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Abstract

Small colony variants (SCVs) constitute a slow-growing subpopulation with atypical colony morphology and
unusual biochemical characteristics that, in the case of clinical isolates, cause latent and recurrent infections. We
propose a novel blueprint for the formation of E. coli SCVs through DNA microarray analysis, coupled with
complete genome sequencing and verification by qRT-PCR. Our work represents the first proposal for a
combination of novel mutations, amplified by a differential shift in expression of select gene groups that work in
concert to establish and maintain the SCV phenotype. This combination of genetic and expression events falls
under selective pressure, leading to unequal fitness in our strain, SCV IH9, versus its parental strain, BW7261 (a
MG1655 descendant). We hypothesize that this combination of events would ordinarily be lethal for bacteria, but
instead confers a survival advantage to SCV IH9 due to its slow growth and resistance to acidic and oxidative
stress challenges.

Keywaords: small colony variants; differential shift expression; acid resistance; oxidative stress.
1.Introduction

Resistance to environmental stresses is the paradigm of evolutionary fitness in the microbial world. To counter
environmental stresses, bacteria have developed resistance to oxidative damage they encounter in macrophages,
antibiotics encountered in mammalian hosts, and pH or acid shifts [1-3].
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Natural selection has produced survival mechanisms in bacteria such as persister cells, biofilms and small colony
variants (SCVs) [4-5]. As true phenotypic variants and persistent residents of planktonic bacterial cultures, SCVs
constitute a slow-growing subpopulation with atypical colony morphology and unusual biochemical
characteristics that, in the case of clinical isolates, cause indolent and recurrent infections [6-8]. SCVs were first
described in 1910 by Jacobsen, who found abnormally small colonies in a population of wild type Salmonella
enterica [9]. In subsequent years, SCVs of S. aureus, S. epidermidis, P. aeruginosa, V. cholerae, S. marcescens,
N. gonorrhoeae and others have been isolated and identified [10]. SCVs of the above-mentioned bacteria all
display similar morphological colony characteristics such as small size, smooth (glossy) convex surface
morphology, and slow growth [11].

Our knowledge and understanding of physiological and molecular mechanisms that define SCVs has come
predominantly from the work of Richard Proctor the past three decades. Proctor and colleagues report SCVs of
S. aureus as persistent subpopulations within normal planktonic communities that are ordinarily out-competed by
the wild type members of the culture. Small colony variants of S. aureus (described as auxotrophs) exhibit a
genetic mutation rendering them unable to synthesize one of three important metabolites: hemin, thymidine or
menadione. SCVs defective in hemin and menadione synthesis are classified as electron transport defective SCVs
due to their hindered production of ATP as a result of said mutation [12]. This lack of adequate energy production
accounts for their reduced colony size and unique biochemical properties such as acid resistance.

SCVs have been isolated in patients with underlying chronic/persistent infections in skin and soft tissue. After
clearing their infection with the wild-type strain, SCVs have been found to persist in patients for months or years
[13]. Clinicians frequently report bloodstream infections due to S. aureus SCVs following endocardial pacemaker
implantation [14]. The persistence of SCVs in living tissue presents an abnormal survival advantage compared to
the normal wild type phenotype despite the presence of immune cells. Despite much work focused on
understanding the physiological properties of SCVs, very little is known concerning the molecular mechanisms
leading to SCV formation in non-clinical E. coli SCVs. Much of the work on E. coli SCVs has focused on
understanding its physiology but our understanding of molecular mechanisms involved in SCV formation remains
limited. E. coli SCVs are typically identified by their morphology but a molecular profile of an E. coli SCV is
incomplete at best.

Small colony variants of E. coli can be categorized as SCVs with a defined auxotrophism, or with no determined
auxotrophism. Compared to S. aureus, little work has been done to completely understand the molecular
mechanisms that contribute to the formation of Escherichia coli SCVs (the primary focus has been on the
physiology of such colonies and possible role in recurrent infections). Infections due to E. coli SCVs include
prosthetic joint-associated infections (PJIs), prosthetic hip infections and urinary tract infections [14]. Small
colony variants of Escherichia coli that are typically auxotrophic arise due metabolic gene mutations that result in
the emergence of a sub-population of bacteria characterized by reduced colony size and distinct biochemical
properties. Our previous work identified a small colony variant (lipA) of BW25113 strain of Escherichia coli.
This small colony variant is auxotrophic for lipoic acid, an important cofactor needed for aerobic cellular
respiration and the proper production of adenosine triphosphate (ATP). Since these auxotrophic variants exhibit
diminished tricarboxylic acid cycle (TCA) and cytochrome activity they rely heavily on substrate level
phosphorylation for survival. Genes involved in glycolysis were shown to be up-regulated while genes involved
in TCA cycle and electron transport were down regulated suggesting a defect in electron transport. Their lipoic
acid auxotrophism results in a longer generation time due to lower ATP production.

In this study, the SCV analyzed (SCV IH9) displays an altered phenotype consisting of slow growth, propensity to
form biofilms, markedly enhanced survival in low pH and upon exposure to agents of oxidative damage.
Microarray studies were performed to better understand the basis of the SCV phenotype and to identify genes
and/or gene pathways that could contribute to this altered phenotype. In addition, gRT-PCR was used to verify the
DNA microarray and DNA sequencing of the entire genome was conducted to explore single nucleotide
polymorphism (SNP) variations.

In this report, it is shown that a SCV of E. coli will display differential gene expression as a strategy to express
traits that will allow it to endure survival challenges. In addition, our discussion will focus on the evolutionary
importance of genome-wide differential gene expression of an E. coli SCV.
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2. Materials and Methods
2.1 Bacterial strains

The E. coli K-12 strain BW7261 was obtained from the Yale University E. coli Genetics Stock Center. SCV IH9
was isolated by screening the WT strain for acid-resistant mutants after acid exposure (pH 3.0) for a period of one
hour at 37°C. Survivors were regrown in LB several times (3 rounds) to maximize the number of survivors.
Working cultures of both strains are kept at 4°C in LB broth, and sub-cultured also on LB agar plates and
maintained at 4°C. Additional stock cultures are stored at -80°C for future usage and analysis.

2.2 Media and cell culture techniques

Cells were grown aerobically in Luria-Bertani broth. Five milliliter starter cultures were grown to log phase in
test tubes by inoculating with cells of a fresh bacterial colony grown on LB agar. For all experiments, 200 ml of
bacterial culture were incubated in 1000 ml growth flasks in a controlled environment incubator shaker (200 rpm,
37°C) until cells reached log phase. Growth of cultures was periodically monitored by measuring the optical
density (OD) at 580 nm using a spectrophotometer (Carolina Digital Spectrophotometer Model # 653303). Cells
were grown to log phase (approximately 1 x 108 cells/ml). Cells were harvested by centrifugation in a Beckman
Avanti™ J-25 centrifuge for 20 minutes at 8,000 RPM (7728 RCF).

2.3 RNA isolation and extraction

SCV IH9 and BW7261 were grown to log phase and total RNA was extracted using an AmbionRiboPure™
Bacteria Kit (Applied Bioscience). Genomic DNA was eliminated by RNase-free DNase | during the isolation.
Each RNA sample was quantified spectrophotometrically for quality and quantity. The RNA was then eluted into
elution buffer and stored at -80°C. RNA ranged in concentration from 300 - 900 ng/ul. The 260/280 ratio for all
samples ranged from 1.8 — 2.0.

2.4 DNA Microarray

Total RNA samples were shipped to a core facility (MoGene, LLC — St. Louis, MO) for analysis. MoGene
purified the samples of solvent contamination from the RNA extraction kits to their optimal purity. cDNA
synthesis and labeling of cDNA via reverse transcription was performed at MoGene (SCV IH9 cDNA was labeled
with Cy5, a green fluorescent dye exciting at 650 nm and BW7261 cDNA was labeled with Cy3, a red fluorescent
dye exciting at 550 nm).

2.5 DNA extraction for sequencing

For sequencing purposes, genomic DNA was extracted from the strains listed in Table 1 using a Sigma-Aldrich ®
Bacterial Genomic Miniprep Kit. DNA was eluted with buffer and quantified spectrophotometrically for quality
and quantity. All samples had concentrations greater than 200 ng/ul and 260/280 ratios ranging from 1.73 - 2.16.
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Table 1: Comparison of SNPS (SCV IH9 vs BW7261).

[ Strain | Strain
| Gene BW7261 | SCV IH9 | Gene BW7261 SCV IH9

aaeB \ murA \
acnA \ nagD \
bcsB \ \ ompF \ \
bioA \ oppA \
cadB \ \ oppD \ \
cdaR \ \ oppF \
cob \ opgH \
creC \ \ pabB \
cysQ \ phoU \
dctA \ pitA \ \
eaeH \ priB \
emrE \ \ pup \
fadlL \ \ rph \
fdoG \ \ rpoS \ \
fhuA \ \ rsxE \ \
galE \ torD \
glcD \ \ yafJ \
glyQ \ ybjD \
grxB \ ychU \
hha \ yedY \
hisl \ \ ycfS \
intQ \ ydfU \
lacZ \ ydhl \
lomR \ ydiF \
IpxK \ yedY \
IrhA \ \ yehA \
mhpD \ yhfT \ \
mmuP \ \ Vijw \ \
mraZ \ yIbE \

yraN \

| TOTAL SNPs 46 31

2.6 DNA sequencing

[llumina® Inc. sequencing was performed by The University at Buffalo Next-Generation Sequencing and
Expression Analysis Core Facility (UB Next-Gen Core). Sequencing services were performed using the
Roche/454 Genome Sequencer FLX and Illlumina HiSeq 2000 platforms. All strains listed in Table 1 were
sequenced. Illumina generated the DNA sequencing libraries for each strain and prepared all samples for
sequencing. Genomes were sequenced with a 50-cycle, single read sequencing experimental design that provided
in excess of 160 million reads per flow cell lane. As E. coli’s genome is less than 5 megabases in length, the
sequencing coverage was greater than 800X, allowing greater confidence in SNPs found. Geneious®
Bioformatics Software version 10.1 (created by Biomatters LTD) was used for analysis, interpretation, and
application of molecular sequence data.

2.7 Quantitative Reverse Transcription Polymerase Chain Reaction

gRT-PCR, which uses RNA as a starting nucleic acid, begins with the reverse transcription of RNA into
complementary DNA (cDNA) by reverse transcriptase from total RNA or messenger RNA (mMRNA) with the
cDNA then used as the template for the PCR reaction. This experiment was performed by RUCDR-Infinite
Biologics (Piscataway, NJ) based out of Rutgers University, who handled all steps excluding the growth of
BW?7261 and SCV IH9. Briefly, RUCDR performed RNA extraction and processing, assay design and qRT-PCR,
etc.
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3. Results and Discussion

Coupling the results of the DNA microarray and genome sequencing we propose a unique series of genetic and
phenotypic events that establish and maintain the SCV phenotype in E. coli communities.

3.1 Gene expression in SCV IH9 is markedly different from wild type gene expression

DNA microarray studies revealed several critical gene groups that are over-expressed or repressed in SCV IH9.
Key to our study is the pattern of expression related to genes involved in iron transport, colanic acid production,
anaerobic-aerobic regulation, lipopolysaccharide formation and LPS composition and general stress-response
genes. These groups of genes were chosen due to their role in contributing to survival in other organisms (Fig.1).
We propose this pattern of differential gene expression is a novel requirement of select E. coli SCVs. Differential
expression of unique gene groups (e.g. ferric genes) demonstrates SCV TH9’s stress response despite the fact it
was grown in regular media under aerobic conditions.
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Fig. 1 | SCV IH9 wvs. BW?7261 Microarray data. A] wca genes, involved in the production of colanic acid
B| Expression of fnr, a dual transcriptional regulator and global transcription factor for anaerobic growth is shown alongside several over-expressed fec
genes (fecR, fecD, fecA). C| Anaerobic genes differentially expressed across the genome. D| Ferric genes. E| Genes involved in lipopolysaccharide
formation and LPS composition.

F| Stress-response genes
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3.2 Nonsense mutations may contribute to the SCV phenotype

Currently, one published article highlights complete genome sequencing of E. coli SCVs [15]. Our study
identifies SNPs in a very small percentage of E. coli’s genes that may be critical for the establishment and
maintenance of the SCV phenotype. We have identified four SNP-containing genes in SCV IH9 that possess
mutations (SNPs) that carry severe consequences for the gene and protein (cadB, glcD, MmuP, and ompF).

cadB gene
The CadB protein is part of the lysine-dependent acid resistance system which confers resistance to weak acids
produced during carbohydrate fermentation under conditions of anaerobiosis [16] and may be regulated by

extracellular pH [17].

The cadB gene (Fig. 2) in both BW7261 and SCV IH9 displays a substitution at nucleotide 718 (C = T). This is
not unexpected as SCV IH9 was isolated from BW7261 and shows only slight genetic divergence from it. This
substitution results in a premature stop codon in the CadB protein at codon 240 (glutamine > STOP).
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— cadB gene A TGO TG T ACCS FGTTGT TGOCOCEETAATATG

- cadB gene ATGAGT TC T GOCOCAAGAAGATCGGGOCT AT T T GOCCTGTACCGEGTGTTGTTGCGOCOCGETAAT AT G
BW/ 261l — cadB gene ATGCGECCGAGCGCGETAT TIGCATTAT TACC T TEGCESAACCTAGCARMCGTATCSETGCESTATTGCTATC
MGLE6SS — cadB geno ATGCGEGEEAGUCGETAT IGCAT T AT TACC TGOCGAACCTAGOCANAGTATCGEGTGECETATTGCOTATC
SCV THS — cadB gene ATGCGCOGCGAGCGGTAT I GCATTAT TACCTOGCOANMCCTAGCAAGCTATCGCGETGCGTATTGCTATC
BW7261 — cadB genc TOGGG T ITIGGAT TATC TICTAT AT TGS TGOCAAT G TOGO TGGOGTATGTATATGOOCOCGACTS
MG1&e55 — cadB genae TGGGGT TGGAT TAT CTC TAT TAT TGG TGOCAATGTOCGOCTGGOGTATG TATATGOOCOCGACTG
sSCcV ITH9 — cadB gene TGGGEGTTIGGAT TATC TC TAT TAT GG TGCAATGTOCGO TGGOGTATGTATATGOOCOCGACTG
BW7261 — cadB gene T P P P P P P

MG1e55 — cadB gens GOAACARARRAACCCGOCARACARAGGTGGCCCARAT TGO TTATGCCGGAGARAAT T T CCCCT GO
SCv IHY9 — cadB gene GCAACAARNAARACCCGCAACAAGGTGEGCCCAAT TGO TTATGCCGGAGAAAT T TCCCCTGCA
BW7261 — cadB gene T TGEET T T TCAGACAGE TET TCT TTAT T ACCATGOTAMA TGEAT TGS TAACCTGECEATT
MGle55 — cadB geone CAGACAGG TG TTC T T AT TACCATGOC TAACTGGAT IGGTAACCTGGECGAT
SCV IH9 — cadB gene TTITGGTT T TCAGACASS TGTTCTTTATTACCATGOCTAACTGGAT TGGTARACCTGGCGAT
BW7261 — cadB gene SGTAT TACCGC TG TATC T TATC T TTCCACC TTICTTCCCAGTATTAAATGATCCTGTTCCS
MG1LE655 — cadB geno GGTAT TACCGOC TGTATC T TATC T TTCCACCTTCT TCOCAGTATTAAATGATCOCTGTTCOG
sSCV IH9 — cadB gence GETATTACCGCTGTATC T TATCT T TCCACCTTOCT TCOCCAGTAT TAAATGATCCTGTTCOS
BW7261 — cadB genoe GCGGG TATCGCC TG TAT TGO TATCGTCTGGGTAT T TACCT T TG TAAATATGC TCGGOGGT
MGl1less —_ cadBs gene GOGGEGTATOCGOCOCTGTAT TGO T AT CGT OCTGEGET AT T AT T TGTAAATAT GO TOCGGOGE
SCwW ITH2 — cadB gene GCGGGTATCGCC TG TAT TGO TATCGTCTGGG TAT T TACCT T TG TARATATGC TCEGGOGG!
BwW7261 - cadi gene AT T GGTCT GO METGSGGTGAT G
MG1655 — cadB genes rAaTTGGTCT GO rocCTGTGGTGATG
SCV ITH9 — cadB gene AT TGGGTAAGCCGTTTAACCACTAT T GGTCTGGTGO TGS TTCTTAT TCOTGTGGTGATG
BW7261 — cadB gene ACTGOTATTGT IGECTGGCATTGET T TGATGCGGOCAACT TATGCAGOC TAACTGGARATACT
MGLEe55 — cadB gene ACTGOTAT ITGT IGGOCTGGCATTGG T T TGATGCGGUAACT TATGCAGOU TAACTGGAATACT
SCV IH9 — cadB gene ACTGCTAT TGETTGGECTGECATTGET T TGATGCGGCAACT TATGCAGC T ARCT GGANT AC
BW7261 — cadB gene CCGCGATACCACTGATGG TCATGCGATCAT TAARARGTATTCTECTCTGCCTGTGGEECCTTC
MG1655 — cadB goeno GCGGATACCACTGATGG TCATGCGATCAT TAAAAGTATTC TGO TCTGCCTGTGGGCOTTC
SCWV THS — cadB gene GCGGATACCACTGATGG TCATGCGATCAT TARAAGTATTC TGO TCTGCCTEGTGEGCOTTC
BW7261 — ocadB geno GTGGGTGT TGAATCOCGCAGOC TG TAAGT ACTGG TATGG T TARAARACCCGARAACGTACCETT
MG1Lles s - cadi gene GTGGGTGT TGAATCOGOUAGUITGTAAG T ACT GG TAT GG T TAAAAACCOCGAAACGTACCGT
SCV TH9 — cadB gene GTGGGTGT TGAATC AGOC TG TAAGTACTGG TATGG T TARARACCCGARAACGTACCGTT
T
BW7Z61 — cadB gene I AGCAGE T AT =G
MGl1e55 — cadB gene rACA'P::r_.'L:Tr_;L:c.Ai'_. TG
SCwV IHS9 — cadB gene CCBCTGECAACCATGCTGEGTACTEGTTTAGCAGSTATTGTTTACATCSCTGCSAICTTAGSE
. ]
BW7261 — cadB gene ETGCTTTITCCEETATGTATCCGTCTTCTGTAAT GECEECTTCCEGETEGCTCCETTTEGCAATC
MGE1l655 — cadB geno GTGCT T TCCES AT G TATCCGTC TTC TG TAATGSGCGECTTCCSGTGCTCCSTTTGCAATC
SCWV ITHS — cadB geno STGCT T TCCGG T AT GTATCOCGTC T TCTGTAAT GEOCGECTTICOCGG TGO TCOCS T T TGOCANTC
BW7261 — cadB geno AGSTGC T ICAACTATCC TCGG TARC TGO TECGCCGOC TG TTTCTGCAT TCACCGCCTTT
MG1E655 — cadB geno AGTGO T TCAACTATCCTOCGG TAACTGGGOC TGOGOCOGOUTGG TT TCTGOAT TOCACCGOOCTTT
SCWV TH9 — cadB genc AGTGOT TCAACTAT COTOCGGTAACTGGGOC TGOCGOOGOTGETTTCTGOAT TOACCGOCTTT
BW7261 — cadB genae GUGTGCCTGACT TCTCTGGECTCCTGGATGAT T TGE TAGGCCAGGCAGG TG TACGTGOCC
MGl1lessS —_ cadBla L= o2 oo CSCSTTOSeCs MSGAT GAT GG MESGT AGGOCOCAGGOCAGG T GT ACGGT GO
sSCVv IH® — cadB gene GOCGTGCCT TCCTGGATGATGTTGE TAGGCCAGGCAGE TG TACGTGOC
BwW72&1 - cadB i=L-2 s L] GOTARARCGACGGTAAC TG AARGT T CATGEGTGAAGTCOCGACAGOCAACGEGTAT T CCGARAA
MGS1655 — cadB gene GO T ARACGACGG TAACT T CCCGARACGT T TATGS TGAASTCGACAGCAACGETATTCCSARR
SCV IHS — cadB geno SO AACGACGG TAACT I COCGARAMAGT T TATGS TGARAGTCGACAGCAACGGTATTCCGEAND
BW72Z61 — cadB gene AAMCETCTGO TGO TGEC TECASTGARAAATGAC TECCOTGATCATCOCTTATCACTCTGEATS
MG1Ee55 — cadB gena AAAGEGTCTGC TGO TGGC TGCAGTGAAAATGAC TGCCCTGATGATCC TTATCACTC TGATG
sSCwv IH9 — cadB genoe AANMGGTCTGOCTGOCTGGC TGUAGTGAARNTGACTGCCCTGATGATCC T TATCACTCTGATG
BW7261 — cadB gene AACTC TGCCGG TGE TAAAGCATCTGACC TG TT CGGTGAACTGACCGGTATCGCAGTACTG
MG1655 — cadB genoe AACTC TGCCGG TG TARAGCATC TGACC TG TTCGGTGAN TGACCGGTATCGCAGTACTG
S0V LHS - cadBs gene AT T SOOGS0 GG T AAAGOATCT GACCT G T O CEARCTGACCGO AT GO AGT ACT G

BW7z26l1l — ocadBE goene GACTATGCTGOCOCC COGTTGACCTGAT

CAT T T T ACTCT ]

MG1E55 — cadB gens = AT AT T TS O T T S A
SCV ITHS9 — cadB gene CTGACTATCECTGOCCGTAT T TOCTACTC T TGOCGT TGACC TGAT TOGT T T T G A PG GG T T AFC
BW7261L — cadB gene ATCCGCAMTTTGTCAGCCTGATCTGCTCTGTACTGEGTTGCGTGT TOCTGOT TCATCGOE
MGE1LE655 — cadB gene e Halalelar Vet Wi ey ParNalalel Warb el delal et el ey etetel i Melaleb et sl d el i L ar b falelale
SCWV IHS — cadB gens ATCCGCAACT T TG TCAGCCTGATC TGO TC TGTACTGEETTGCETGET TOTGOT TOCATCGOS
BW7Z6l — cadB gene CTGATGEGCECAAGC TCCT TCEAGC T EEGCAGE TACCT TCATCGTCAGCCTGAT TATCCTG
MGE1655 — cadBP genae CTEATGEGCECAAGCTCCTTCGAGC TEGEGCAGETACCTTCATCESGTCAGCCTGATTATCCTG
SCW O IHZ2 =— ocadB gono CTrGATGGECGCANGCTOCCT TCGAGC TGGOCAGGTACCTTICATCGTCAGCCTGAT TATCCTG
BWY2al — cadpBE gene ATG T ITCTACGOC TOCGOCAANAATGCACGAGOCGCOCAGAGCCACTCAATGGATANCCACACCGCG
MG1655 — cadB genos ATGT TCTACGO TOCGOAAAATGOACGAGOGOCOCAGAGOCACT CAAT GGAT ARCCACACOCGOG
SCV ITH9 — cadB gene AT G T O T A GO T OGO AR AR T GO AC GAGOG OO A GG AC T AR T GEAT AR
BW7Z61l — cadB gens TOTARC GOACAT
MGLESS — cadB gene I PR G A AT
SCW O IHS — cadB gene B L L S R Y

Fig. 2| cadB gene nucleotide alignment of SCV IH9 vs. BW7261 (with respect to reference genome MG1655).
SNP is highlighted in dotted box.
The protein is normally 444 amino acid residues long; the CadB protein in both BW7261 and SCV IH9 is 240
amino acids in length. BW7261 and SCV IH9 both possess a SNP that severely truncates the normal CadB protein
(the truncated protein is 240 amino acids in length but wild type CadB protein is 444 amino acids long) (Fig. 3).
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The ability of the cadB gene to produce functional protein is compromised reducing CadB’s ability to import
lysine. For E. coli, lysine provides protection during anaerobic starvation and one study showed that a cadBA

deletion completely reverses this effect [18].
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GlcD encodes a component of the glycolate oxidase complex (GlcD protein), which catalyzes the first step in the
utilization of glycolate as a source of carbon [19]. In SCV IH9, the SNP at nucleotide 587 (C - A) results in a
premature stop codon in the GlcD protein at amino acid codon 196 (Fig. 4).
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BW7261 — gleD gene 223488 CGETGTOTTGT TGGTGATGGCGOGCT T TAAAGAGATCCTCEGACAT TARCCCCGT TGGTOCGC

T G T G T T G T G T G A T S S S S T T T PP S P G T S T G P A T T AR S C G T GG T 5
sCcwv IHS glcD gene 201 GGETGTGCTTGTTGGTGATGGCGCGCTT TARAGAGATCCTCGACAT TARCCCCSTTGGETCGC
BW7Z261 GlcD gene ZT2x3az2s et el alelet el ol elal ety al el ot e Lol et o1 e L=t ol ] S P O TSSO AT T leF telelalol el by gel ot talete ol b o

GGG GG T GO AWGE GO AWG GO G TG G T A OO T GG G AT O T O CRG GO G T TGS O ACC GOAT
SCV THS Fleh gene 361 CECGOCGCGOGTGOAGOCAGGCGTGCGTAACCTGGOGATC TCCCAGGOOG T TGOACCGOAT
BWT 2 a1 Glold gene BREIIEB PO T T A P S A A A O T T O O T A P U, T S G O TGS T T S S A T T S S S S O AR TGS TG

A AT C T CTACT AT A GGACCC T TCC TCACAAA T CGOC TG T TCOCAT TGGOGGOCANTG TG

Sow THS gleD gene A2l ARTCTCTACT ACGEACCGEAC O T T OO T CACAAA T CGOC TG T T OO AT T GEOCGECAATETG
BWITZ261 — glcD gene ZIZ2Z23308 GOET GARA A AT GGG EGEGOGT O A TGO T GAAAT AT GG T T GACCET ACAT A RCCTTGOCT G
G T G A P N T G GG O GG O G T O A T GO T GAAAT AT GG T O T GACOCG T AC AT ARCOTGOT G
=W THS — glold gerne A8s1 T A P P P I S S S S S S S S T O A e T GO T G A A AT AT GG T O TG ACOCET ACAT A AT SO TG
b ]
BWN7261 — glch gens FRZIZ A6 AR T G ARG T GC AUPL A (O T G G A GG S A GG A G.r-‘c:(:.(:-1--1-m<-in-rc:(-=<$r\c:(-u:c;c:-[-(;c;n-r
H
AAAATTGAAGTGCAAACGOTGEACGECGAGGCACTGACGOTTGEHAT  GEanC GOGOT GGAT
Scv IHS — glceD gene 541 ARAATTGAAGTGCAARCGOTGEACGECGAGGCACTGACGOT TEEATAGERCGCGS TGEAT
]
BWT7Z2a1 — glcD gane I=2Z231a88 A CTGEG T T TITGACCOCT GO TGEOGOUTGT T OCACCOGEGATOCGEGAMAGG T ATGO T OCGGOCGT GO
TCACCTGG T TTTGACCTGC TGECGCTGTTCACCEEGATCEEAAGETATGC TCGECGTEACC
Scv THS glcabh gena S0l TOCACCTGGT T T TG
BW7261 - glcD gene 2231268 ACCGARGTGACGETAAMAC TGO TGOOCEAMGOCGOOCGTGECGUGGET TOTE T TAGE CRAGE
ACCGARGTGACGGTAARARCTGCTGCCGAAGCCGCCCETGECGCEGETTCTG T TAGCCAGC
sCw THS glab gene GE1 P G AP G T (A G T A P P T G T 5 P P G S S 5 T G (G G S 5 G T S TG T T A G O A G
BwWT72a1 GglcD gerne 223068 T G T G S T AU G A AR RS O G E AT TGO G T T GG GRS AT AT G OO AR T GASC AT TAT O

TT T GACTCGG TAGARAAAAGCCGEACT IGCGGTTGGTGACATCATCECCAATGGCATTATC

Cw THS — gloeD gene TR CTTTGEA e R Ny NN N W e lalale T NS S I=Tale e I 5 U AT AT S 3 O U T S AT T AT
BW7Z6el — glch gene T22IOO0E COCGECGEECTGGAGATGAT GGATAACC TG TCGATCCGOCGCGECGGAAGAT TTTATTCAT
COCGEOGEGECTEGAGATGATGGAT ARCCTGTCGATCCGOGOCGGUGEARGAT TTTAT TCAT
=ow THS GleD gene Tl CCCeGCGEGCTEGAGATGAT GGATAACC TETCEATCCOSCEGEGSGCGEEAAGAT T TTAT TCAT
BW7Z261 - glcD gena BR22O4B GOCGGTTATCCOGTCGACGCOCGAAGCGATTTTGT TATGCGAGC TGGACGGOGTGGAGTCT
R 3 T T B T T S S A S 2 S P BB 3 S A T T T T T T T 3 A S T 5 S P S S S T S G S T
SV IHS — gloeD gene B4l GOCEGTTATCCCGTCEACGCOCGARAGCCGAT I TTET TATGCEACGCT GEACGECGTEEASTCT
BWT261 glch gena BI22I2EE8 CACOTACACCAACACTCSOGAGCOGET TAACCACATCTTGTTGAARAECGEECOCEACTEAC
L=t Walel G NaF MeleF W NeF Waliiletatey NeTateteTe L S W Nalel Nar X Qe il fe Nl F W ¥ NeTaleteTetaleYaleF ¥ al J=F Ve
sScwv IHS — gloD gene GO0l GACGTACAGGAAGACTGOCGAGCGGGT TARACGACATCTTGTTGAAAGOCGGEOCGUCGRACTGAC
BW7Z61 glocD gene I22AIZE GTCOCGTCTGGCACAGGACGAAGCAGAGCGOGTACGT TTOCTGGGOCOGGT OGO ARRAR TGO
GO OGO T G GO ACAG EACGAAGCAGAG O GOGT AC G T T O T GG GO O S G T O GO AR AR AT GO
SCWw THDS gleh gena GEl GTCOCGTCTEGECACAGEACGAAGCAGAGEGOGTACGT T TOCTGEGGOCGETOCGUARARATGOG
BW7Z2Z61 glcD gene FRE2TEE TTCOCGGOOGTAGGACG TATC T CCCCEGEAT T AC T AC T GO AT GEAT GG A AT C OO GO G T
T rCCCGGCEE TAGGACG TATC TOCCCEGAT TACTACTGCATGGATGEGCACCATCCCECGET
SOV IHS — glolD gene 1O L I S S T A A T A T T o T 5 5 P I T P T o T 5 T o G T 5 (5 A S e T S S S
BWT261 glcDh gene B2 VOB G T G i I G I A I 5 5 P P G G 0 T IS T G T I T 0 S 0 A T B I (S P T I P
GG OO T e TGECCTAC TG GARAGGC AT TGCCCGT TTATCGCAGCCAATATGATT TACGT
SCwW IHS — glaD ge ERGT-T B et taleTalalall WeTalal We te Falell Vel Wele VW VeTe Tal i i Wetalalales W b i Wale e P telar PGP W=V 0 Wb i o el
BW7Z261 - glcD gene I222EA8 GTTGCCARACGTCTTICATGCCGEGAGATGECARACATGCACCCETTAATCCTT TTCGATGCC
GTTGOCARPCGTCT T T CATG =ty Ve b N Welelad ¥ Vet b J=Tot ¥l
Cw IHS — gloD gene 1141 GTTGCCAACGTCTTTCATG GEAGATGECRARACAT GG
BW7261 - glcD gona BR22H5EE ARAMCGARMCCOGGTGAAT T IGCCOGCGCGGARGAGC TEGGCEGGEARGATCC TOGARCTOTGC
AACGARCCCGGTGAAT T TECOCOCGCGCaEGARGACC TGEGEGOEGEARAGATCCTCGARCT CTGC
SCWw IHS — gloD genae 1201 ARCGARCCOCGSCSTGAATT TGCCOCOCGOoSGARGAGC TEGGOSGGARMGATCCTCGAMC TCTGC
BWT7 261 glch geno B222528 GTTGARGTIGGCGGCAGCATCACTGGCGARMCATGGCATCEGGCEAGARAMMANT CARTCAM
Letil JeF W Weli ol et elalele faF NelaF R JSF N YT taleEN Vab N =T laF X Lel=TeletaleF N FE N ¥ W W W N Jab ¥ X d=F .8
SCw O THD LoD gene 1261 GTTGARGT IGECGGCAGCATCAGTGGOCGARCATGHOATCGEGOGAGRARIANMD T CARTC AR
BT 261 gloD gene BRI AGE PTG T GO O PG T i P P G A T G P T A A T T A T G G 6 T A A G G G GO ST T T
ATGT GG CCAGST T CARCASOGAT GAAAT CACGACCT T CCATGOCSESTCAAGGCGESCETTT
SOV ITHS — glceD gene 1321 ATGTGCGOCOCAGT TCAACAGOGATGARAAT CACGACCTTOCOATGOGGTOCAASGOGGOESTTT
BW7Z261 glcD gene 2222408 GACCOOCGATOSTITTECTGAACCOTGOGAAAAACATTCOCACGO T ACACCGEO TGTGOTEGAR
GACCOOGATGETT TGO T GARACOCOT GGGAMMARACATTCOCACGOTACACCGO T GT GO TG AN
Scwv IHS — glceD gones 1381 GACCCCGATGETTITGECTGAACCOTGEGAARAAACATTCOCCACGOTACACCGO TGTGOTGEAR
BW/261 — glcD gens 2222348 TTTGGTGCCATGECATGETGOATCACGETCATTTACCTTTCCOCTGAACTGEASCETT T OCTEA
T G G G A T G A T G T G AT P G G T G o I T A G2 T T LA TGS AU G T T T T G A
sSCcwv IHD GglcD gona 1441 TTTGGTGCCATGCATETIGCATCACGETCAT T TACCTTTCCOCTGAACTGEAGCETT TCTGA

Fig. 4| glcD gene nucleotide alignment of SCV IH9 vs. BW7261 (with respect to reference genome MG1655).

In SCV IH9, this results in a GlcD protein of 195 amino acids in length whereas wild type GlcD is normally 499
amino acid residues in length (Fig. 5).
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Fig.

1. MG 16566 - gicD gene translation

3 I
2. BW7261 - gicD gene translation M . L:isoo Lol oo
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1. M@G1655 - gleD gene translation 1 VA

2. BW7261 - glcD gene translation ==~
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1. MG 1655 - glcD gene translation -

2 BW7Z261 - gleD gene transiation

3. SOV IHO - gleD gene transiation

1. MG 1655 - ylcD gene banskalion

2. BW7261 - glcD gene translation

5| Protein alignment for GlcD in SCV IH9 vs. BW7261 showing residues near codon 196 (premature

stop codon).

Older studies have demonstrated that glycolate oxidase is composed of several components (GlcD being one
component) and any insertional mutations that silence either glcD, gIcE, or glcF would abolish the enzyme’s
activity [20].
MmuP gene

MmuP (“methyl methionine utilization”) encodes a putative S-methylmethionine transporter and mutants with in-
frame deletions lack the ability to utilize S-methylmethionine as a source of methionine [21]. The mmuP gene

(Fig. 6) bears a deletional mutation at nucleotide 185-186 (TT - C).
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6] MmuP gene nucleotide alignment of SCV IH9 vs. BW7261. Nonsense SNP is highlighted in dotted box.
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In SCV IH9, the MmuP protein has an amino acid substitution at codon 62 (valine - alanine) as a result of the
deletion mutation (Fig. 7).

.‘ ! 9 ! i L !
o T a8
SCVIH9- nruP gere rnslon 14,0 A L MCTRELIMLS LGGVIE TG LERNTG TFIEGETG

BNT2S - P gene banclon .

i 0 W f i m | i | C il il i u
(T
SCVIHO- P gene ranseon
WPt i e e P =N
JURCAITRGINVISTF VT TARTILARARIRG T M0 D53 A LN T TARGH FHGGL: TLM MY AN FAFSGTRLIGIARGET RN T

BINT28 - mmuP gene tanslon 1.1

b il il n bl 0 EPU BIIE bl kel A i

SCV 1H9- mimuP gene ranslalon

BINT28 - P gene pansilon K/ VALLLARLILERIGTVEVLARL LI,
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T

Fig. 7| Protein alignment for MmuP in SCV IH9 vs. BW7261. Premature stop codon is highlighted in dotted
box.

Consequently, the amino acid residues 63 to 100 are all mutated, because of the frame shift generated by the
deletional mutation. Moreover, a premature stop codon is introduced at amino acid residue 101, truncating the
remaining 367 amino acids of the protein. Any activity of MmuP (e.g., methionine storage, methionine
biosynthesis) is believed to be abolished in SCV IH9.

ompF gene

Finally, the ompF gene encodes an outer membrane porin that permits solutes such as sugars, ions, and amino
acids to enter or exit the cell [22]. The ompF gene of SCV IH9 (Fig. 8) contains a substitution at nucleotide 673
(C-> T) which results in a premature stop codon in the OmpF protein at amino acid codon 225 truncating the
protein’s remaining 138 amino acids (Fig. 9).
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- ompDE gene ATTGATGARAGCGCAATAT IC IGECAGIGATCGTICCC IGC TICTIG T TAGTAGCAGG TACTGCA
- omBpE gene AT CGA T CAACGC AR T AT TC T CECACTGATCS TCCC TS TC TG T TAGCTASCACSE TACTSCH
L ombpE gene ATrTrcGATGARGCGCARATAT IC IGGCAG I IGATrTCGETrcCC IGC rCTrG T TAGTAGCAGES TACTGCA
- ompDE gene AACGC TrIGSCAGRRAATC TATARCAARAGATGGSGCAACARRAG TAGATC TG TACSSTAARGC TS TT
- ompE gene AN TS CAGARRTC TAT ARCARARMCATGGSCAACARAMACSTACATCTSTACGSTARDSCTSTT
- ompE gene AARCCCTGCAGARATC TATARACAARGA TGS CARACARARAG TAGATC TETACGSSTAARAAGSCTSTT
- ompE gene GG TCTIGCA T TAT T T I TOCCARGGG TARACGG TGAARARCAG T TACGG TGGCARTGECGRACARTG
- ompE gene CETC TS oA T T AT T T T rCCA R CEG TARACGG TICAR N AMCAGT TACSESTESSCARATSSCSACATS
- omPpE gene e TCTreCA T TAT I T I TCCAAGGGE TAACGGE TGARARAACAG T TACGGE TEGCARATGEESCEACATGS
- ompEFE gene ACC TATGCCC G IO T IGG T T T TAARAGGEGGARRAC TCAARAATCAAT TCCGATC TEACCGET TAT
- ompE gene ACCTATGCCCCSTC I IrccT I I IAARCCGGARANMC TTCARATCAAT TCCEATC TEACCSSTTAT
- ompPpE gene A TATrTGCCCG IO T TG T T T TAARACGEGGARAC T CARATCAAT TCCGATCT GACCSEST TAT
- ompPpEF gene e TCAGCTGGEGAATATAAC T TCCAGGEETAACAAC TC TGARAGCECGEC TEACGC TCARAACTGST
C ompE gene e TCACTGSGCGAATATARC T TCCASCSS TARACARAC TC IGARSCSCCC TEACSC TCAAACTSST
- ompPpE gene e T CAG TIGGGAA T ATARAC T TCCAGGG TARACARRC TC TGARASSCECTGACGC TCRARDCTGST
- ompE gene AnCANNACCCCTC rICECA T TCGECGGETC I TAARA TACGSC TEACG T TIGEG T TCTTTCGATTRAC
- ompE gene AAChARAAACCCE T O TG CA T TeCSCSGETC T TAARTACSC TEACG T TS T TOTT TCSATTAC
- ompE gene AACANA AR GO T C I GSECA T TCEC G TIC I TAARATACGSC TGACG T TGG T TCTTTCGATTAC
- ompE gene CECC G IrAAC T ACGG IS rICE T I TA T GCATGCAC TG TITACACCGEATATGC TESCCAGAAT TT
S omBE gene ceCcCceTARCTACCGE I & cE T I TATGCATGCCACTGEEE T TACACCEATATCC TECCAGARART TT
- ompE gene CECC G TIrAAC I ACGG IS IGG I I TA Tl GATGCACTIGGEG I TACACCGATATGC TECCAGAATTT
- ompDE gene TG IrICATACTGCATACAGCGATGAC T FIC T TCGETITGG ICE TG T TEECGGECET TGO TRACC
- ompFE o gene e TeS T EATAC TGCATACACCGATSACT TC I TCE T TGS TCETETTECCGSCS T TECTACSCS
- ompE gene e TG TrEGATrACTGCATACAGCGATGAC T TC I TCG I TG ICE TG T TEGCGECE T TGO TACC
- ompDE gene A TCGTrAAC T TCCARC TIITC I ITGG ICTIGG I TEATGGCCC TIGARAC T TICEC TG T TCASTACC TGS
- ompE o gene T AT G AR TCCARAC T TC T T TGS TS TG T TEATCECCCTSARC T TICECTSTTCASTACS TS
S ompE gene rTAaTCcGTAACTCCARAC T TC T I TGS ICTIGG I TGATGSGCC TIGARAC T ICGC TG T TCASTACC TS
S ompE gene CETAAN A ACCGAGCG IGACAC TGCACGECCG I TC T AACGGCGACGEGE TG T TIGGEOGGS T TCTATC
- ompE genoe e TAMA AR A G ITEACAC TG ACGECCG I TC T ARACGSCESACGETET TISSCSST TCTATC
- ompE gene G TAARAAACGAGC G I GACAC TGCACGCCG I TC rAACGGCEACGE TG T TIGECEE T TCTATC
- ompE gence AGCCTITACGAATACGARGGC T TTIGGTATCG I TEE TGO TITATGEGETGCGCAGC TEACCGTACCA™C
- ompE gene AcCCcCTACGEARATACGAAGGC T I ITGG rATCG I TEGTIGC I TATGETIGCAGSC TGACCGTACCARNC
- omPBE gene ACGC TACGARA TACGARGGC T I ITGG TATCG I TG TIGC I TATGGTGCAGC TGACCG TACCARC
- ompF gene T G CARACGAAGC T TAACC TC T TG ECAACGG TAARARA ARG TEAACAGCTGEGEGC TACTGGETCTGS
S ompE gene CTrGCARACGARAGCI T AR A CC TC I TGGCARACGG TAARARARGC TGARACAGTEGGC TACTGETC TGS
- ompE gene TG AR GARCG T TAA e rCcTr rGCeCARACGG TAARARRAGC TGAACAGTGGGCTACTGESTC TS
- ompE gene AN TACGEACGCGCGARACARCATC T ACC IGGCAGCCGAACTACGCETGARACCCSTARCGSCTACGS
S ompE gene AAGTACGACGCGARCARCA TC rACC IGGCAGCGARAC TACGGTGARACCCSTARACGCTACS
- ompE gene A A T ACGAC G GARCARCA T rACC IGGCACCGAACTACGETGAMAACCCSTARCGCTACS
- ompE gene CCoCGATCAC TARA T AL A T T TACARAR ACACCAGCSEC TTCGCCAMRCAMAACGCARGCACGSTTCTGS
S ompE gene CoGATCAC T TARATAAA T T TACARACACCAGC EEC I TOCGCCARCARARAACGCAAGACGETTCTS
- ompE gene CoGATCAC TAA T AA AT T TACARRACACCAGCEEC ITOCGOCCARACARAACGCARCACGTTCTS
- ompE genes AT rECCCAA T ACCAG T TCEGAT ITOCGG ICTIGCETICCGTCCATCEC T TACACCARATCT
- omPE gene T ARG T T GO GCAA T ACCAG T TCGA T T TCGG IO TrSCETOCCGTOCATC SO T TACACCRARRAT ST
- ompE gene rrAaGCTTreECcCGCARTACCAG T TFICGAT ITOCGG TCTrGCGeTrcCGTroccATCEC T TACACCARATCT
- ompE gene AN ACCCARARGACG T AGARARGG TATCGE IrGATGE T TGATC IGE TGARAC TAC T TITEARGTGEGSSC
- omBPpE gene A ARG CARARGACG TAGAAGG TATCGETGATGS T TGATC TGGTGARACTACT TTGARGTGGSSC
S ompE gene AAACCSARARGACG T AGAAGG TATCGG I GA TG I TGATC IGG TIGAAC TAC T I TGARAGTGSSC
- ompE gene CCAACCTACTACT TCARACARAARAACA TG TCCACC TATG T TGACTACATCATCARCCAGRATC
- ompE genoe AR TTACTAC T TCARACA R ARACA TG T CCACC TATGT TGACTACATCATCARCCAGHRT C
- ompE gene CCcAaRCCTACTACT TCAACARAARACA TG I ICCACC TATG T TGACTACATCATCARCCAGATC
- ompE gene AT TC T rGCACARCARAAC TCEGECG TIAGGE T TCAGACGACACCE IrTEC TETGEGETATCET T TAC
- ompE gene AT TC TrGACARCA RN C TG TG rIAGE I TCAGACGACACC S TITGEC TETGGSTATCGT T TaAC
- omPE gene AT T I GACARACARARAC T GGEC G I AGE I TCAGACGACACCGETITECTETGSESTATCGT T TAC
- ompE gene CAGT T CTAR

- ompE gene CcCAacsTTCoCTAR

- ompE gene RS TT T T AR

Fig. 8/ OmpF gene nucleotide alignment of SCV IH9 vs. BW7261 (with respect to reference genome MG1655).
SNP is highlighted in dotted box.
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Fig. 9| Protein alignment for OmpF in SCV IH9 vs. BW7261. Premature stop codon is highlighted in dotted
box.

71



International Journal of Applied Science and Technology Vol. 8, No. 4, December 2018 doi:10.30845/ijast.v8n4p9

OmpF is believed to be the main pathway for B-lactam antibiotics to permeate the cell; for SCV IH9 this may
translate into antibiotic resistance.

While these four mutated genes (and proteins) may not engender a classic stress response state in SCV IH9 (e.g.,
cold shock or heat shock), it may leave SCV IH9 incapable of metabolizing glycolate, methionine, and mounting
a select stress response (e.g., colanic acid for biofilm formation).

3.3 SCV IH9 SNPs may influence gene expression of important genes

There are several SNPs (grxB, IpxK, torD, etc.) that are found only in SCV IH9 but not BW7261 (Table 1). None
of these SNPs results in truncations of the protein product of their respective genes. The missense substitutions
may be tolerable (resulting in no significant change to amino acid sequence and no loss-of-function for the
protein) or intolerable (where even a single change in amino acid renders a protein mutant or nonfunctional). Our
study analyzes protein structure utilizing Geneious®” protein domain prediction software plug-in.

GrxB encodes three different glutaredoxins that catalyze the reduction of disulfides via reduced glutathione. E.
coli has three glutaredoxins (Grx1, Grx2, and Grx3) which function as cofactors permitting intracellular redox
reactions [23].

Grx2 is E. coli’s most abundant glutaredoxin that reduces cytosolic protein disulfides and stimulates the
reconstitution of the [47-45] cluster of FNR [24]. SCV IH9 possesses a SNP in the grxB gene at nucleotide 499
(A~> G) (Fig. 10) that causes an amlno acid substitution at residue 167 (lysine - glutamic acid) (Fig. 11).

W IH9 - grxB gene CTGAAGCTATACATTTACGATCACTGCCCTTACTGCCTCAARGCCCGCATGATTTTCGGC
GTGAAGCTATACATTTACGATCACTGCCCTTACTGCCTCARAGCCCGCATGATTTTCGGEC
BW726l - grxB gene 1 GTGAAGCTATACATTTACGATCACTGCCCTTACTGCCTCARAGCCCGCATGATTTTCGEC
SCV IH9 - grxB gene 6l CTGAAARATATCCCCGTCGAATTACATGTTCTGCTCAACGACGACGCAGAAACACCCACC
CTGAAAAATATCCCCGTCGAATTACATGTTCTGCTCAACGACGACGCAGAAACACCCACC
BW728l - grxB gene 6l CTGAAARATATCCCCGTCGAATTACATGTTCTGCTCAACGACGACGCAGARAACACCCACC
SCV IH9 - grxB gene 121 CGGATGGICGGTCARARAARMCAGGTTCCCATTCTGCRAAARAGATGACAGCCGCTATATGCCE
CGGATGGTCGGTCRAARAAMCAGGTTCCCATTCTGCARARAGATGACAGCCGCTATATGCCR
BW7281 - gr=xB gene 121 CGGATGGTCGGTCRAARARCAGGTTCCCATTCTGCARARAGATGACAGCCGCTATATGCCRE
SCV IH® - grxB gene 181 GARAGCATGGACATCGTTCACTATGTCGATARAACTCGACGGCARAACCGTTACTGACCGGC
GAARAGCATGGACATCGTTCACTATGTCGATARACTCGACGGCAARCCGTTACTGACCGGC
BWT72&l - grxB gene 181 GARAGCATGGACATCGTTCACTATGTCGATARACTCGACGGCAAACCGTTACTGACCGGEC
SCV IHY9 - grxB gene 241 AAACGTTCCCCTGCCATTGAAGAGTGGCTGCGCAAGGTCAATGGCTACGCCAACARACTEC
AARACGTTCCCCTGCCATTGAAGAGTGGCTGCGCARAGGTCAATGGCTACGCCAACARACTE
BWT26l1l - grxB gene 241 AARCGTTCCCCTGCCATTGAAGAGTGGCTGCGCAAGGTCAATGGCTACGCCAACARACTC
SCV IH9 - grxB gene 301 CTGTTGCCGCGTTTTGCCARMATCGGCATTTGATGAGTTTTCTACTCCCGCCGCGOGCARD
CTGTTGCCGCGTTTTIGCCAAATCGGCATTTGATGAGTTTTCTACTCCCOGCCGCGOGCARAR
BW'Z261l - grxB gene 301 CTGTTGCCGCGTTTTGCCAAATCGGCATTTGATGAGTTTTCTACTCCCGCCGCGCGCARR
SCV TH9 - grxB gene 361 TATTTCGTCGACARGARMGAGGCCAGCGCGGGTRATTTTGCCGACCTGCTGGCCCRACTCT
TATTTCGTCGACARGAAARGAGGCCAGCGCGGGTAATTTTGCCGACCTGCTGGCCCACTCT
BW7261 - grxB gene 361 TATTTCGITCGACAAGAAAGAGGCCAGCGCGGGTAATTTTGCCGACCTGCTGGCCCACTCT
SCV IH® - grxB gene 421 GACGGTCTGATTAAGARTATCAGCGATGATTTACGTGCGCTGGACARACTGATCGTCARR
GACGGETCTGATTAAGAATATCAGCGATGATTTACGTGCGCTGGACARRCTGATCGTCARR
BW7261l - gr=B gene 421 GACGETCTGATTAAGAATATCAGCGATGATTTACGTGCGCTGEACAMACTGATCGTCARD
T
SCWV IH9 grxB gene 481 CCGRACGCCGTGAATGjCGA%CTTTCGGHRGkTGEIETTCHGCTATTCCCSCTECTGCGT
CCGARACGCCGTGAATGHC ARCTTTCGGAAGATGATATTCAGCTATTCCCGCTACTGUGT
]
BW7261l - grxB gene 481 CCGAACGCCGTGAATGGCARARCTTTCGGARAGATGATATTCAGCTATTCCCGCTACTGCGT
SCWV IH9 grxB gene 541 AATCTGRACGCTGGTAGCCGGAATTAACTGGCCARGCCGCGTTGCTGATTACCGCGATAAT
AATCTGACGCTGGETAGCCGGAATTAACTGGCCARGCCGCGTTGCTGATTACCGCGATARAT
BW728l - grxB gene 541 AATCTGACGCTGGTAGCCGGAATTAACTGGCCAAGCCGCGTTGCTGATTACCGCGATAAT
SCV IH9 - grxB gene 601 ATGGCGAAACAGACACAAATCAATTTGTTATCATCAATGGOGATTTAR 648
ATGGCGAARCAGACACARATCARTTTGTTATCATCRAATGEGCGATTTAR
BWT261 - grxB gene 60l ATGGCGRAACAGACACAARATCAATTTGTTATCATCAATGGCGATTTAR €48

Fig. 10| GrxB gene nucleotide alignment of SCV IH9 vs. BW7261. SNP is highlighted in dotted box.

72



ISSN 2221-0997 (Print), 2221-1004 (Online) ©Center for Promoting Ideas, USA www.ijastnet.com

I 0 1 {l 4

. . ' ¥ f A
Cnsesis KLYTYDRCRYCLERRUTE LKNIPVELAVLLADDAETP TRV KOVE

LOKDDSRY.2ES! DIVATVDKLD KELLY KRS EE*]RK”

e

oy llllllllllllllllllllllllllllllllllllllllllll
==t - = Eiﬁ?ﬁ

(G T OT LR I UL TR T GO TLO0AT o MWKJJMHIMHMT
o (LD LUELERLELOD £ R LT ILADER WVDELD R ARSE TEEAKY

1?0 fn lgﬂ i 1i4ﬂ i 1 et 0 L W
Consenis FONKLLL2RE RS EDERS T2 RKYEVDRKE S| NADLLIAED LIRNISODLRALDRLIVKEN:Y i TLSEDDIQLERLLRNLTLYA  TH
ety

BB GoBa | (L, 07 Lo TDEE ?TH SH:NADL H“.IMDL
LN MGBmE LT T \EADLLAKSD LT VKENAT BLREDDIC

Consensis

derlly

WWMMMn:R¥HM.KHJLMJT
JSMGEmE TR DIRDL KT

Fig. 11| Protein alignment for GrxB in SCV IH9 vs. BW7261. Amino acid substitution is highlighted in dotted
box.

While the consequences of this change are presently unknown, the amino acid substitution is significant because
lysine is a basic and positively charged amino acid while glutamic acid is acidic and negatively charged. The
sequencing software used in this study (Geneious®) predicts that this substitution results in a shorter coil and
longer alpha helix immediately downstream of this site. This gene (and protein) should be further explored
because of the relationship that exists between GrxB and Fnr.

LpxK encodes a lauroyl acyltransferase that catalyzes the sixth step in lipid A biosynthesis, forming the most
immediate lipid A precursor [25]. LpxK, was first identified as orfE in E. coli and has been demonstrated to be
critical to cell survival as mutants lacking this gene are not viable [26]. 1pxK is overexpressed in SCV IH9 (mean
fold change of 4.18). SCV IH9 possesses a SNP in the IpxK gene at nucleotide 472 (A - G) (Fig. 12) that causes
an amino acid substitution at residue 158 (aspartic acid - asparagine).
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BWIZ6&EL - lpxK gens 1021517 ATGATCGAARRAATCTGGTCTGRT GAATCCCCTTTGTGGCGGCTATTGCTGOCACTCTCC
ATGATCGAARARAATCTGGTCTGGT GARTCCCCTTTGTGGCGGCTATTGCTGOCACTOCTCC
SCV IHS - lpxH gono 1 ATGATCGARMMAMTCTEGTC TGEETGARTCCCCTTTGTGGCGGCTATTGCTGOCACTCTCC
DWTZEL -  lpxk gene 1021677 TGGTTGTATGGCCTGETGAGTHGCGCGATCCGTOCTT TECTATARACTARARCT GAAGCGE
TGGTTGTATGECCTGETGAGT GG GUGATCCETCT T TGO TATAAAC TARARCT GAAGEGT
SCV IHY - lpxH gens §1 TEGTTGTATGECCTGETGAGTGECGCGATCCGTCTT TGCTATARM TARAMCTGAAGCGC
BWTZEL -  1lpxK gena 1021637 GCCTGEGCETGECCCCCETACCGETTGTCGTGESTTGGTAATCTCACCGCRGECEECAACGEER
GCCTEGCGTECCCCCGTACCGET TG TCGTGOT TGGTAAT CTCACCGCAGECGECARCGER
SCY IA9 - lpxK gens= 121 GGG GTGCCCCCGTRACCGGTTGTCGTGGT TGGTRAATCTCACCGCAGGCGECAACGGA
HWTZ61 - 1pxH gena 1021687 ARRACCCOCGETCETTGTCTGGCTGETGEARCAGTTGCARCAGCGOGETATTOGCGT GGG
AARACCCCGETCETTETCTGGCTGETGEARCAGT TGCARCAGCGCGETATTCGCGT GGG
S5CV IHG - lpxH gene 101 AAARCCCCGGTCSTTGTCTSGCTE6TGSARCAGTTECARCAGCSCGGTATT CGCGTGEGEGE
BHTZEL Lp®E gena 1021757 GTCOTATCGCGGGEATATGG TGO TAAGHCTGAATCT TATCCGCTGTTATTGTCGGCAGAT
GTCATATCACOGAAATATOGTAOTAAGICTOAATCT TATCCGCTETTATTGTCGOCAGAT
SCV TIHS - lpxH genea 241 GTCATATCGCGGGEATATGETEETAAGESCTGARTCT TAT CCGCTGTTATTGTCGECAGAT
BHTZEL lpxKE gens IDZ1617 ACCACAACAGCACAGOCGOGTGAT CAACCTOTGTTGATT TATCAACGCACTGATGCGCET
ACCACARCAGCACAGICAGETRAT BAACCTETATTOATT TATCARCECACT GATACRCCT
2CV IH® - lpxE gena 301 ACCACAACAGCACAGGCGEGTGATEARCCTETGTTGATT TATCANCGCACTCATECECCT
BRTZ6L = lpxK gen= 1021877 GTTGCGGTTTCTCCCGT TCGTTCTGATGCGGTARRAGCCATTCTGGOGCARCACCCTGAT
BTTECGaT I Te T CaT TeaT T T BAT BCGaTARMAAGCCAT TCTEECGCARCACCCTGAT
SCY IHS = LlpxXK gana 361 GTTGCGGTTTCTCCCGTTCRTTCTGAT GCGGTARAAGCCATTCTGECGCARACACCCTGAT
I
BHT2E1 - 1lpxH gens 1021937 ATECAGATCATCOTAACCOACGACGATTTACAGCAT TACCATCTAGCacdTAATATGAEAR
ETGCAGATCATCETARCCEACGAC GG TTTACAGCATTACCETCTo6CscdT AtGToEAR
| ]
SCY IHD - lpxE gens= 421 GTGC#G&TC&TCGTHACCGHCG&CGGTTT&CHGC&TTﬁﬁCGTCTGGCGCQTG&1GTGG&A
;"HH*:
BHTZEL = 1pxK gena 1021987 ATTGTCGTTATTCGATGGTGT GCETCGCTTTGECAAT GECTEGTGETTGOCGRCEEE FCCA
ATTGTCGT TATIGAT GG TGTGCGTCECTTTGECARAT GECTEGTEGTTEOUGECGEEGUCA
SCW IHD - lpxH gene 481 ATTGTCGTTATTGATGGTGTGCGT CGCTT TEGCAAT GGCTGGTSGTTGOCGGOGGEG0CA
BRTZ&L - lpxE gene 1022057 ATGLGETGAGLGAGEGEEGLGCTTARAGTCGET TGAT GEGETART CGTCAACGGCGETGTC
ATGOGETGAGCGAGCGOGGCECTTARAGTCGGT TGAT GCGETAATCGTCRAACGECGETGTC
SCW IHY - lpxH gene 541 ATGOGTGAGCGAGCGEGGCECTTAAAGTCGETTGAT SCGETAATCGTCAACGGECGETETC
BWTZEL - lpxK gene 1022117 COTOGCAGCGETGARATCCCCATGCATCTGCTGCCGEGTCAGGCGGTGAAT TTACGTACT
CoTeGCAGCGETGARRTCCCCATGCATCTROTGCCGEETCAGGCHETGAAT TTACGTACC
S0V THY - 1lpxH gene 601 COTCGCAGCGETEARATCOCCATSCATCTGCTGCCGGGT CAGGCOGTEAAT TTACSTACC
BWTZEL -  lpxi gene 1022177 GETACGCETTGT GACGT TGCTCAGC T TGARCATGTAGTGGCGATSGCGGGGAT TGGGCAT
BETACGEGTTGT GACGT TECTCAGCTTGARCATGTAGTGECGAT SECGEGGAT THEGCAT
SCV TH® - 1lpxK gena 661 GETACGCETTETGACOTTGCTCAGCTTOAACATATAGTGOCGATGACEREGATTEGECAT
BWTZ61 -  lpxH gene 1022237 COGCCGOECTTTTTTGCCACGCTGAAGATGTETGECGTACARC CGGAMAARTSTEGTACCG
COGOCGCGECTTTTTTGCCACGETEAAGATGTETEGEC GTACAN CEEAMMARTETETACCS
S5CW IHY - lpxk gene 721 COGLCGOGCTTIITTGCCACGCTGAAGATGTGTGGCSTACAACCGGAMARTGTGTACCG
BHTZE1 - 1pxH gens 1022297 CTEACCOATCATCAGTCTTTGAACCATECAGATATCASTACATTEATAAGCACCAGECAR
CTGECCGATCAT CAGTCTTT GARCCAT GCGEATGTCAGTGCGTTGETAAGCSCOGGEGCAR
SCV IHY - 1lpxE gene TE1l CTGECCGATCATCAGTCTTTGAACCATGCGEATGTCAGT GCGTTGETAAGCGCCGEGCAM
BHTZEL = 1pxHE gena 1022357 ACGCTGOTAATGACTGARRAAGAT GCCGATGARATECCERGCCTTTECAGARGARAATTES
ACGUTGGTAATGACT GARRMAAGAT GCGETGARAATGCCEGECCTTTGCAGARGARMAT TGS
oW THS - lpxH gens 841 ACGCTGOTAATGACTOAAAAAGATICGOTEAAATOICCAGACCTTTACAGARGARAATTIEE
BWTZ&L - lpxK gens 022417 TGEGTATITGUCTGTAGACGCACAGUT TTCAGGTGAT GAACCAGCGAARACTGCT TACGCRARA
TOGTATTTGCCTGTAGACGCACAGCTT TCAGGTGAT GAACCAGCGARAACTGCT TACGCAA
SCW THE -~ 1pxH gens 501 TEGTATTTECCTATAGACGCACAGCTTTCAGRTRAT BAACCAGCGAAACTRCTTACECAR
BHTZ6L - lpxk gene 1022477 CTAACCTTGCTGGCTTCTGGCARCTAG LO22503
CTARCCTTGCTGGCTTCTGGCARACTAG
SCY TRE - 1lpxK gens 861 CTRRCCTTGCTGGCTTCTGECARAC TAG 87

Fig. 12| LpxK gene nucleotide alignment of SCV IH9 vs. BW7261. SNP is highlighted in dotted box.
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While the consequence of this change is presently unknown, the amino acid substitution is significant because
aspartic acid is acidic and negatively charged while asparagine is a neutral amino acid. Sequencing software
predicts that this substitution changes the coils at this residue (and adjacent amino acids 155 — 157) into a four-
residue alpha helix at residues 155 - 158 (Fig. 13).
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Fig. 13| Protein alignment for LpxK in SCV IH9 vs. BW7261. Amino acid substitution is highlighted in dotted
box.

To date, there is one study highlighting this precise mutation (D - N at residue 158) in E. coli (strain DH10B)
but no phenotypic changes were detected [27].

Though, SCVs have been identified in scientific literature for at least one hundred years, the past two decades
have seen an expansion in our understanding of SCV physiology, formation, and maintenance. But, this plethora
of information concentrates mainly on Staphylococcus aureus and recently Pseudomonas aeruginosa SCVs [28].
Several articles highlight the association of SCVs with long-term persistent, indolent, chronic and recurring
human infections post-surgically [29]. Auxotrophic SCVs have been identified that lack the machinery to
synthesize one of three important metabolites; hemin, manadione and thymidine. Recent work identified a SCV
of Escherichia coli that exhibits auxotrophism for lipoic acid responsible for its small colony size and distinct
biochemical features [30].
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Our research was prompted by the lack of data profiling the genetic and phenotypic association of Escherichia
coli SCVs. Although a large body of data exists in published articles, this work mostly offers insight on bacterial
physiology and morphological properties of E. coli SCVs [31]. Our research revealed over-expression of several
genes and gene groups. Specifically, colanic genes involved in biofilm formation and ferric genes (e.g. iron
transport, iron fixation, etc.) were over-expressed SCV IH9 and may be candidate genes that —on their own — play
a major role in SCV formation.

The data presented in this study results from genomic analysis of a SCV IH9 (compared to wild type E. coli
BW7261). We present strong evidence that (1) several important genes are differentially expressed in SCV IH9
(compared to wild type), (2) nonsense mutations may contribute to the SCV phenotype and (3) SCV IH9 SNPs
may influence gene expression of important genes. Importantly, these genetic variants have not been discovered
before in E. coli SCVs, nor have previous reports detailed the exact pattern of differential expression discovered
in this research. Future work will endeavor to elucidate what SNP combination may trigger SCV formation in
wild type E. coli, perhaps providing a therapeutic target for clinicians to identify future pathogenic SCVs in
cultured samples from patients.
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