to antibiotics in several ways,
including delaying or preventing diffusion past the outer membrane (OM) and binding to
positively charged antibiotics to prevent cell lysis (1). The wild type group | CPS in Gram-
negative bacteria E. coli strain K30 are assembled through the Wzy-dependent pathway,
which requires Wza, Wzb, and Wzc proteins (2). Through octamerization, Wza proteins form
a channel in the OM that facilitates the transport of CPS onto the bacterial surface (FIG 1).
Joint actions of the tyrosine autokinase Wzc and its cognate phosphatase Wzh control the
degree of CPS polymerization (1).
The role of CPS in conferring antimicrobial resistance in E. coli has been demonstrated
(4, 5). Previous studies have found conflicting results in exploring the connection between
CPS and antibiotic resistance (6-12). Some indicated that treating E. coli B23 strain with
sublethal concentrations of kanamycin and streptomycin (from the aminoglycoside class) led
to higher CPS production measured via several carbohydrate analytical assays, which was
correlated with increased resistance to these two antibiotics (7, 8). However, another study
suggested that this treatment of sublethal amounts would lead to independent induction of
antibiotic resistance and CPS production (11). In a study from Botros et al. using E. coli K30
WT and the CWG655 A[wza-wzb-wzc] mutant strains (12), it has been demonstrated that
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FIG. 1 Simplified diagram of the structure of group | capsule in K30 strain (1, 3). Wza is an octamer that forms a channel
within the outer membrane. Wzb is a cytosolic phosphatase that associates with Wzc, which is a tyrosine autokinase. Wzc is a
tetrameric, integral inner membrane protein that can form a higher-order complex with Wza to connect the inner membrane and
outer membrane.

mutants with a full deletion of wza, wzb, and wzc genes were more resistant to macrolide
antibiotics, but the resistance mechanism may be independent from capsule production.
Discrepancy between studies demonstrates the need for studying the capsular involvement in
conferring antibiotic resistance in an antibiotic-, bacterial gene-, and strain-specific manner.

Nitrofurantoin is a synthetic nitrofuran antibiotic specifically used for treating
uncomplicated lower urinary tract infections against a range of Gram-positive and Gram-
negative bacteria (13, 14). Increasing antimicrobial resistance among uropathogens has led to
increased interest in using nitrofurantoin (15). Nitrofurantoin is a derivative of
imidazolidinedione and has a balance of hydrophobic and hydrophilic properties (16, 17). It
has a relatively low molecular weight (238.159 g/mol) and is a zwitterion (16). Similar to
other antibiotic drugs used for Gram-negative bacterial targets, these physiochemical
properties allow nitrofurantoin to pass through the capsule and OM, and diffuse through the
cytoplasmic membrane into the cell more rapidly than charged antibiotics (17). The
mechanism for the action of nitrofurantoin is not well understood. One proposed mechanism
is that once inside the bacterial cell, the aryl nitro group in nitrofurantoin is converted by
bacterial nitroreductase into the reactive nitroso group that damages DNA, RNA, and proteins
through redox reactions (18).

In previous study, Botros et al. used a range of antibiotics including nitrofurantoin to
examine the effect of capsule on antibiotic sensitivity (12). In their screen for changes in
antibiotic sensitivity between the WT E. coli K30 strain and the mutant E. coli K30 CWG655
strain with deletion of wza, wzb, and wzc genes, they found that the mutant strain showed a
significant increase in sensitivity to nitrofurantoin on both Luria-Bertani (LB) plates and
Mueller-Hinton (MH) plates (12). While other studies have investigated the effect of single
gene deletions of wza, wzb, and wzc on erythromycin sensitivity, the sensitivity of these
mutant strains to nitrofurantoin is yet to be explored (19-21).

As all three gene products are required for assembly of CPS, we hypothesized that single
knockout mutants for wza and wzb will exhibit an increase in sensitivity to nitrofurantoin,
similar to the pattern previously observed in the mutant strain CWG655 in which all three
genes are deleted.
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METHODS AND MATERIALS

Bacterial strains, media preparation, and growth conditions. All bacterial strains used in
this study are listed in TABLE 1. E. coli K30 CWG343 (E69 with wzbkso::aphA3 and wzaz2
min :@aadA insertion on wzbzmin and etk), CWG655 [wzaz min::@aadA A(wza-wzb-
wzC)k3o::aphA3], and CWG281 (wzazz min::aadA wzakso::aacCl) were previously obtained
from the laboratory of Dr. Chris Whitfield from the Department of Molecular and Cellular
Biology at the University of Guelph. Frozen stocks of mutant strains were kept in the MICB
421 laboratory from the Department of Microbiology and Immunology at the University of
British Columbia (UBC), which also provided the wild type (WT) E69 (serotype:
09a:K30:H12) strain. CWG343 contained a kanamycin resistance cassette inserted in wzb
gene and CWG655 contained mutations where genes of interest were knocked out with a
kanamycin resistance cassette while a gentamicin resistance cassette insertion was used to
inactivate the wza gene in the creation of CWG281 (22). JW2046-1 [F-, 4(araD-araB)567,
AlacZ4787(::rmB-3), A, Awzb-759::kan, rph-1, A(rhaD-rhaB)568, hsdR514] and the parent
K-12 Keio strain, BW25113, were obtained from the Coli Genetic Stock Centre at Yale.
Overnight liquid cultures were grown on a shaker at 150-200 rpm and plates were grown in
an incubator. All growth experiments were conducted at 37°C for 16-20 hours. Cells were
grown on Lysogeny Broth (LB) agar plates (1.0% wi/v tryptone, 0.5% wi/v yeast extract, 0.5%
w/v NaCl, pH 7, 1.5% agar) for antibiotic testing, and on BD Difco™ Dehydrated Mueller
Hinton (MH) agar plates as well as in BBL™ MH broth (MHB) for disc diffusion and MIC
assays.

Identification of K30 strains via PCR amplification and agarose gel electrophoretic
analysis of wza, wzb, and wzc region. PCR amplification was performed using a modified
protocol described by Su et al. (21). All the primers used in PCR are listed in TABLE 2. EB6
and EB7, which anneal within the region containing wza, wzb, and wzc genes, were used in
Reid and Whitfield’s study (22). They were ordered from IDT and resuspended with sterile
distilled water to reach a stock concentration of 100 uM. pUC19-193F and -355R, which
anneal to a 162 bp sequence for beta-lactamase in the pUC19 plasmid that was used as a PCR
positive control, were provided by the Microbiology and Immunology Department, UBC at
a concentration of 100 uM. All primers were further diluted to 10 uM as the working
concentration. Genomic DNA of each of the four K30 strains were extracted following the
protocol from Invitrogen PureLink Genomic DNA kit for Gram-negative bacterial cell lysate.
Concentrations of the isolated genomic DNA were then determined using NanoDrop200
spectrophotometer to ensure a similar amount of template was used for individual PCR
reactions. A master mix for 8 PCR reactions was made from 40 pL of 10X PCR Buffer (no

TABLE 1 Strains used in the study.

JEMI+

Strains Genotype Resistant marker
E6S (WT) serotype: 09 K30:H12 None
CWG343 WZa22 min: aacdd, webrsoaphd3 Kanamvcin
CWG6E55 Wz minsaadd, Alwza-wzb-wzc)xioaphd3 Kanamycin
CWG281 WEA22 min @add, wzarsoaacCl Gentamicin
BW25113 F-, A(araD-araB) 367, AlacZ4787(::rrnB-3)), A7, None
rph-1. A(rhaD-rhaB}568., hsdR314
JTW2046-1 BW25113 with Awzb-759::kan Kanamycin
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MgClz), 12 pL of 50 mM MgClz, 8 pL of 10mM dNTP mix, 1.6 uL of Platinum™ Taq
Polymerase (Thermofisher), and 314.4 uL of sterile distilled water. In each PCR tube, 47 pL
of Master Mix, 1 pL each of the templates, corresponding forward and reverse primers were
added to reach a total volume of 50 pL. In the negative control, 1 uL of each of the following
was added: sterile distilled water, EB6 and EB7. The PCR reactions were run overnight in a
Bio-Rad thermocycler, with an initial denaturation step at 94°C for 120 seconds, followed by
35 cycles of 94°C for 30 sec, 50°C for 30 sec, 72°C for 4 min 50 sec, and a final extension
step at 72°C for 10 min. The PCR products were kept in the thermocycler at 4°C until the
next day for visualization via gel electrophoresis. 0.8% agarose gel was used in gel
electrophoretic analysis of PCR amplification products. The band sizes were compared to a
1kb Plus ladder (Invitrogen) to confirm correct product size.

PCR product purification and Sanger sequencing of purified products to further
elucidate the structure of the wzy operon. Products were purified in accordance with the
protocol in the Thermofisher GeneJet PCR Purification Kit. Sanger sequencing of purified
PCR products for all four K30 strains was performed. The NanoDrop200 spectrophotometer
was used to measure the concentrations of each purified PCR product and 200-500 ng of each
was submitted for sequencing from EB6 and EB7 primers. Additional sequencing of the wzb
region using a custom designed forward primer was also done on the WT and CWG343
strains. All Sanger sequencing results were aligned using NCBI Nucleotide BLAST with the
search limited to E. coli (taxa id:562). A forward primer for the wzb region was designed
using the tool PrimerQuest from IDT based on the K30 capsule sequence obtained from NCBI
(Accession ID AF104912). Following suggested guidelines from Genewiz, the primer was
20 bp in length, had 50% G-C content and was 105 bp upstream from the wzb gene (TABLE
2). Visualization of the primer annealing to the wzb region was done using SNAPGene.

Disc diffusion assay. A modified version of the Kirby-Bauer method, as used by Botros et
al., was followed (12, 23). A colony from each strain was inoculated with 5 mL of MH media
and grown overnight. The optical density (OD) of each culture was measured the next day at
660nm using the Beckman spectrophotometer. The cultures were then diluted with sterile
MHB to ~0.8-1.0 OD. 200 pL of each diluted culture was spread on separate MH agar plates
and allowed to dry (24). Three to four pre-hole punched, autoclaved Whatman paper discs
were evenly placed on each plate using sterile forceps. In the fume hood, 2.5 puL of a 30 mg/ml
nitrofurantoin stock solution (0.03 g powder dissolved in 1 mL dimethylformamide (DMF)
split into 100-200 uL aliquots) was pipetted onto each disc. 2.5 pL of DMF was also pipetted
onto negative control discs placed on separate MH agar plates for each strain. All plates were
incubated for 18-20 hours at 37°C. Diameters of the resulting inhibition zones were measured
in millimetres. A clear area around the disc indicates sensitivity to nitrofurantoin and a wider
diameter relative to WT indicates increased sensitivity. For trials 1-3, statistical significance
between all four strains was determined using ANOVA, followed by a two sample t-test using
MSerror for planned comparisons against WT, and the Tukey-Kramer test for unplanned
comparisons between mutant strains. The Tukey-Kramer test results across all samples were

TABLE 2 Primer sequences and melting temperatures used in the study.

Primer Primer sequence Melting temperature
(from 57 to 37) (°C)

EBé gotcagggatccaacagtetg 373

EB7 tcgcggatceaattgttacga 566

pUC19-193F gtgaaataccgcacagatgce 543

pUC19-3535R gocgttacccaacttaatcg 538

wzb sequencing  tgtaacgactgcacctettg 548
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MIC (pg/mL)

Strain Trial 1 Trial 2 Trial 3 TABLE 3 Minimum inhibitory

- concentrations of nitrofurantoin for E.
E69 WT 20 20 10 coli K30 WT, CWG281, CWG343, and

N CWGS655 strains, incubated in MHB for

CWG281 nt? 20 10 16-20 hours.
CWG343 20 5 10
CWG655 20 10 10

represented in box plots with numerical and categorical variables on the y versus x axis. For
trials 4-5, statistical significance between two strains was determined using a two-sample t-
test. This test was chosen as it was determined via histogram plots and Levene’s test that the
data was approximately normal and met the equal variance assumption of the two sample t-
test. Bar graph instead of box plot representation of the data was chosen as non-overlapping
box plot whiskers may be misinterpreted as significance which only applies if the Tukey-
Kramer test was used for analysis.

The MIC assay. Overnight cultures of each strain were grown in 5 mL MHB at 37°C on a
shaker at 150-200 rpm. Cultures were measured the next day at ODeso using the Beckman
spectrophotometer and diluted to 1.0 ODegso. In a 96-well plate, 100 puL of 160 pg/mL
nitrofurantoin solution (diluted from a stock concentration of 30 mg/mL) was added to the
first column of wells before a series of two-fold dilution was carried out (50 pL of
nitrofurantoin was transferred to the next column of wells containing 50 uL. of MHB, until
the concentration reached 2.5 pg/mL in the last column). From the final column of wells, 50
uL of nitrofurantoin-MHB was discarded to maintain the same volume across all wells. In
duplicates, 50 puL of each diluted strain was added to the serially diluted nitrofurantoin wells.
As the nitrofurantoin solution was yellow, a column of nitrofurantoin concentrations (80 -
1.25 pg/mL) mixed with 50 pL of MHB, served as a base reading to normalize readings for
each column of nitrofurantoin concentration. A volume of 50 pL of each of diluted strain and
MHB were added in duplicate down a column to serve as the positive control to confirm strain
growth without nitrofurantoin. To the remaining empty wells, 100 uL of MHB was added to
serve as sterility control. The plate was incubated at 37°C for 16-20 hours and was read with
BioTek Micro-volume Plate Reader at ODsoo.

RESULTS

Characterization of knockout strains CWG281, CWG343 and CWG655 using PCR and
agarose gel electrophoresis. To identify the K30 strains, we performed PCR using extracted
genomic DNA from each of the strains. The capsule biosynthesis gene cluster containing wza,
wzb and wzc genes was amplified. EB6 and EB7 primers that flank the region were used.
Agarose gel electrophoretic analysis resolved the PCR amplicons from the strains (FIG 2A),
and the structures of the wzabc cassette of the strains are shown for comparison (FIG 2B-C).
Lane 2 shows the negative control without template for amplification. The absence of band
in this lane suggests no contamination of the reagents. Lane 3 shows the positive control with
the expected PCR product size of 162 bp. According to the sequence (accession number
AF104912) from GenBank, the target amplification region in WT is 4200 bp, which is shown
in both lanes 4 and 5. Lane 6 shows the PCR product from CWG655 corresponding to a band
size that is smaller than 4200 bp. This is consistent with our prediction since this strain was
generated by replacing the wzabc region with the kanamycin resistance cassette with a size
of 944bp (22), thus this region is smaller than that in the WT. Lanes 7 and 8 show the PCR
products from CWG281 and CWG343 respectively. Both bands sizes are larger than 4200
bp. Since these mutant strains have their respective resistance gene marker inserted into the
corresponding knockout gene (21), the overall sizes of the target cluster for amplification are
larger than WT. Based on gel electrophoretic analysis, the bands of the strains did show the
approximate expected sizes, suggesting the correct genotype for the strains.
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FIG. 2 Results of characterization of K30 strains via PCR. (A) Gel photograph of PCR amplified K30 capsule biosynthesis
gene cluster in WT, CWG655, CWG281 and CWG343 after gel electrophoresis. Lane 1: Invitrogen Tracklt 1 Kb Plus DNA
Ladder; Lane 2: amplification without any template (negative control); Lane 3: amplification of the pUC19 template (positive
control); Lane 4-5: amplification of cluster in WT from two separate genomic DNA extractions; Lane 6: amplification of cluster
in CWG655; Lane 7: amplification of cluster in CWG281; Lane 8: amplification of cluster in CWG343. (B) The schematic of
wzabc region in WT strain. The gene cluster in WT is around 4200 bp. (C) The schematic of wzabc region in CWG655,
CWG281 and CWG343 strains. The gene cluster in CWG655 strain has the whole cluster replaced with the kanamycin
resistance gene, resulting in a gene size less than 4200 bp. CWG281 and CWG343 have the respective resistance gene marker
inserted into the corresponding knockout gene, so the sizes of the cluster in both strains are larger than 4200 bp.

Sequencing of knockout strains CWG281, CWG343 and CWG655 using PCR EB6 and
EB7 primers provides support for disruption of the wza gene in CWG281 and CWG655
while sequencing of the wzb region provides supporting evidence of a knockout mutation
in CWG343 strain. To further elucidate the sequence of the PCR products and confirm the
identity of the knockouts, Sanger sequencing was done using both EB6 (forward) and EB7
(reverse) primers. The wild type sequence was used as a comparison for unaltered wza, wzb,
and wzc genetic sequence prior to mutation. All sequences were then aligned using Nucleotide
BLAST with the taxa limited to E. coli (taxa id:562). The EB6 primer results for CWG343
and WT K30 were as expected showing a complete unaltered wza gene along with a small
portion of the wzb gene (FIG 3A). For CWG655, the results revealed pKannibal, a cloning
vector containing a kanamycin resistance cassette inserted into the wza gene (FIG 3B) which
disrupts the gene according to Whitfield et al. (22). For CWG281, BLAST analysis revealed
the sequence of a gentamicin resistance cassette, specifically the cloning vector pBPSGen4,
inserted within the wza gene (FIG 3B). The reverse sequencing only appeared to show
alignment to a small ~300 bp region of the wzc gene for all 4 strains, which did not provide
further insights for strain characterization. These results provide strong evidence for the
presence of the insertions used by Reid and Whitfield (22) to knockout the wza gene in
CWG281 and to render a complete knockout of wza,wzb, and wzc in CWG343. EB6 and EB7
sequencing results were inconclusive in determining the presence of an insertion to generate
the knockout in the wzb for CWG343. To confirm the knockout, Sanger sequencing was done
using a custom designed forward primer that is upstream of the wzb region. The wild type
genomic sequence was used as a reference for the wzb gene prior to its mutation. Nucleotide
BLAST analysis of the sequenced results for CWG343 revealed the sequence of the
pKannibal cloning vector inserted within the wzb gene (FIG 3B). This provided evidence for
the kanamycin insertion used by Reid and Whitfield (22) to disrupt the gene and render non-
functional products.
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FIG. 3 Sanger sequencing results after analysis with nucleotide database in BLAST. (A) Primer and wild type sequences
aligned onto the wza,wzb and wzc regions. The EB6 PCR forward primer shown in orange aligned outside of the wza region.
The wzb sequencing primer in purple aligned onto a portion of the wza region (upstream of the wzb), and EB7 PCR reverse
primer in red aligned just downstream of wzc. Sequencing results for the WT showed a 1049 bp sequence aligning onto wza
region and a portion of the wzb for the EB6, and 1049 bp of its sequence map onto the entire wzb gene and a portion of the wzc
gene with the wzb sequencing primer and the reverse primer showed a ~300 bp alignment onto wzc. (B) Alignments onto
cloning vectors with resistance markers inserted into the genes are in green. CWG343 sequencing results showed a 1055 bp
sequence aligning primarily onto the wza gene and a portion of the wzb gene with the EB6 primer. CWG281 and CWG655 both
had ~580 bp of their sequence map onto the wza gene. CWG281 had 471 bp of its sequence map onto a pBPSGen4 cloning
vector containing a gentamicin resistance cassette. CWG655 had 405 bp of the sequence map onto a pKannibal cloning vector
containing a kanamycin resistance marker. For the wzb sequencing primer, only WT and CWG343 were sequenced. CWG343
had only 672 bp of its sequence align partially onto the wzb gene and 672 bp of its sequence align onto a pKannibal cloning
vector with the kanamyecin resistance cassette. The reverse primer showed a ~300 bp alignment onto wzc for all 3 strains.

Deletion of wzb in E. coli strain K30 is sufficient to confer sensitivity to nitrofurantoin.
In order to test if single capsule gene knockout on each of wza, wzb and wzc in E. coli strain
K30 leads to increased nitrofurantoin sensitivity, we chose to measure zones of inhibition via
a disc diffusion assay. Overnight cultures of each strain were prepared in MHB. ODsso
measurements were taken the next day and cultures were diluted before spreading on MH
agar plates. Three nitrofurantoin discs were placed on each plate which were incubated
overnight at 37°C. Negative control discs were treated with DMF alongside the nitrofurantoin
discs. No inhibition zones appeared around the negative control discs after incubation (data
not shown). FIG 4A-D show zones of clearance from all strains in the initial trial of the disc
diffusion assay, which indicated their sensitivity to nitrofurantoin. CWG343 and CWG655
were more sensitive relative to WT. Statistical analysis revealed significance in non-
overlapping boxplot whiskers (FIG 4B). The zone of clearance for the wza mutant appeared
similar in size to WT and their boxplot whiskers, which denote the smallest and largest non-
extreme data points, overlapped indicating that there was no significant difference between
the two strains. The second trial of the disc diffusion assay confirmed initial CWG343 and
CWG655 findings relative to WT, but no significant difference was found between CWG343
and CWG655 (FIG 5). The average size of the inhibition zones for CWG343 and CWG655
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FIG. 4 Susceptibility of WT K30 and mutant strains
to nitrofurantoin via disc diffusion assay: Trial 1.
Zones of inhibition for (A) WT, (B) CWG655 (Awza-
wzb-wzc), (C) CWG343 (Awzb), and (D) CWG281
(Awza). The sizes of clearance around the discs indicate
that WT and mutant strains are sensitive to
nitrofurantoin. CWG343 followed by CWG655 show
greater sensitivity to nitrofurantoin compared to WT, as
indicated by larger zones of clearance. CWG281 showed
a similar size of zone as the WT. Scale bars = 6 mm. (E)
Box plot representation of (A-D), where n = 3 for each
strain, and whiskers denote the smallest and largest non-
extreme data points. Statistical significance was
confirmed using the Tukey-Kramer test for unplanned
comparisons of inhibition zones between strains, and
non-overlapping whiskers generally indicate significance
(p-value < 0.05). Incubation conditions: 18-20 hours at
37°C on MH agar plates. Zone of clearance refers to
zone of inhibition. The diameter of the zone was
measured; a larger diameter relative to WT indicates
greater susceptibility whereas a smaller diameter
indicates greater resistance.

FIG. 5 Susceptibility of WT K30 and mutant strains
to nitrofurantoin via disc diffusion assay: Trial 2.
Zones of inhibition for (A) WT, (B) CWG655 (Awza-
wzb-wzc), (C) CWG343 (Awzb), and (D) CWG281
(Awza). The sizes of clearance around the discs indicate
that WT and mutant strains are sensitive to
nitrofurantoin. CWG343 followed by CWG655 and
then CWG281 show greater sensitivity to nitrofurantoin
compared to WT, as indicated by larger zones of
clearance. Scale bars = 6 mm. (E) Box plot
representation of (A-D), where n = 3 for each strain, and
whiskers denote the smallest and largest non-extreme
data points. Statistical significance was confirmed using
the Tukey-Kramer test for unplanned comparisons of
inhibition zones between strains, and non-overlapping
whiskers generally indicate significance (p-value <
0.05). There is no significant difference between
CWG343 and CWG655 which have only one whisker.
Incubation conditions: 18-20 hours at 37°C on MH agar
plates. Zone of clearance refers to zone of inhibition.
The diameter of the zone was measured; a larger
diameter relative to WT indicates greater susceptibility
whereas a smaller diameter indicates greater resistance.
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FIG. 6 Susceptibility of WT K30 and CWG281

(Awza) to nitrofurantoin via disc diffusion assay. (A,

B) Zones of clearance around the discs indicate that

WT and CWG281 were sensitive to nitrofurantoin. The
— zones appear similar in size, suggesting that there is no
C__ difference in sensitivity to nitrofurantoin between the
two strains. Scale bars = 6 mm. (C) Bar graph in lieu of
box plot representation of (A, B) as non-overlapping
box plot whiskers may be misinterpreted as
significance, which can showcase Tukey-Kramer
analysis results but not those of a two-sample t-test.
Error bars denote the standard error of the mean. n =7
for WT (a replicate was removed due to possible
experimental error) and n = 8 for CWG281. Statistical
______________ Diameterofthe dise ~ NON-significance (p-value > 0.05) was confirmed using
a two-sample t-test. Incubation conditions: 18-20 hours
at 37°C on MH agar plates. Zone of clearance refers to
zone of inhibition. The diameter of the zone was

N measured; a larger diameter relative to WT indicates

& a® greater susceptibility whereas a smaller diameter

G&'\O indicates greater resistance.
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for all trials were 22.33 mm and 20.67 mm, respectively. However, the data also suggested
significant difference between WT and CWG281 (wza mutant). We investigated this
phenomenon in a separate trial comparing only WT and CWG281. More replicates were
included with four nitrofurantoin discs on each of two MH agar plates for both strains. The
results showed no significant mean difference (7). We conclude that deletion of wzb but not
wza is sufficient for nitrofurantoin sensitivity in a disc diffusion assay conducted on solid MH
agar media.

MIC assay of nitrofurantoin performed on E. coli K30 (WT), CWG281, CWG343, and
CWG655 strains were inconsistent between trials. The MIC assay was performed in order
to determine the minimum inhibitory concentration of the experimental WT and E. coli K30
mutant strains for nitrofurantoin in liquid media. Strains were plated in 96-well plates
containing concentrations of nitrofurantoin (80 to 1.25 pg/mL) prepared in two-fold serial
dilutions in wells down each column. Cells in MHB without nitrofurantoin was included as
the positive control column to verify that all strains were growing without nitrofurantoin
selection. A negative control with just nitrofurantoin and MHB was included due to the
yellow colour of the nitrofurantoin solution, which could potentially affect readings. A DMF
control was also included as DMF has been implicated in a previous study to affect growth
of E. coli and it was the solvent used for nitrofurantoin (25). The positive and DMF control
showed high growth. This confirmed that DMF did not affect the growth of experimental
strains. MHB was added to all unused wells which served as sterility controls to check for
contamination. CWG281 was not tested in trial 1, as the overnight culture did not reach the
required OD to perform the MIC assay. Three trials were performed on different days and
thus were not compared by statistical analysis. The MIC for all strains were below 32 pg/mL
(TABLE 3), which is the published cutoff for identifying strains sensitive to nitrofurantoin
(26). In trial 1 and 3, the MIC of all strains were the same within each trial, at 20 pg/mL and
10 pg/mL respectively (TABLE 3). Trial 2 showed that the MIC of WT and CWG281 was
20 pg/mL, which is higher than that of CWG343 and CWG655, which were at 5 pg/mL and
10 pg/mL respectively (TABLE 3). The exact MIC of each strain could not be determined
due to varying MIC results between trials.

Deletion of wzb in BW25113 is sufficient to confer resistance to nitrofurantoin. To
investigate a potential interaction between Wzb and nitrofurantoin, another wzb mutant from
the Keio strain collection, JW2046-1, was tested in a disc diffusion assay and compared to its
WT parent strain, BW25113. Each strain was spread on two MH agar plates, and replicate
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discs were placed in equal number of quadrants on each plate. In a previous trial, we included
negative control discs treated with DMF alongside the nitrofurantoin discs for the JW2046-1
strain. As expected, no inhibition zones appeared around the negative control discs after
incubation (data not shown), similar to the results for the four K30 strains. Statistical analysis
using a test of unequal variance revealed significant difference between the two sample mean
zone of inhibition sizes (FIG 7). The average size of the inhibition zones for JW2046-1 and
BW25113 were 16.75 mm and 18.88 mm, respectively. JW2046-1 K-12 wzb mutant is more
resistant than its wild type counterpart in contrast to CWG343.

DISCUSSION

Nitrofurantoin susceptibility tests were performed via disc diffusion and MIC assays to
investigate whether single knockout mutants for wza, wzb and wzc in E. coli strain K30 would
exhibit an increase in sensitivity, similar to the observations of the triple knockout mutant
strain CWG655 reported by Botros et al. (12) We predicted that mutant strains would be more
sensitive compared to WT and we therefore expected larger inhibition zones as well as lower
MIC for mutant strains. We replicated the findings from Botros et al. that CWG655 is
significantly more sensitive than WT (12).

While active transport of nitrofurantoin has been observed in eukaryotic cells, the mode
of entry of this antibiotic into bacterial cells, in addition to its mechanism of action, is not
fully understood (27). Based on our understanding of nitrofurantoin, it may be able to enter
into the cell via the Wza translocator that is involved in CPS production and assembly. The
octameric structure of Wza allows for a wider pore to facilitate CPS export to the cell surface
(1), and it has been proposed that Wza can function as a channel for large, polar antibiotics,
such as erythromycin, to enter the cell (21). As well, Wzc may be involved as it has been
found that Wzc interacts with Wza to regulate the opening of a component ring in Wza (22).
However, Botros et al.’s findings revealed that the deletion of three genes essential for capsule
formation conferred higher nitrofurantoin sensitivity (12), suggesting that CPS may promote
antibiotic resistance toward nitrofurantoin. Therefore, we decided to investigate this
discrepancy via disc diffusion assays.

We found that CWG281 (wza mutant) is similar to WT, and that CWG343 (wzb mutant)
displayed the largest zones of clearance, suggesting that this strain is the most sensitive to
nitrofurantoin among all the K30 strains. In FIG 4, the zone of inhibition for CWG343 seems
to have an irregular shape, but we performed more trials of the disc diffusion assay and
obtained similar results for CWG343, which consistently demonstrates higher sensitivity to
nitrofurantoin compared to WT K30, as indicated by larger inhibition zones. It may be that
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FIG. 7 Susceptibility of BW25113 (Keio parent
strain) and JW2046-1 (Keio Awzb) to nitrofurantoin
via disc diffusion assay. (A, B) Zones of clearance
around the discs indicate that BW25113 and JW2046-1
were sensitive to nitrofurantoin. BW25113 shows
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with the amount of nitrofurantoin we used, the further the antibiotic diffuses away from the
disc to produce larger inhibition zones, the more likely it loses some potency, or the strain
may still be highly sensitive to low amounts of diffused nitrofurantoin. Slight differences in
gel consistency across MH agar plates and in pipetting the antibiotic may also contribute to
lags in bacterial growth and affect nitrofurantoin diffusion to thus lead to an uneven clearance
zone (28). Although we observed a significant difference in the second trial for CWG281,
increased replicates in a subsequent trial involving comparison of CWG281 against WT only
confirmed no significant mean difference (FIG 6). We thus conclude that the significant
difference initially observed in the second trial involving all mutant strain comparisons
against WT was an anomaly.

Based on our disc diffusion results, we expected the same susceptibility pattern in the
MIC assay, with CWG343 having the lowest MIC followed by CWG655, then CWG281 and
WT with similar MIC. We obtained these results in one of the trials, however, the same MIC
was observed across all strains in the remaining two trials which differed in precision (20
pg/mL vs. 10 pg/mL). Interestingly, in trials 2 and 3, we noticed a decrease in cell growth at
a concentration below the MIC for CWG343, which might indicate gene expression changes
in nitrofurantoin susceptibility and/or different growth stage effect. However, it is likely that
the strains exhibit different levels of sensitivity when exposed to antibiotic in liquid versus
solid media (19-21). Su et al. found that their MIC results were contradictory to their disc
diffusion assay results for erythromycin after two trials of five replicates (21). The same
observation was noted by Rana et. al (19) and Jazdarehee et al. (20), so we presume that there
may be changes in cell physiology and behaviour towards external stressors like antibiotics
when cells grow in different environments (29). Higher moisture content at low antibiotic
concentration may have enabled faster growth and nutrient depletion. As well, the solubility
of nitrofurantoin in the MIC assay may be reduced after mixing with MH media. Its solubility

NF Alternate entry pathway

Quter membrane

Diffusion

Inner membrane

Vg Vg

NF MNF
NF
]
]
Toxic intermediate
compounds

FIG. 8 Proposed model for the role of Wzb in conferring nitrofurantoin resistance in E. coli K30 strain. Normally,
Wzb may inhibit nitroreductase activation by removing an associated phosphate group for proper functioning. Without Wzb,
nitroreductase activity is less inhibited, allowing the breakdown of nitrofurantoin into toxic intermediate compounds (e.g.
nitroso group) that kill the cells.
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in water is 0.19 mg/mL while that in solvent DMF is 80 mg/mL (16), which may result in a
discrepancy in resistance between the two assays. In general, we found that the disc diffusion
and MIC data provide evidence to suggest that nitrofurantoin sensitivity may not be due to
capsule formation. We then modified our research focus to investigate whether Wzbh, a
phosphotyrosine phosphatase, was a contributing factor to nitrofurantoin sensitivity instead
of capsule.

Since nitrofurantoin is activated by bacterial nitroreductase, we proposed that Wzb
normally inhibits nitroreductase activation (FIG 8). In the absence of Wzb, nitroreductase
activity may be less inhibited, resulting in an increase in nitrofurantoin sensitivity in the wzb
mutant. However, since CWG655 full knockout strain also displayed sensitivity, an
alternative model would be that Wzc phosphorylates nitroreductase to confer resistance. Wzc
is an autotyrosine kinase that phosphorylates Wzh, which in turn dephosphorylates Wzc.

To test our proposed Wzb model, we used JW2046-1, which is another wzb mutant
created from a different E. coli strain, BW25113 (a derivative of K-12 strain). Unlike the disc
diffusion results for CWG343 and K30 WT, the opposite effect was observed for JW2046-1
when compared to its WT parent strain. JW2046-1 had smaller zones of clearance, which
indicated that this wzb mutant was more resistant than its parent strain. This may be due to
the nature of Wzb in different E. coli strains. Wzb in K-12 is mainly involved in colanic acid
production to protect against desiccation and acidic environments, while Wzb in K30 is
mainly involved in group | capsule production (30). Moreover, the capsular biosynthetic gene
cluster that includes wzb is regulated by different mechanisms in the two strains. In K-12, it
has been observed to express colanic acid at negligible amounts at 37°C, which was the
temperature used in our experiments; in K30, the expression of group I CPS is not
temperature-dependent and the genes related to their production including wza,wzb, and wzc
are constitutively expressed (22, 31). Although some studies have showed increased colanic
acid production in K-12 in response to some antibiotics such as beta-lactams (9, 32),
nitrofurantoin has not been tested and protein expression was not measured in our
experiments. Thus, it is difficult to determine levels of expression that have occurred given
both these factors. Therefore, even though functionally similar, the differences among
regulations of these genes, the different pathways involved in producing distinct
polysaccharides by each strain, and other potential strain specific changes that may occur in
response to nitrofurantoin with these gene mutations may contribute to the observed variation
in resistance that was seen between our testing strains BW25113 and K30.

A previous study identified that nitrofurantoin resistance-conferring mutations could
occur due to a nonsense or frameshift mutation in genes that are involved in reductase-
mediated activation of nitrofurantoin (33). Our K30 mutants were created by insertion (22),
which could result in frameshift mutations in downstream expression. These polar effects,
especially in reductase genes, might contribute to the difference in nitrofurantoin sensitivity
between CWG655, CWG281, and CWG343. However, based on the genes located up to 12
kbp downstream from wzc and 1 kbp upstream of wza (data not shown), we did not find
reductase genes in the immediate vicinity but instead we found genes related to capsule
production. Sequencing results with our reverse primer (EB7) showed that a large portion of
the Sanger sequenced product mapped onto the first 640 bp of the whaP gene that occurs after
wzc in the wzy locus (data not shown), which indicates an intact, non-disrupted gene.
Therefore, we speculated that polar effect was not a conclusive factor in our study of
nitrofurantoin sensitivity based on the distance we could investigate. However, it could be
that our genomic scope was too narrow for the investigation of polar effects in K30 strains.

Overnight cultures diluted to ~1.0 ODeso had been used throughout our investigation. As
a result, the cells might have entered stationary phase and so were not actively growing.
Moreover, the cellular expression system might have been altered to influence the cells’
behavior towards nitrofurantoin and thus our observations. Further repeats of our experiments
with a lower concentration of cells would ensure exponential cell growth and a more accurate
interpretation of our results.

Limitations The main pitfalls of this study include not obtaining the wzc mutant strain

(CWG285) and observing inconsistent MIC results. The wzc mutant would allow further
investigation of the relationship between the capsule knockout genes and nitrofurantoin to
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more conclusively determine whether capsule plays a role in nitrofurantoin susceptibility.
The small number of replicates for each trial of the MIC assay made it difficult to determine
potential outliers and perform statistical analysis on the obtained results. An alternative
method using Etest strips on solid media may provide more comparable MIC data to the disc
diffusion assay results.

For our initial research focus, we also encountered challenges with obtaining data
regarding capsule formation of the K30 strains in order to establish a relationship between
the presence of capsule and nitrofurantoin resistance. We first quantified capsule formation
using a phenol-sulphuric assay but the results from the three trials were inconsistent and no
definitive interpretation could be made (data not shown). Alternatively, we attempted to use
differential interference contrast microscopy to investigate the capsule in a qualitative way,
but we could only visualize WT and CWG281 strains due to technical issues in the first trial
(FIG S2). Owing to time constraints, we could not repeat the experiment with an optimized
protocol to collect more data that might support capsule formation of the strains. Therefore,
we could not conclude the extent of capsule formation in relation to the difference in
nitrofurantoin sensitivity among the strains.

Conclusion In conclusion, we confirmed the identities of all four strains via PCR and
sequencing. We found significant differences in inhibition zone for CWG343 and CWG655
relative to WT K30 strain, as well as for JW2046-1 relative to its parent strain, BW25113.
The results from the MIC assay were inconclusive. Our data suggests that Wzb may play a
more predominant role than capsule in conferring nitrofurantoin resistance for the K30 strain.

Future Directions While our data suggests that Wzb is a key contributor to nitrofurantoin
resistance, there may be other underlying mechanisms that involve a complex network of
protein interactions and signalling which have yet to be identified. Hence, the potential role
of Wzc or Wza cannot be completely excluded in our proposed model. It would be interesting
to repeat our experiment with the wzc mutant to determine a potential interplay between Wzc
and Wzb (1). To examine the potential role of Wzb/Wzc in our proposed model, several
assays can be done in the future. To verify the potential role of these proteins in conferring
nitrofurantoin resistance in the strains, a complementation assay can be done with the
mutants. After the corresponding genes are restored, a similar level of nitrofurantoin
resistance in the mutant strains compared to WT would suggest that wzb/wzc does contribute
to observed resistance (34). Considering that the phosphorylation state of nitroreductase may
also be a key determinant of nitrofurantoin sensitivity in the strains, a phosphorylation assay
can be performed to investigate the potential interaction between Wzb/Wzc and
nitroreductase. Additionally, as the phosphorylation state of Wzc appears to play a key role
in the production of polysaccharides in both K-12 and K30, phosphorylation states of this
protein for both strains can be also explored (30).

More trials of the disc diffusion assay with increased replicates (e.g. n = 10) for each
strain should be performed to strengthen the association of zone inhibition sizes to
nitrofurantoin susceptibility. We observed that adding antibiotic solution to each disc one by
one may introduce experimental errors. Using thicker, premade nitrofurantoin discs with set
concentrations might increase the reliability of disc diffusion assay results as the rate of
antibiotic diffusion would be proportional among the discs and more evenly-shaped clearance
zones may be produced. Further tests on JW2046-1 may elucidate why it is more resistant
than its wild type counterpart in contrast with the K30 mutants strains, especially CWG343.
As well, additional testing of a BW25113 Keio wzc mutant strain and WT BW compared to
WT K30 may elucidate the role of the wzc gene in antibiotic resistance towards nitrofurantoin
and determine if nitrofurantoin sensitivity varies between different strains.

Future studies may wish to conduct more replicates and trials of the MIC assay to increase
the statistical power of MIC results for each strain. Alternatively, Etest strips on solid media
can be used to determine precise MIC results that may be more consistent with the observed
differences in nitrofurantoin sensitivity between strains from the disc diffusion assay. Etest
strips also eliminate the potential effect of liquid media on nitrofurantoin sensitivity (26).

Finally, sequencing of other genes within the wzy operon for all strains including the K-
12 WT and mutant strains can be carried out along with functional assays for gene products
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within this operon. These assays may help to determine if disruption of one gene may have
polar effects on other downstream genes in the operon, which in turn might affect sensitivity
to nitrofurantoin as K-12 colanic acid operon genes have been implicated in biofilm
production and in antibiotic sensitivity (35, 36). Also, these assays may help determine if the
wza, wzh, and wzc genes are being expressed in K-12 at the temperatures used for the
experiments and also quantify the corresponding levels of expression, as previous studies
have shown negligible expression at these temperatures. Moreover, based on the K-12 gene
map, there may be other proteins, particularly multidrug resistant proteins such as MdtA-C,
that confer resistance despite mutations in the colanic acid biosynthesis gene cluster (37).
Therefore, sequencing results may clarify whether nitrofurantoin sensitivity depends on the
nature of the strain.
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