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by selection of quinolone resistance in a heterologous host
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Abstract

Vibrio parahaemolyticus is a shellfish-borne pathogen that is a highly prevalent causative agent of inflammatory gastroenteritis
in humans. Genomic libraries have proven useful for the identification of novel gene functions in many bacterial species. In this
study we prepared a library containing 40 kb fragments of randomly sheared V. parahaemolyticus genomic DNA and introduced
this into Escherichia coli HB101 using a commercially available low copy cosmid system. In order to estimate coverage and
suitability of the library and potentially identify novel antimicrobial resistance determinants, we screened for the acquisition
of resistance to the fluoroquinolone norfloxacin — a phenotype exhibited by V. parahaemolyticus but not the heterologous E. coli
host. Upon selection on solid medium containing norfloxacin, 0.52% of the library population was resistant, consistent with
the selection of a single resistance locus. End-sequencing identified six distinct insert fragments. All clones displayed fourfold
increased norfloxacin MIC compared with E. coli HB101 carrying an empty vector. The common locus contained within resistant
clones included gnr, a previously described quinolone resistance gene. These results indicate that the library was unbiased, of
sufficient coverage and that heterologous expression was possible. While we hope that this library proves useful for identifying
the genetic determinants of complex phenotypes such as those related to virulence, not all norfloxacin resistance genes were
detected in our screen. As such, we discuss the benefits and limitations of this approach for identifying the genetic basis of
uncharacterized bacterial phenotypes.

INTRODUCTION

V. parahaemolyticus is the world’s leading cause of seafood-borne bacterial gastroenteritis [1, 2]. The organism may be found in
a planktonic state, embedded in sediments or in close association with shellfish including oysters, clams and shrimp [3, 4]. The
most prevalent route of human infection is the consumption of contaminated seafood [5]. Extensive research has been carried
out in attempts to characterize the mechanisms of virulence, which have enabled V. parahaemolyticus to become a successful
human pathogen [2, 6]. Such studies generally require prediction of protein functionality based upon sequence conservation
with proteins from other species [7]. Importantly, of the 4832 predicted protein coding regions in the V. parahaemolyticus
RIMD2210633 genome, 1846 were annotated as hypothetical proteins in 2003 [8]. While understanding of gene function in V.
parahaemolyticus has increased since then, the 99% identical V. parahaemolyticus FDAARGOS_191 genome, which was sequenced
in 2017 still had 922 genes classified as hypothetical. Furthermore, transposon insertion site sequencing (TIS) has demonstrated
that 91 out of 565 genes that contribute to fitness in vitro have no ascribed function and 32 of 230 genes specifically required for
optimum in vivo fitness were of unknown function [9]. It is clear that the lack of functional annotations for such coding regions
represents a significant bottleneck in our understanding of important V. parahaemolyticus biological processes. In the era of
high-throughput genome sequencing it is becoming increasingly important that we derive meaningful biological information
from genome sequence data.
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The functional screening of genomic libraries allows for unbiased mining of microbial genomes for biologically relevant target
genes. In this study we generated such a library using randomly sheared genomic DNA from V. parahaemolyticus. The use of the
high capacity cosmid vector pWEB-TNC allowed for stable ligation of large (~40 kb) fragments, thereby increasing the possibility
of co-expression of multiple genes within a single insert — a factor which would be essential for biological processes involving
multi-protein complexes or pathways. Before adapting our library to screen for novel genes involved in complex biological
processes, we developed a simple growth based selection assay using norfloxacin resistance — a V. parahaemolyticus phenotype
with a previously studied genetic basis [10-12]. Selection of library clones using a concentration of norfloxacin, which was found
to be inhibitory to the heterologous host, allowed for validation of library coverage, genetic diversity of insert fragments and
confirmation of expression of a V. parahaemolyticus target gene gnr.

METHODS

Bacterial strains and culture conditions

V. parahaemolyticus RIMD2210633 was grown in LBN broth (LB +3% NaCl) and LBN agar (LBN broth +1.5% agar). E. coli strains
were grown in LB broth and LB agar. Concentrations of 100 ug ml™' ampicillin or 20 ug ml™' chloramphenicol were included for
vector selection. Where required, isopropyl f-D-1-thiogalactopyranoside (IPTG) was added to exponential phase cultures after
1.5 h growth and expression was induced for a further 1.5 h at 37 °C.

Genomic library preparation

A 40 kb genomic library of V. parahaemolyticus RIMD2210633 was prepared using the pWEB-TNC Cosmid Cloning Kit
(Epicentre, USA) according to the manufacturer’s instructions. First, V. parahaemolyticus genomic DNA was isolated using the
Wizard Genomic DNA Purification Kit (Promega, USA). To optimize shearing, samples of genomic DNA were passed through
a 51 pm bore syringe needle (Hamilton Messtechnik, Germany) several times. PFGE of sheared DNA showed a reduction in
molecular weight towards the desired 40 kb range after 2-5 passages (Fig. S1a, available in the online version of this article). For
library preparation, 50 pg genomic DNA was sheared by passaging through the 51 pm bore syringe needle four times. DNA was
next end-repaired and size-selected by PFGE. Following staining with SYBR gold, 40 kb fragments were excised under blue light
(Fig. S1b). DNA was purified and resuspended in TE buffer before ligating into pWEB-TNC. Ligated cosmids were packaged
using Max Plax lambda packaging extract. The titre (c.f.u. pul™) of the packaged cosmids was determined by infection of 100 ml
E. coli HB101 with 10 pl packaged cosmids and selecting on LB+ampicillin overnight. Aliquots of packaged cosmids providing
approximately 50xcoverage of the V. parahaemolyticus genome with a 99% probability of containing a given sequence were
prepared. The number (N) of clones required for 1xcoverage of a given genome was calculated by the following formula: N=In(1
P)/In(1 f), where P is the desired probability expressed as a fraction (0.99 for 99%) and fis the proportion of the genome contained
within a single clone (4.0x10* bp/5.2x10° bp). An aliquot of packaged, titered cosmids was adsorbed on to E. coli HB101 and the
bacteria were spread on to LB agar +ampicillin. Following overnight growth, 2.5x10* c.f.u. (approximately 50xcoverage, with
99% probability) were harvested and pooled. Glycerol stocks were prepared and stored at —80 °C.

Selection of norfloxacin-resistant library clones

Glycerol stocks of the genomic library were serially diluted and spread plated on LB agar and LB agar +0.1 pug ml™ norfloxacin.
The plates were incubated at 37°C overnight. The numbers of resistant colonies were enumerated and expressed as a percentage
of the total. Eight resistant clones were selected and sequenced with pWEB.For (5-TCGTCTTCAAGAATTCGCGGC-3') and
pWEB.Rev (5'-ACGACTCACTATAGGGAGAGG-3') primers. Unclipped sequence data was aligned with the V. parahaemolyticus
RIMD2210633 genome using NCBI BLAsT. Coding regions were analysed using the CMR, PSORTb and Pfam databases [13-15].

Confirmation of norfloxacin resistance by MIC

MICs were determined for each of the norfloxacin-resistant clones by incubation in LB broth containing doubling dilutions of
norfloxacin from 0.3 pg ml™ to 0.02 ug ml™' in a 96-well microtitre plate. Growth was then monitored at 37°C for 24 h using
the Sunrise Absorbance Reader (Tecan, Switzerland). The MIC was determined as the minimum concentration of norfloxacin
which inhibited growth. Experiments were carried out three times in triplicate and the reported MIC was obtained in at least
two of three replicates.

Cloning and expression of emr genes

Primers VPA0097.For (5'-CACCATGAGCGGCGACATC-3') and VPA0098.Rev (’AAACGCCTCTCAAGCTGACAC-3') were
designed for amplification and cloning of emrAB into the expression vector pET101 as recommended by Invitrogen. Insert DNA
was amplified, gel purified, TOPO cloned into pET101 and then transformed into E. coli Top 10. Ampicillin-resistant colonies
were screened for insert presence by PCR and then confirmed by sequencing. The recombinant vector was then transformed
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Fig. 1. Schematic representation of the coding regions from norfloxacin-resistant clones. Insert DNA from eight norfloxacin-resistant genomic library
clones as identified by BLAST alignment of insert extremities with V. parahaemolyticus genome. (a) N1, (b) N2, (c) N3, (d) N4, (e) N5, (f) N6, (g) N7, (h) N10.
The common locus contained within all clones is indicated by the red bounding box.

into E. coli BL21/DE3. For assessment of the role of emrAB in norfloxacin resistance, 0, 100, 500 or 1000 uM IPTG was added to
E. coli BL21/DE3(pET101) and BL21/DE3(pET101 +EmrAB) throughout MIC experiments.

RESULTS AND DISCUSSION

High capacity cosmid/fosmid-based genomic libraries can be produced using DNA from pure cultures of single bacterial species
[16-19] or from complex metagenomic DNA samples such as those associated with soil [20, 21] or gut [22, 23] communities.
Studies employing 25-40 kb genomic DNA inserts from single species typically involve the isolation, and banking, of between
1000 and 2500 clones before subsequently screening for the gain of targeted phenotypes and sequencing insert DNA [16-19].
As we intended to employ en masse antibiotic selection to validate our library, we bypassed the banking of individual clones
and prepared a pooled library of tenfold higher coverage than that used in other similar studies — consisting of 2.5x10* c.f.u. of
pWEB-TNC-RIMD2210633 transduced E. coli HB101 as outlined in Methods.

To determine the appropriate concentration for selection the MICs of norfloxacin for V. parahaemolyticus and E. coli HB101 were
assessed. V. parahaemolyticus displayed an MIC of 5 ug ml™!, while E. coli HB101 displayed an MIC of 0.08 pg ml™. Therefore, a
concentration of 0.1 pg ml™" was employed for plate-based selection of norfloxacin-resistant (Nor®) library clones. Spread plating
of the library on medium without selection and medium containing norfloxacin yielded a 0.52% rate of resistance (1.6x10°
resistant c.f.u. ml™ from a total of 3.1x107 c.f.u. ml™). Given the 5.12 Mb genome of V. parahaemolyticus and a ~40 kb insert size,
selection of one resistance locus per unit coverage would yield 0.77% resistance. As such, the rate of resistance was in reasonable
agreement with the selection of a single resistance locus.

Eight Nor® clones were randomly selected for sequence analysis. Given our prediction of a single locus being the basis of resistance
selection, we reasoned that this small number would be sufficient to assess coverage and/or bias within the library. The extremities
of the inserts were sequenced using pWEB.For and pWEB.Rev primers. Sequence data were aligned to the V. parahaemolyticus
genome. Fig. 1 illustrates the predicted coding regions identified. A common region was observed in all eight clones (red box,
Figs. 1 and 2), indicating a strong likelihood of a role for the selected locus in norfloxacin resistance. Only three clones contained
identical inserts (N2, N3 and N6, Fig. 1) indicating that growth during selection did not result in bias. The isolation of six geneti-
cally distinct clones confirmed that a good level of coverage was attained (at least sixfold).
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Fig. 2. Expanded view of the common locus required for norfloxacin resistance.

The six genetically distinct Nor® clones were next assessed for MIC of norfloxacin. Each of these clones displayed an MIC of 0.3
pg ml™' norfloxacin - fourfold higher than the MIC of 0.08 pg ml™' observed for E. coli HB101 (pWEB) (Fig. 3). The dynamics of
growth in 0.08 pg ml™* norfloxacin were similar for all resistant clones (Fig. 3a), further suggesting that resistance was the result
of expression of a similar quinolone resistance mechanism by each clone.

In order to identify the specific gene/genes responsible for the gain of resistance to norfloxacin in E. coli HB101, bioinformatic
analysis was focused on the common region (Fig. 2) present in all clones. Putative open reading frames and functional categories
were analysed using the Comprehensive Microbial Resource (CMR) database [13]. pSORTb was used to predict subcellular
localization [14]. Pfam domains were also analysed in attempts to infer functionality based on sequence motifs conserved with
other species [24]. A summary of this analysis is illustrated in Table 1. The predicted properties of three genes (VPA0095, VPA0097
and VPA0098) suggested that they could be associated with fluoroquinolone resistance.

VPA0097 and VPA009S are predicted to encode a putative Emr major facilitator superfamily multi-drug efflux pump (Fig. 2,
Table 1). Emr pumps are composed of an inner membrane component (EmrB), which confers substrate specificity, a peri-
plasmic component (EmrA) and the outer membrane pore protein (TolC) [25]. To assess a potential role for the Emr efflux
system in norfloxacin resistance, emrAB were cloned downstream of an IPTG inducible promoter. BL21 (pET101) and BL21
(pET101-emrAB) were equally inhibited by 0.04 pg ml™" norfloxacin at 0, 100, 500 and 1000 uM IPTG (Table S1), indicating that
heterologous expression of EmrAB does not contribute to norfloxacin resistance.

VPA0095 was annotated as encoding a hypothetical protein with a predicted DNA-binding pentapeptide repeat domain (Table 1)
and as such, a direct involvement in norfloxacin resistance was not immediately apparent. Following further in-depth literature
searches, a potential role in fluoroquinolone resistance became evident. VPA0095 has been reported to encode a Qnr family
quinolone resistance protein [11, 12]. The precise mechanism of action of Qnr proteins is unknown, however it has been shown
that QnrA from Klebsiella pneumoniae inhibits formation of the gyrase-DNA-quinolone complex [26]. K. pneumoniae QnrA
shares 58% amino acid identity with the Qnr encoded by VPA0095 and as such the proteins may share a common mechanism
of action. Indeed, expression of Qnr from V. parahaemolyticus CIP71.2 in E. coli Top 10 increased its norfloxacin MIC from
0.032 t0 0.38 ug ml™* [11], a value close to that observed in our library clones. We considered employing the pET101 expression
system to confirm that expression of V. parahaemolyticus RIMD 22210633 Qnr was responsible for the elevated MIC observed
in our library clones, however as mentioned, heterologous expression of Qnr from V. parahaemolyticus CIP71.2 in E. coli has
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Fig. 3. Growth dynamics and MIC of norfloxacin resistant clones under norfloxacin selection. (a) Growth curve analysis of library clones N1 (.), N2
(o), N4 (¥), N5 ("'), N7 (5B, N10 (n) cultured in LB +0.08 ug ml™" norfloxacin compared with the empty vector control E. coli HB101 (pWEB) (),
(b) Summary of norfloxacin MICs for genetically distinct library clones.
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Table 1. Summary of bioinformatic analysis carried out on the common region contained within the insert DNA of norfloxacin-resistant clones

Gene Putative Functional JCVI annotation Pfam domains Localization
operon category (score)
VPA0095 None Hypothetical protein  Putative pentapeptide 1.3 pentapeptide repeat domains: Domains which mimic the structure of DNA. Family C*. (8.96)
repeat protein member MfpA binds to and inhibits DNA gyrase.
VPA0096 VPA0096, Cell envelope Outer membrane 1. Signal peptide: Signal for secretion through the CM. OM*. (10.0)
VPA0097, protein OprG 2. OmpW: Family of outer membrane proteins. The receptor for colicins in E. coli. May
VPA0098 also form an outer membrane channel or be involved in cell wall biogenesis.
VPA0097 VPA0096, Transport and HlyD family 1.HIyD: Bacterial secretion protein. Members include proteins which translocate bacterial CM?. (9.82)
VPA0097, binding secretion protein haemolysins. Multi-domain hit for the multi-drug efflux domain EmrA. Also contains two
VPA0098 catalytic biotinyl/lipoyl-dependent carboxylase domains
VPA0098 VPA0096, Transport and Putative EmrB/QacA 1.MFS1: Major facilitator superfamily efflux protein domain. Transport a wide variety of CM?. (10.0)
VPA0097, binding family efflux protein substrates. Multi-domain hit for EmrB. Commonly encoded in the same locus as EmrA.
VPA0098 Multi-drug resistance. Family members confer resistance to quaternary ammonium

compounds, fatty acids and tetracenomycin C.

VPA0099 None Hypothetical protein Conserved 1.ROF: Modulator of Rho-dependent transcription termination. ROF binds to Rho and Unknown
hypothetical protein inhibits Rho-dependent termination.
VPA0100 None Hypothetical protein ~ Metallo-$-lactamase 1.Lactamase B2: Part of the £ lactamase superfamily. Predicted Zinc-dependent /3 lactam C*. (8.96)
protein specific hydrolase.

VPA0101 VPA0101, Hypothetical protein Conserved None C3. (8.96)
VPA0102 hypothetical protein

VPA0102 VPA0101, Hypothetical protein  Putative lipoprotein ~ 1.PRK10137: a glucosidase domain. Also domain for trehalase activity. Recycles trehalose to Unknown
VPA0102 glucose. Trehalose is a glucose dimer which can be broken down under conditions of stress.

VPA0103 VPA0103, Hypothetical protein ~ Expressed protein 1.Macro: ADP ribose binding domain. In E. coli, family member YmdB down-regulates Unknown
VPA0104, RNAse III activity by interacting with the region of the protein required for dimerization/
VPA0105 activation.

VPA0104 VPA0103, Hypothetical protein Ring cleaving di- 1.Glyoxalase: Domain found in bleomycin resistance proteins, glyoxalase I and ring cleaving C*.(9.97)
VPA0104, oxygenase di-oxygenase, which incorporate both atoms of O, into substrates using metal ions as co-
VPA0105 factors.

VPA0105 VPA0103, Regulatory functions Putative LysR 1. HTH1: DNA binding helix turn helix domain. Members include resistance regulators C*.(9.97)
VPA0104, transcriptional AmpR and CatM.
VPA0105 regulator 2. LysR: Substrate binding domain. LeuO type domain. LeuO activates leucine synthesis

and biofilm formation in V. cholerae.

Gene names and functional categories were derived from primary annotations in the CMR database. Putative operons were predicted by analysing terminator/promoter positions, ribosomal
binding sites and directions of transcription using region view and gene graphic features on the CMR database. Annotations were derived from JCVI annotations in the CMR database.
Conserved protein domains were analysed using the Pfam, protein families database and the NCBI BLASTp conserved domains feature. Signal peptides and transmembrane helices

were detected using the Pfam database and the CMR TmHMM analysis feature. Subcellular localization was predicted using the pSORTb computational analysis tool. Abbreviations: ™ EC,
extracellular; # CM, cytoplasmic membrane; * C, cytoplasm; “ OM, outer membrane.

already been tested and confirmed to result in elevated norfloxacin resistance [11]. Given the high degree of Qnr amino acid
identity (214/216 residues) between strains CIP71.2 and RIMD2210633, we believe it is reasonable to conclude that carriage and
expression of VPA0095 is responsible for the norfloxacin resistance phenotype observed in our study.

Our study also reveals some important limitations of the pWEB-TNC-based library system. The V. parahaemolyticus NorM efflux
pump has been shown to confer resistance to ciprofloxacin and norfloxacin [10]. Expression of V. parahaemolyticus NorM by E.
coli KAM3 increased the MIC of norfloxacin from 0.03 to 0.24 pg ml™ [10]. The lack of detection of NorM by library selection
could indicate that some V. parahaemolyticus proteins may not be optimally expressed or correctly localised for functionality.
Alternatively, a protein which is toxic to the heterologous host may be encoded in the region of NorM, thereby removing norM
containing clones from the population. Increased retention of inserts and functional expression may be achieved by reducing
the insert size, employing inducible promoter driven expression or using stable single copy fosmid-based systems [27]. These
alterations would however result in decreased likelihood of functional expression of multi-protein complexes, and may result in
lower phenotypic resolution due to decreased heterologous protein concentrations, in the case of fosmid-based systems.

Overall this study describes the preparation of a cosmid-based genomic library, which offers an appropriate insert size, genome
coverage, lack of bias and functional expression of heterologous proteins. A similar pWEB-based Photorhabdus asymbiotica
genomic library with 37 kb inserts was successfully employed for the detection of genes, which contribute to virulence during
invertebrate infection [16]. A number of macromolecular structures with roles in pathogenesis were detected, including type-three
secretion systems and type-IV pili. As an invertebrate model of infection has been developed for V. parahaemolyticus [28], the
functional screening of a genomic library such as that described herein may allow the identification of novel virulence factors.
While our data have revealed limitations in terms of the lack of universal heterologous expression, in comparison to more sensitive
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and high-throughput functional genome-mining approaches such as T1IS, our cosmid-based library provides a simple, inexpensive
and rapid means of screening for gain of function phenotypes in a heterologous host.
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