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Abstract: An unusually large outbreak of the emerging opportunistic pathogen 

Elizabethkingia anophelis occurred in southeastern Wisconsin starting in late 2015. The 

strains involved in this outbreak seemed to spread more easily than usual then typical E. 

anophelis strains, and treatment appeared to be more difficult. The genetic homogeneity 

of the strains involved in this outbreak allows for comparative genomic analysis aimed at 

uncovering abnormalities within these strains. This study aims to detect single nucleotide 

mutations potentially linked to the severity of this outbreak. Using core genome analysis 

and variant calling, sixty-four single nucleotide mutations unique to the Wisconsin 

outbreak strains were detected and analyzed for potential functional effects. Several of 

these mutations were found to potentially affect genes involved in virulence-related 

processes such as antibiotic resistance, biofilm formation, and oxidative stress response. 

While the effects of these mutations cannot be fully elucidated in this research, targeted 

in vitro or in vivo analyses of these mutations may further our understanding of the 

epidemiology of the Wisconsin Elizabethkingia outbreak. 
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CHAPTER I 
 

INTRODUCTION 

Elizabethkingia anophelis is an emerging pathogenic threat that has virulence 

mechanisms that remain incompletely understood. It is a gram-negative bacillus bacterium 

ubiquitously found in soil, water, and is notably present within the midgut of the Anopheles 

gambiae mosquito. While human contact with the bacterium typically does not result in disease, 

clinical patients who are suffering from underlying medical conditions or humans otherwise 

immunocompromised may be infected (Lau et al, 2016). Once infection occurs, it is very difficult 

to treat patients due to intrinsic and broad antibiotic resistances present in this species. This leads 

to infections with uncertain, and sometimes high, mortality rate. E. anophelis infections tend to 

occur in nosocomial environments, and typically affect neonates or older patients with underlying 

health conditions. 

The first confirmed case of E. anophelis infection occurred in Bangui, Central African 

Republic, in an eight-day old infant delivered via caesarean section and was immediately 

intubated to treat asphyxia upon birth (Frank et al, 2013). The infectious strain was resistant to 

several beta-lactam antibiotics, as well as a broad spectrum of other antimicrobials (Frank et al, 

2013). Treatment with a combination of ampicillin and gentamicin appeared to reduce the 

infection, the patient died shortly afterwards due to unknown causes (Frank et al, 2013). 

Approximately five years later, another case occurred in Bangui. Although the genomic profiles 

for the strains in these infections were very similar, no epidemiological link between them was 

found (Breurec et al, 2016). 
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E. anophelis infections are relatively rare and have not been analyzed by the scientific 

community as extensively as other pathogens. However, this bacterium is clearly established to be 

a public health threat. There is a general consensus that mortality associated with opportunistic 

infections by this pathogen is as high as twenty to fifty percent and improved understanding of 

the pathogenic biochemistry is needed to combat the infections when they occur (Pereira et al, 

2013). There have been notable outbreaks in Singapore (Teo et al, 2013) and in Wisconsin, where 

over sixty patients were affected (Perrin et al, 2016). It is currently unclear if E. anophelis 

infections are becoming increasingly prevalent, or whether this is an illusion caused by increased 

awareness of E. anophelis has led to higher detection rates. 

While the anophelis species could be responsible for the vast majority of human 

Elizabethkingia infections (Lau et al, 2016), earlier studies have often mistaken it for species such 

as meinigoseptica because 16S rRNA analysis and more primitive forms of MALDI-TOF are 

incapable of species-level distinction for Elizabethkingia (Lau et al, 2016). This introduced much 

confusion into early understanding of how E. anophelis could spread. 

Transmission mechanisms in clinical outbreaks are not fully understood. Because this 

bacterium is found in the mosquito midgut and salivary glands, it is possible that infection may 

occur through mosquito bites (Onyango et al, 2020). However, solid evidence that a mosquito-

borne transmission to humans has not been established. In contrast, strong evidence has been 

found for human-to-human transmission resulting in neonatal meningitis after birth (Lau et al, 

2015). Additionally, community spread is well documented between clinical settings among 

vulnerable populations, as is the case with the Wisconsin outbreak (Perrin et al, 2016). Recently, a 

study regarding the Singapore ICU outbreak conclude the bacteria were found to be spread via 

contaminated aerators at hand wash stations (Yung et al, 2018). In the Wisconsin outbreak, 

however, no method of spread was conclusively identified. 

 One of the biggest obstacles to treating patients infected with E. anophelis is a general 

uncertainty concerning which treatments would be most effective against this infection because of 
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resistance to a broad range of antibiotics. E. anophelis genomes include several types of multiple 

efflux pumps and many copies of beta-lactamase-like loci (Kukulta et al, 2014). Unfortunately, it 

is not yet clear if all these genes are active under some or all conditions. This results in high 

variability in resistance phenotypes among Elizabethkingia strains, and optimal treatment options 

have been difficult to determine using the relatively low number of strains analyzed (Han et al, 

2016). The high levels of resistance variation both between and within species suggests that 

further understanding of the differential genomic properties of each strain needs to be 

investigated to determine the most rational treatment option. A study of 67 E. anophelis strains 

found very high resistance levels to all antibiotics tested, except for minocycline and levofloxacin 

(susceptibility at 100% and 58.2% susceptibility respectively) (Lin et al, 2018). Another study 

that analyzed 115 E. anophelis strains found that the most promising antimicrobial treatments 

were minocycline, doxycycline, and piperacillin/taxobactam and 100%, 90%, and 88% 

susceptibility rates respectively (Jian et al, 2019). While efflux pump variability could explain 

some of these variations, it is obvious that more clarification is needed. 

 In addition to multiple numbers and types of antibiotic resistance genes, E. anophelis 

bacteria are likely to resist host immunity and antimicrobial treatments due to its capsular 

polysaccharide layer. The exact composition of the capsular polysaccharide layer varies widely 

between various strains (Breurec et al, 2016). These genes allow E. anophelis bacteria to form 

strong biofilm layers that allow it to persist against sanitation and treatment in hospital settings. 

Furthermore, E. anophelis can use a wide variety of siderophores in order obtain iron from host 

cells, tolerate oxidative stressors such as hydrogen peroxide treatment, and participate in biofilm 

formation to enhance its resistance to sanitation and antimicrobial measures (Chen et al, 2020). In 

one report, a strain of E. anophelis found in the Singapore outbreak showed several mechanisms 

for resistance to hydrogen peroxide, an oxidant frequently used to treat hospital water sources (Li 

et al, 2015). 
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 One of the largest and most serious of the E. anophelis outbreaks occurred in 

southeastern Wisconsin in 2015-2016, infecting over sixty patients (Perrin et al, 2016). Despite 

extensive analyses, the origin and spread of the outbreak remains unclear (Perrin et al, 2016). The 

Elizabethkingia anophelis outbreak in Wisconsin appeared to be derived from a single ancestral 

strain, as all strains involved in the outbreak shared close genetic similarity (Perrin et al, 2016). 

These strains had a disrupted mutY gene, causing an increase in mutation rate and therefore 

increasing the strain’s general adaptability (Perrin et al, 2016), but a precise mechanism for 

spread remains unclear. These strains also have a cluster of capsular polysaccharide genes 

identical to those in strains from the Singapore outbreak, suggesting biofilm formation 

involvement (Perrin et al, 2016). While adaptability and biofilm formation are sufficient for 

explaining the unusual severity of the Wisconsin outbreak, undiscovered factors may contribute 

to the clonal spread and rapid infectivity of these strains. Previous studies have examined single 

nucleotide polymorphisms (SNPs) that occurred over the course of the outbreak (Perrin et al, 

2016). To address additional genomic elements related to this outbreak, this report focuses on 

differences between the Wisconsin outbreak strains as a group compared to other E. anophelis 

strains. We find several single base mutations common to the Wisconsin outbreak strains that 

have the potential for generating atypical pathogenicity. 
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CHAPTER II 
 

 

METHODS 

 

This analysis used the genomes of 259 strains of Elizabethkingia anophelis, with five of these 

consisting of strains associated with the Wisconsin outbreak. When possible, the genomes were 

downloaded as pre-assembled fasta sequences either from NCBI or the Pasteur Institut, with 

NCBI being used if the genome was available on both. When pre-assembled sequences were not 

available, paired-end fastq reads were obtained from the Sequence Read Archive (Leinonen et al, 

2010). These were then converted into a fasta assembly with Spades version 3.9.0, using the 

default settings for paired-end reads (Bankevich et al, 2012). 

 In order to find SNPs, a core genome alignment of the genomes was performed using 

Parsnp version 1.2 (Treangen et al, 2014). The core genome consists of DNA sequences found in 

each of the strains analyzed. As these sequences are ubiquitous throughout a large number of 

strains, these tend to be more essential genes for the species’ survival (Treangen et al, 2014).  A 

core genome alignment is therefore thought to select for genes most essential for E. anophelis 

survival. The reference genome used was NZ_CP016373.1, which is also known as “3375”. This 

genome belongs to the first E. anophelis strain to be fully sequenced and annotated. Parsnp’s 

output alignment was in XMFA format, which was converted to the proper VCF format using 

HarvestTools version 1.2 (Treangen et al, 2014). The VCF format consists of a table in which 

each SNP location is a row and each genome is a column. A value of ‘0’ in a cell indicates that a 
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specific SNP in a given genome matches the SNP of the reference genome, while a ‘1’ indicates a 

mutation relative to the reference genome. The VCF file was manually formatted in Microsoft 

Excel to list only SNPs where each of the Wisconsin outbreak strains had a ‘1’ values, while all 

other strains had a ‘0’ value. 

 The reference genome was annotated in RAST in order to create a GenBank file which 

identified the positions of the coding sequences (Aziz et al, 2008). This allowed each nucleotide 

containing a SNP unique to the Wisconsin outbreak strains to be characterized as either a coding 

sequence or non-coding sequence mutation. 

 The genome of one of the Wisconsin outbreak strains, known as NZ_CP014805.2, or 

“CSID_3015183678” according to CDC designation (Perrin et al, 2017), was also annotated 

using RAST. For each SNP found to be within a coding region, the coding sequence was 

compared between the reference strain and the Wisconsin outbreak strain in BLASTn using the 

default settings (Altschul et al, 1990). The alignments were viewed in the BLASTn output, and 

CDS feature was then turned on so that the output displayed the change in amino acid, if any, 

caused by the nucleotide mutation. 

 Each protein containing an amino acid substitution due to a SNP mutation unique to the 

Wisconsin outbreak strains was further analyzed to predict protein function. The first method to 

predict protein function was to analyze the amino acid sequence using NCBI’s Conserved 

Domain Search (Marchler-Bauer and Bryant, 2004). Conserved Domain Search quickly identifies 

functional domains within a fasta sequence, and in some cases, can determine gene identity. If no 

annotation was found via Conserved Domain Search, the amino acid fasta sequence was analyzed 

via Phyre2 version 2.0 in order to find protein identity (Kelley et al, 2015). 

 When the SNP associated with the Wisconsin outbreak strains was located in a non-

coding region, this region was extracted from the genomes for both the reference strains and a 

Wisconsin outbreak strain. These non-coding regions were analyzed in Bacterial Promoter 

Prediction (BPROM) software from Softberry (Solovyev and Salamov, 2015), which detects 
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bacterial promoters as well as the TATA box, the Pribnow box, and various locations for 

transcription factor binding. BPROM also determines the confidence for the assignment of a 

sequence region as a promoter, promoter element, or transcription factor binding site with a 

proprietary score. BPROM also assigns the promoter an LDF score based on the likelihood that 

the query sequence would cluster with known promoter sequences rather than known non-

promoter sequences (Solovyev and Salamov, 2011), (Yona et al, 2018). The overall expression 

score was then calculated by adding the scores of each promoter element and multiplying by the 

LDF score (Yona et al, 2018). 
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CHAPTER III 
 

 

RESULTS 

 

The core genome alignment produced by Parsnp represented 2,123,293 bp, or 53%, of the  

4,006,214 bp reference genome NZ_CP016373.1. This core genome is conservative and 

represents an underestimate of the complete core genome because it was necessary to use several 

incomplete genome assemblies in the alignment. Single Nucleotide Polymorphisms were detected 

at 128,930 of the core genome positions, resulting in a SNP occurrence rate of roughly 6.07%. 

 All 128,930 SNP sites were analyzed to select for the ones in which the Wisconsin 

outbreak strains, and only these strains, had a mutant allele. This resulted in 64 total SNPs. Out of 

the 64 SNPs, 61 were found to occur within coding sequences, while 3 were found in non-coding 

regions. Out of the 61 SNPs in coding regions, 20 (33%) of them resulted in changes in amino 

acid codon mutations, while 41 conserved the presumptive amino acid sequence. 

 For each SNP associated with a unique amino acid mutation in the Wisconsin outbreak 

strains, the gene identity, gene function, and the amino acid substitution were characterized (Table 

I). Notably, several gene functions were identified that could likely to be linked to the increased 

virulence or robustness of the Wisconsin outbreak strains. 
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Gene Amino acid 

substitution 

SNP 

position 

on ref 

Potential Function 

AcrR R → I 17,265 Drug resistance 

TonB-dependent receptor G → D 169,503 Oxidative stress response 

CsuC* G → R 173,594 Biofilms 

RhaT N → I 565,711 Drug resistance 

Hypothetical E → K 612,933 Unknown 

RibA A → S 981,752 Oxidative stress response 

ManA M → V 1,273,551 Biofilms 

GH3 A → I 1,338,518 Plant immunity 

CaiD A → S 1,379,513 Biofilms 

BKR_SDR V → I 1,634,994 Lipid metabolism 

CcmH A → T 1,654,765 Biofilms 

CcmH A → V 1,654,772 Biofilms 

Hypothetical A → T 1,822,646 Unknown 

ComEC L → M 1,966,480 DNA uptake 

TauE V → I 2,593,634 Sulfite export 

WecH M → I 2,777,407 Biofilms 

FGAM synthase L → I 3,321,920 Purine synthesis 

SAICAR synthase A → V 3,325,625 Purine synthesis 

TFIIIC/TPR-repeat 

lipoprotein/YbgF 

K → N 3,482,241 Transcription factor 

PD-(D/E)XK nuclease E → K 3,661,883 DNA repair 

Table 1: Genes with unique SNP mutations in the Wisconsin outbreak strains. Nucleotide 

position numbers refer to the reference sequence NZ_CP016373.1. The protein annotation 

denoted with an asterisk was derived from Phyre2. All other annotations were derived from 

NCBI. 
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 For the three SNPs found within non-coding regions of the genome, BPROM was used to 

determine whether the SNP changed the likelihood of promoter expression within the non-coding 

sequence. BPROM assigns a putative promoter an LDF score based on the extent to which it 

clusters with known promoter sequences, as well as assigning individual scores for each predicted 

promoter element. The scores of each promoter element are multiplied by the LDF score to 

determine the expression score, which estimates the likelihood of promoter expression (Yona et 

al, 2018). For the mutation at 128,501, a five percent increase (862 --> 903) in expression score 

was found for the Wisconsin outbreak strains, suggesting this region could have increased 

promoter expression in these strains (Table 2). For the other two mutations in non-coding regions, 

no difference in putative promoter region activity was suggested by BPROM data. 

 

A 

Element Position Relative to 

Promoter 

Nucleotide Sequence Score 

-10 box -15 GGTTATAAT 90 

-35 box -35 TTAACC 21 

rpoD17 -55 AACTAAAC 7 

argR -13 TTATAATT 14 

LDF Score: 6.53 

Overall expression score: 862 

 

 

B 

Element Position Relative to 

Promoter 

Nucleotide Sequence Score 

-10 box -15 GTTTATAAT 83 

-35 box -35 TTAACC 21 

rpoD17 -55 AACTAAAC 7 

rpoD17 -14 TTTATAAT 9 

argR -13 TTATAATT 14 

LDF Score: 6.74 

Overall expression score: 903 
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Table 2: BPROM analysis of the noncoding region at 128165-128597 bp. A) BPROM analysis 

of the noncoding region from basepairs 128165-128597 on reference sequence NZ_CP016373.1. 

B) BPROM analysis of the homologous noncoding region found in the Wisconsin outbreak 

strains. Elements and scores differing from the reference are indicated in bold. 
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CHAPTER IV 
 

 

DISCUSSION 

 

Our data shows there are several virulence-related genes with single base mutations that 

are unique within the core genomes of Elizabethkingia anophelis Wisconsin outbreak strains and 

are likely to have an effect on gene function. These SNP-containing genes should be considered 

targets for biochemical and in vitro analyses to explain the abnormally large spread of the E. 

anophelis Wisconsin outbreak. As described below, the functions of these genes suggest that these 

SNP mutations could change the response to external stressors. Additional work is needed to 

confirm this in vitro or in vivo by testing the ability of strains (with and without these mutations) 

to survive treatments such as antibiotic regimens or oxidative stress (e.g. surface cleaners). 

Specific genes and putative effects are discussed below. 

i. Oxidative and Osmotic Stress Response Genes 

The RibA gene is involved in vitamin B12 synthesis and plays a role in responding to 

oxidative stress (Koh et al, 1996). It also enhances hemolysis and iron acquisition (Fassbinder et 

al, 2000), which is crucial for pathogens due to the low concentrations of soluble iron maintained 

by hosts for homeostatic purposes (Wooldrige and Williams, 1993). A gain of function mutation 

in the RibA gene would benefit E. anophelis colonizing hosts and resisting antiseptic measures.  
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TonB-dependent receptors, which also allow for the uptake of rare nutrients, are numerous in 

Elizabethkingia anophelis, with some strains containing nearly 60 TonB-dependent receptors 

(Kukutla et al, 2014). In certain cases, gain-of-function mutations in these receptors modify the 

amount of iron a bacterium can uptake, aiding in resistance against oxidative stress (Chatterjee 

and O’Brian, 2018). It could also be possible that a loss of function mutation could resist 

oxidative stress in certain cases, as a knockout of the TonB gene has been found to increase 

survival against the oxidative stressor hydroxyurea. (Davies et al, 2009). 

 CcmH is a gene involved in the maturation of cytochrome c, a compound involved in 

electron movement during oxidative phosphorylation. Cytochrome c enhances tolerance towards 

oxidative stress and increased virulence in bacteria (Naylor and Cianciotto, 2004). A gain-of-

function mutation in CcmH could increase the rate of cytochrome c maturation, thereby 

increasing the ability of the Wisconsin outbreak strains to survive oxidative stressors. However, 

because bacteria tend to decrease respiration under stressful conditions, an upregulation of 

oxidative phosphorylation seems unlikely. 

ii. Biofilm Formation Genes 

The CaiD gene, encoding an carnitinyl-CoA hydratase, is involved in the metabolism of 

carnitine, a compound involved in resistance to osmotic stressors (Meadows and Wargo et al, 

2015). A mutation in the CaiD gene leading to increased levels of intracellular carnitine could be 

significant because disinfection of surfaces potentially containing E. anophelis is commonly done 

using osmotic stressors such as hydrogen peroxide. Increased resistance to osmotic stressors 

would cause difficulties for eliminating E. anophelis reservoirs.  

 The CsuC gene is involved in biofilm formation through pili assembly, and disruption of 

this gene reduces biofilm formation (Lannan et al, 2016), (Tomaras et al, 2003). Because CusC 

has a key role in the formation of biofilms, a gain-of-function mutation in this gene could 

increase the ability of Elizabethkingia anophelis to resist several disinfectants.  
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The ManA gene promotes biofilm formation by shunting glucose away from the 

glycolytic pathway and towards pathways involved in the formation of exopolysaccharides and 

lipopolysaccharides. Experimental evidence has confirmed that disruption in the ManA gene can 

interfere with biofilm formation (Amos et al, 2011). A gain-of-function mutation in this gene 

could increase pathogenesis and biofilm formation. 

iii. General Virulence Genes 

The WecH gene is involved in the addition of O-acetyl groups to antigens, which can 

trigger a host immune response (Kajimura et al, 2006). Loss or decrease in the function of this 

gene in the Wisconsin outbreak species could logically decrease host immune response. 

Conversely, antigen O-acetylation can increase virulence in certain types of bacteria, so a gain-of-

function mutation in WecH could increase virulence (Kajimura et al, 2006). However, the latter 

case is less likely because it has been reported in only two species of bacteria, both of which are 

genetically distant to E. anophelis (Kajimura et al, 2006).  

 RhaT is an L-rhamnose and proton symporter. The monosaccharide rhamnose is a cell 

wall component that is found within the O-antigen (Santhanam et al, 2017). This sugar is 

regarded as essential for the pathogenicity of some fungi (Santhanam et al, 2017). Although 

similar studies are lacking in gram-negative bacteria, L-rhamnose has been found to promote 

virulence and biofilm formation in Flavobacterium, a gram-negative genus closely related to 

Elizabethkingia (Lange et al, 2017). Listeria monocytogenes, a gram-positive bacterium, has been 

found to upregulate rhamnose synthesis while invading host cells (Lobel et al, 2012). Additional 

studies on gram-positive organisms show that the presence of rhamnose in the cell wall promotes 

drug resistance and intracellular survival (Carvalho et al, 2018). Together, these studies suggest 

mutations in the RhaT gene that increase the rate of L-rhamnose intake could therefore increase 

the virulence and robustness of the Wisconsin outbreak strains. 

 TPR-repeats are found in a diverse variety of proteins, many of them being virulence 

factors and/or putative vaccine targets (Cerveny et al, 2013). Proteins with this motif are most 
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likely prokaryotic transcription factors involved in stress response, although the specific pathways 

and effectiveness of this stress response have not been clearly determined (Cerveny et al, 2013). 

Therefore, it would be worthwhile to study whether a gain-of-function mutation in these 

transcription factors may enhance the ability of E. anophelis strains to survive stressors, and if so, 

what biochemical mechanisms cause increased stress response. 

iv. Antibiotic Resistance Genes 

 The AcrR gene represses the expression of the multidrug exporter AcrAB. Mutations in 

the AcrR gene can cause an increase in AcrAB expression, thereby enhancing resistance to 

antimicrobials (Watanabe and Doukyu, 2012). AcrR mutations have been associated with 

increased antibiotic resistance, ethanol tolerance, virulence, and biofilm formation (Webber et al, 

2005), (Luhe et al, 2012), (Subhadra et al, 2018). 

 The TauE gene is a sulfite transporter. This gene could be involved in the export of 

sulfonamide-derived antibiotics and methicillin because sulfites have structural similarities to 

sulfonamides (Grossoehme et al, 2011). This makes the TauE gene an important target for 

evaluating increased antibiotic resistance in the Wisconsin outbreak strains. 

v. DNA Maintenance Genes 

RibA is involved in the protection of DNA from G:C � T:A, particularly in the presence 

of oxidative stress (Kobayashi et al, 1998). Interestingly, these are the same transversions thought 

to be greatly increased in the Wisconsin outbreak strains due to the disruption of the MutY gene 

(Perrin et al, 2016). It would be important to study whether the RibA mutation found in the 

Wisconsin outbreak strains can work synergistically with the MutY disruption to increase E. 

anophelis survival and adaptability. 

PDDEXK nucleases are a diverse array of genes that interact with DNA. They may 

perform different functions such as DNA repair, replication, or restriction (Steczkiewicz et al, 

2012). Due to the wide diversity of PDDEXK nucleases, it is difficult to predict the effect of the 

Wisconsin outbreak specific mutation in E. anophelis. Additional studies should elucidate any 
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role of PDDEXK nucleases for increased protection from DNA damage caused by antimicrobial 

treatment and/or the MutY disruption. 

 The SAICAR and FGAM synthases are key enzymes in the purine biosynthetic pathway. 

A gain-of-function mutation in one or both of these enzymes could cause an increased rate of 

purine synthesis, facilitating DNA repair and/or replication in the Wisconsin outbreak strains. The 

presence of multiple DNA-repair type proteins in this study may have biochemically testable 

implications in whether E. anophelis used DNA repair for improved vigor. 

vi. Other Genes 

The ComEC gene allows bacteria to uptake DNA for transformation. Because the 

Wisconsin outbreak strains did not gain genes during the course of the outbreak (Perrin et al, 

2017), mutations in this gene likely had no direct effect. However, if the ComEC mutation 

immediately predated the Wisconsin outbreak, it could have driven the intake of the ICE element 

responsible for disruption the MutY gene (Perrin et al, 2016). 

 GH3 functions in E. anophelis are unknown, although GH3 is a plant-associated gene 

mediating resistance to bacteria such as the gram-negative Xanthamonas (Hui et al, 2019). It 

would be interesting to pursue functional aspect of this plant-like antimicrobial gene when 

present in a virulent gram-negative bacterium. 

 The BKR_SDR gene, is a short chain dehydrogenase beta-keto-ACP reductase. This gene 

has not been implicated in any pathogenic mechanisms. However, a mutation in this gene could 

affect the lipid composition of the membrane (Zhang and Rock, 2008), thus these changes may 

affect Elizabethkingia anophelis survival in particular with additional mutations described in our 

report. 

vii. Non-coding Region Mutations 

In addition to the mutations in protein coding regions, the non-coding SNP mutation 

found at nucleotide site 128501 (∆128501) on the E. anophelis reference sequence resides upstream 

of multiple antibiotic resistance and membrane protein genes. Our in silico studies suggest this 
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mutation may decrease the chance of polymerase binding to the TATA box in the Wisconsin 

outbreak strains, while simultaneously providing an additional rpoD17 resulting in a slightly 

increased promoter expression score for the Wisconsin outbreak strains. In vitro studies on this 

promoter, however, will be required to confirm this. 

viii. Final Conclusions 

In summary, this analysis has detected several base-pair mutations specific to the 

Wisconsin outbreak strains of Elizabethkingia anophelis, most of which are targets for in vitro or 

in vivo functional studies. Using only mutations from the core genome permits analyzing the most 

evolutionarily resistant regions, which should enrich for functional importance. It is worth noting 

that, the vast majority of the strains analyzed (236 out of 259 strains) were incomplete, so our 

analyses should be considered an underestimate of functionally relevant genes. The Wisconsin 

outbreak strains of Elizabethkingia anophelis may have additional functionally relevant single 

base mutations that were not discovered by this method. Biochemical validation of gene/protein 

function associated with these genes provides incentive to complete the genome sequencing of 

additional strains. Our study provides multiple single base mutations unique to the Wisconsin 

outbreak strains which should provide targeted studies based on the presence of these mutations 

in genes associated with pathogenic mechanisms. Each of these mutations are worth individual 

investigation to determine whether they lead to an increase in the ability of E. anophelis to 

establish pathogenesis or to resist antibiotics and disinfectants. Analysis of these mutations will 

shed further light on the genomic changes responsible for the unusual virulence of the E. 

anophelis strains associated with the 2015-2016 Wisconsin outbreak. 
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