
A link between zinc uptake, bile salts, and a capsule required for virulence of a mastitis-1 

associated extraintestinal pathogenic Escherichia coli strain 2 

 3 

Michael A. Olson
1
, Aleksander Grimsrud

1
, Amanda C. Richards

2
, Matthew A. Mulvey

2
, Eric 4 

Wilson
1
, David L. Erickson

1* 
5 

 6 

1
Department of Microbiology and Molecular Biology, Brigham Young University, Provo, UT, 7 

United States 8 

2
 Division of Microbiology & Immunology, Pathology Department, University of Utah, Salt 9 

Lake City, UT, United States 10 

 11 

*Corresponding author: David Erickson, Department of Microbiology and Molecular Biology,  12 

Provo, UT, 84663 Tel: 801-422-1981 email: david_erickson@byu.edu  13 

 14 

 15 

 16 

Running Title: capsule and virulence of mastitis-associated ExPEC 17 

 18 

 19 

Keywords: zinc transport, Group 3 capsule, mastitis-associated E. coli, ExPEC, bile salts  20 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 26, 2020. ; https://doi.org/10.1101/2020.06.25.172775doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.25.172775


ABSTRACT 21 

Extraintestinal pathogenic Escherichia coli (ExPEC) are major causes of urinary and 22 

bloodstream infections. ExPEC reservoirs are not completely understood. Some mastitis-23 

associated E. coli (MAEC) strains carry genes associated with ExPEC virulence, including metal 24 

scavenging, immune avoidance, and host attachment functions. In this study, we investigated the 25 

role of the high-affinity zinc uptake (znuABC) system in the MAEC strain M12. Elimination of 26 

znuABC moderately decreased fitness during mouse mammary gland infections. The znuABC 27 

mutant strain exhibited an unexpected growth delay in the presence of bile salts, which was 28 

alleviated by the addition of excess zinc. We isolated znuABC mutant suppressor mutants with 29 

improved growth of in bile salts, several of which no longer produced the K96 capsule made by 30 

strain M12. Addition of bile salts also reduced capsule production by strain M12 and ExPEC 31 

strain CP9, suggesting that capsule synthesis may be detrimental when bile salts are present. To 32 

better understand the role of the capsule, we compared the virulence of mastitis strain M12 with 33 

its unencapsulated kpsCS mutant in two models of ExPEC disease. The wild type strain 34 

successfully colonized mouse bladders and kidneys and was highly virulent in intraperitoneal 35 

infections. Conversely, the kpsCS mutant was unable to colonize kidneys and was unable to 36 

cause sepsis. These results demonstrate that some MAEC may be capable of causing human 37 

ExPEC illness. Virulence of strain M12 in these infections is dependent on its capsule. However, 38 

capsule may interfere with zinc homeostasis in the presence of bile salts while in the digestive 39 

tract.  40 

 41 

 42 

 43 
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INTRODUCTION 44 

Escherichia coli strains are abundant members of the healthy intestinal flora of most 45 

mammals and birds and may also be obligate or opportunistic pathogens. Strains that reside in 46 

the digestive tract but cause disease in other tissues are termed extraintestinal pathogenic E. 47 

coli (ExPEC) [1]. ExPEC are a major cause of urinary tract infections, neonatal meningitis, 48 

pneumonia, and sepsis in humans. ExPEC also cause several diseases of agricultural importance, 49 

including airway infections and septicemia in poultry [2]. Avian pathogenic strains present in 50 

poultry products represent a significant risk for human infection [3]. 51 

ExPEC strains are not derived from a single lineage, but rather arise from frequent 52 

recombination within diverse phylogenetic backgrounds [4]. Furthermore, there are no genes that 53 

are universally present in all ExPEC strains. Many specific genes have been shown to contribute 54 

to virulence of individual strains during experimental infections. Among these are genes that 55 

help the bacteria to attach to and invade their hosts, resist the antimicrobial effects of serum, 56 

scavenge for metal ions, or produce toxins [5].  57 

E. coli are also the most frequent cause of bovine mastitis, which is responsible for 58 

billions of dollars in losses annually to dairy producers [6]. The strains that cause mastitis 59 

(Mastitis-Associated E. coli or MAEC) have traditionally been viewed as commensals that cause 60 

disease solely through triggering inflammation in the mammary gland [7]. As with ExPEC, no 61 

single gene is present in all MAEC. Several recent comparative genomic studies of MAEC have 62 

highlighted the diversity of these bacteria [8-12]. They have also noted that some MAEC carry 63 

genes associated with virulence of ExPEC strains [12-14]. The function of these ExPEC 64 

virulence genes in MAEC has not been investigated. As these genes are also commonly found in 65 

commensal strains that are not known to cause extraintestinal disease, their purpose may be to 66 
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facilitate gastrointestinal colonization and persistence [15, 16]. These genes could also increase 67 

bacterial survival and tissue damage during mammary gland (MG) infection by some strains. 68 

Finally, it is also possible that some MAEC are fully capable of causing ExPEC-like disease, and 69 

pathogenesis in extraintestinal sites depends on these virulence-associated genes.  70 

We previously conducted a genome-wide screen to identify fitness factors needed by a 71 

MAEC strain (M12) to grow in milk and colonize mouse MGs [12]. We demonstrated a role for 72 

an individual MAEC gene in mastitis for the first time. An M12 mutant lacking the fecA gene 73 

was unable to grow in milk and was attenuated during MG infection. The fecA gene encodes the 74 

ferric dicitrate receptor and is enriched among MAEC strains [17], but it is not known to 75 

contribute to other ExPEC disease. ExPEC-associated virulence genes were also identified as 76 

potentially contributing to MG colonization. These included genes for group III capsule 77 

biosynthesis identical to those of the K96 serotype [18]. Elimination of the kpsCS capsule genes 78 

from strain M12 resulted in a modest decrease in fitness in mouse MG colonization. The screen 79 

also suggested that the high affinity zinc uptake system encoded by the znuABC genes may be 80 

important in colonizing MGs.  81 

Zinc is an essential cofactor for many enzymes and is essential for bacteria to overcome 82 

oxidative stress generated by innate immune responses. For example, superoxide dismutases 83 

(SODs) utilize different metals as cofactors, and zinc is a cofactor for SodC (CU/Zn-SOD). 84 

Neutrophils sequester zinc by releasing calprotectin during an active infection, thereby inhibiting 85 

SodC function [19, 20]. Infectious bacteria can scavenge for zinc using a variety of mechanisms, 86 

including high-affinity transport systems. The periplasmic zinc-binding protein ZnuA, integral 87 

membrane subunit ZnuB, and ATP-binding subunit ZnuC actively import scarce zinc ions across 88 

the inner membrane. These genes enhance virulence of several bacterial pathogens including 89 
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ExPEC [21-26] but their role in MG colonization is unknown. High numbers of neutrophils 90 

infiltrate infected MGs during mastitis, so it is possible that expression of the Znu proteins 91 

benefit MAEC strains in this environment. 92 

In this study, we investigated the role of the ExPEC-virulence associated znuABC genes 93 

in the M12 strain. We show that a M12 znuABC mutant has decreased survival in mouse MGs. 94 

We also observed that the M12 znuABC mutant has a pronounced growth delay when exposed 95 

to bile salts. Further examination of this growth defect uncovered a link between the presence of 96 

bile salts, zinc uptake and capsule production, where capsule appears to limit bacterial growth 97 

when bile salts are present. Conversely, we demonstrate that capsule synthesis is required for 98 

mastitis strain M12 to cause ExPEC-like disease including urinary tract infection and sepsis. 99 

 100 

RESULTS 101 

Role of znuABC in colonization of mouse mammary glands 102 

Our previous TnSeq analysis suggested that the high-affinity zinc transport system 103 

(znuABC) is essential for MAEC strain M12 to colonize mouse MGs [12]. The znuABC locus 104 

contains two divergently transcribed units; znuCB are transcribed together while znuA is 105 

transcribed divergently (Fig. 1A). Reexamination of our TnSeq data suggested that Tn insertions 106 

in znuA or znuC but not in znuB are detrimental to M12 colonization of MGs [27].  In order to 107 

ascertain the importance of this system, we chose to delete the entire znuABC gene cluster from 108 

strain M12. To confirm that the ΔznuABC mutant strain was sensitive to zinc limiting conditions, 109 

the mutant and the wild type M12 strains were cultured in the presence of the divalent cation 110 

chelator EDTA. The ΔznuABC grew significantly more slowly compared to the wild type strain. 111 

Growth of the ΔznuABC mutant strain resembled that of the wild type when excess zinc was 112 
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added to the media (Fig. 1B). We then tested the fitness of the mutant strain in conditions 113 

relevant to mastitis, including growth in milk and during infection of lactating mouse MGs. 114 

Competition assays demonstrated that loss of znuABC did not significantly affect fitness during 115 

growth in milk, but it resulted in an approximately 10-fold competitive disadvantage compared 116 

to wild type bacteria in mouse MGs (Fig. 1C).  117 

 Effect of znuABC on growth in the presence of bile salts 118 

In these experiments, the competing strains were selected on MacConkey agar plates 119 

after growth in milk or mammary glands. We observed that when the ΔznuABC mutant was 120 

grown on MacConkey agar plates, colonies took 3-4 days to appear, but when grown on LB agar 121 

it grew at the same rate as the wild type strain. Bile salts and crystal violet are the primary 122 

constituents of MacConkey agar that select for Gram-negative enteric bacteria. In order to 123 

determine what was responsible for the delayed growth of the mutant strain, we tested growth in 124 

LB media containing bile salts or crystal violet. While crystal violet had no effect, the ΔznuABC 125 

mutant exhibited a delayed growth phenotype in media containing 2% bile salts (Fig. 2A). Total 126 

growth yield was the same for both wild type and mutant bacteria. The growth rate during 127 

exponential phase appeared to be the same, but the mutant did not enter exponential growth 128 

phase until 12-14 hours after inoculation. 129 

Bile salts have detergent qualities that damage bacterial membranes. To determine if 130 

ΔznuABC had a generalized membrane defect, we investigated whether the ΔznuABC mutant had 131 

attenuated or delayed growth in SDS detergent or polymyxin B antibiotic, both of which can 132 

disrupt membrane integrity. The ΔznuABC did not have a growth defect in either SDS or 133 

polymyxin (Fig. 2B& C). As the ΔznuABC mutant does not have a generalized membrane defect, 134 

our results suggest a novel role for bile resistance that is dependent on zinc utilization. In support 135 
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of this interpretation, addition of supplemental zinc (1 mM) to the media with bile salts 136 

decreased the time it took for the ΔznuABC mutant to enter exponential phase (Fig. 2A).  137 

 138 

Suppressor mutant screen suggests a link between K96 capsule and growth in bile salts  139 

The ΔznuABC mutant grew to the same density as the wild type strain after 24 hours. We 140 

wanted to determine if these bacteria that had grown in the bile salt media would exhibit the 141 

same growth delay when subcultured in the same media. Transfer of these bacteria directly into 142 

LB+bile salts showed that they entered into exponential phase at the same time as the wild type 143 

strain. This suggested that the mutant strain adapted to the bile salts, either through changes in 144 

gene expression or through compensatory mutations or both. We then plated the bile-salt-adapted 145 

mutant strain on LB agar without bile salts to obtain single colonies. These colonies were then 146 

cultured in broth with bile salts (Fig. 3A) to see if the lag in growth reappeared. The “adapted” 147 

mutants grew at the same rate as the wild type strain, suggesting that suppressor mutants readily 148 

arose among the ΔznuABC mutant population in the presence of bile salts. 149 

To identify the genetic basis for these suppressor mutations, we serially passaged ten 150 

separate cultures derived from the ΔznuABC parent strain in the presence of 2% bile salts for 151 

approximately 200 generations. From these cultures, we isolated individual colonies on LB agar 152 

plates and then tested their growth profiles in bile salts compared to the wild type or ΔznuABC 153 

strains (Fig. 3B). All of the colonies we isolated grew more rapidly than the wild type strain in 154 

LB with bile salts. The genomes of the ten suppressor mutants as well as the ΔznuABC mutant 155 

parent strain were sequenced and non-synonymous SNPs within predicted coding regions were 156 

identified (Table 1). Three of the mutants had nucleotide substitutions in the rpoA gene encoding 157 

the alpha-subunit of RNA polymerase. All three mutations are predicted to change asparagine 158 
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294 to a histidine or lysine. Four mutants contained SNPs in the dedD or in ftsK genes that are 159 

predicted to result in non-functional alleles, either eliminating start codons or introducing 160 

premature stop codons. DedD and FtsK are both proteins involved in cell division. Finally, three 161 

suppressor mutants contained SNPs in glycosyltransferase genes found in a cluster associated 162 

with biosynthesis and export of a K96 group III capsule. 163 

These results suggested a link between capsule production and growth in bile salts. 164 

Therefore, we sought to determine whether these glycosyltransferase gene mutations altered 165 

capsule production. We also wanted to determine whether the other suppressor mutants produce 166 

capsule normally. We compared capsule synthesis of M12 wild type, the ΔkpsCS mutant, and 167 

each of the suppressor mutant strains (Fig. 3C) using SDS-PAGE and alcian blue staining. The 168 

suppressor mutants with changes in capsule glycosyltransferase genes did not produce detectable 169 

capsule. Surprisingly, several of the other suppressor mutants also failed to produce capsule, 170 

even though their mutations did not map to predicted capsule loci. This suggested that capsule 171 

production is detrimental to growth of strain M12 in bile salts. To test this directly, growth of the 172 

wild type M12 strain and the ΔkpsCS mutant were compared in LB or LB+2% bile salts (Fig. 3 173 

D&E). Although growth in LB was identical, the ΔkpsCS mutant strain entered exponential 174 

phase more quickly than the wild type strain when bile salts were present. 175 

Our results suggested that capsule may delay exponential growth of the bacteria when 176 

bile salts are present. This raised the possibility that capsule production may be influenced by the 177 

presence of bile salts. To test this, we grew the wild type strain M12 in LB or in LB+2% bile 178 

salts to examine how these conditions affected capsule synthesis. We also tested ExPEC strain 179 

CP9, which belongs to serotype K54. The chemical structure of K54 and K96 capsules are nearly 180 

identical [28]. When analyzed by alcian blue staining of gels, capsule synthesis appeared to be 181 
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strongly repressed in both M12 and CP9 strains when grown in bile salts (Fig. 4A). We also used 182 

flow cytometry to measure capsule attached to intact bacteria. K54 antiserum bound strongly to 183 

both M12 and CP9 bacteria when grown in LB, but far more capsule-negative bacteria were 184 

detected when they were grown in LB + 2% bile salts (Fig. 4B).  185 

Mastitis strain M12 causes urinary tract infection and sepsis in mice 186 

MAEC strains circulate in the digestive tracts of dairy cattle and colonize mammary 187 

glands via environmental contamination. Our results suggest that capsule production may slow 188 

MAEC growth in the digestive tract where bile salts are present. Our previous work had also 189 

shown that the capsule of strain M12 contributes modestly to MG infection but is not required, 190 

which prompted us to further investigate the role of this capsule. Several MAEC strains possess 191 

similar genes for type II or type III capsules. They are required for some ExPEC strains to 192 

colonize the urinary tract and/or bloodstream. To investigate whether strain M12 could also 193 

infect these tissue sites, we used established rodent models of these human infections. First, we 194 

infected mice via intraperitoneal injection to mimic sepsis caused by ExPEC. We compared 195 

strain M12 with strain CP9 that is known to cause sepsis in this model. The wild type M12 strain 196 

was highly virulent in these mice, which exhibited signs of terminal illness and were euthanized 197 

after 24 h. High numbers of bacteria, similar to strain CP9, were recovered from infected spleens 198 

when the mice were sacrificed (Fig. 5A). We also tested whether the K96 capsule was important 199 

for strain M12 to cause sepsis. In contrast to the wild-type strain, mice infected with the M12 200 

capsule mutant strain (ΔkpsCS) appeared healthy and far fewer bacteria were recovered from the 201 

spleens. We then tested whether strain M12 could infect the urinary tracts of mice. As with the 202 

intraperitoneal infections, strain M12 was very successful in the urinary tract, colonizing the 203 

bladders and kidneys of infected mice to high levels (Fig. 5B). The M12 ΔkpsCS mutant also 204 
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efficiently colonized the bladders of the mice. However, the mutant strain was very attenuated in 205 

the kidneys and very few bacteria were recovered (Fig. 5B).        206 

 207 

DISCUSSION  208 

ExPEC are not defined by their lineage or carriage of any particular gene, but rather by 209 

their capacity to colonize specific tissue sites. However, some factors do tend to be more 210 

common in specific pathotypes including P fimbriae in uropathogenic strains [29], aerobactin 211 

siderophore and increased serum survival (iss) in avian pathogenic strains ([30]), and sialic acid 212 

capsule in neonatal meningitis E. coli strains [31]. MAEC strains have not previously been 213 

grouped under the ExPEC umbrella, even though some carry these virulence genes. Recent 214 

efforts to better understand the genomes of MAEC strains have uncovered certain features that 215 

tend to be associated with this group of bacteria [8, 9, 11, 32, 33]. For example, MAEC are more 216 

likely than other strains to express the ferric dicitrate receptor, and this improves bacterial 217 

growth in milk and lactating mammary glands [12]. It is now clear that all E. coli are not equally 218 

capable of causing mastitis and that the disease outcome depends greatly on the nature of the 219 

infecting strain rather than simply on host factors alone. For instance, strains that cause persistent 220 

mastitis tend to be more motile and more resistant to complement than those that cause transient 221 

disease [33]. Our results indicate that some classic ExPEC factors such as capsule and metal 222 

scavenging systems may also enhance growth of some strains in MGs. More frequent systemic 223 

spread or severe tissue damage would logically follow from prolific growth in the udder, and 224 

these ExPEC virulence factors may also contribute to bacterial survival beyond the MG. 225 

Our interest in the role of the znuABC system stemmed from our previous TnSeq data 226 

that indicated it is required for M12 fitness in MGs and during Galleria mellonella infections 227 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 26, 2020. ; https://doi.org/10.1101/2020.06.25.172775doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.25.172775


[12], suggesting that the bacteria experience zinc starvation in these environments. Psoriasin 228 

(S100A7), a zinc-binding protein produced by keratinocytes, is found abundantly in mammary 229 

epithelia and is capable of inhibiting E. coli growth in vitro or in skin lesions [34, 35]. 230 

Neutrophils also employ zinc sequestration as an antimicrobial strategy. They infiltrate infected 231 

MGs quickly after infection and are critical to the containment of the bacteria and limiting tissue 232 

damage [36]. They release calprotectin to significantly limit extracellular zinc. Once inside 233 

phagosomes, the bacteria also face toxic levels of excess zinc. Thus, systems to maintain 234 

homeostasis may be key fitness determinants.  235 

 We were surprised to find that bile salts delayed growth of the M12 ΔznuABC mutant. 236 

Mutants lacking these genes have been made in other E. coli strain backgrounds but no similar 237 

growth defects on MacConkey agar were reported. Whether znuABC mutations in other strain 238 

backgrounds confer growth defects in bile salts deserves further investigation. Bile 239 

concentrations reach levels between 0.2–2.0% in the small intestine [37]. Due to the detergent 240 

properties of bile, it is capable of disrupting bacterial membranes and crossing into the cell, 241 

which can induce DNA damage and oxidative stress [38, 39]. Bacteria employ multiple tactics to 242 

combat the disruptive effects of bile, including outer membrane modifications, efflux pumps, and 243 

DNA repair systems [37]. It is likely that variation of cell envelope features such as capsule or 244 

lipopolysaccharide greatly influence the sensitivity of different strains to bile salt stress. This is 245 

supported by our finding that loss of capsule enabled the M12 znuABC mutant to grow in the 246 

presence of bile salts. The K96 capsule made by M12 consists of glucuronic acid and rhamnose 247 

and has a strong negative charge [28]. It is conceivable that this capsule interferes with zinc 248 

cation movement into the cells when the high affinity Znu system is not present and zinc is not 249 
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readily available. Our results indicate that bile salts may confer this type of stress, reducing the 250 

amount of zinc available for bacterial growth. 251 

To our knowledge, there are no reports of bile salts specifically conferring zinc stress in 252 

other bacteria. However, the secondary bile acid deoxycholic acid can form organometallic 253 

complexes with zinc and other heavy metals which may make them unavailable for import, 254 

potentially affecting gene expression in many enteric bacteria [40-43]. E. coli O157:H7 is 255 

reported to increase expression of iron acquisition genes when exposed to bile, but repress key 256 

virulence genes including shiga toxin and the locus of enterocyte effacement [44]. We found that 257 

both the MAEC strain M12 and the human sepsis strain CP9 repress production of capsule in the 258 

presence of bile salts. These bacteria may benefit from repressing virulence factors while 259 

transiting through the small intestine until the appropriate target sites are reached; the colon in 260 

the case of EHEC, and extraintestinal tissues for M12 and CP9. The relevant sensing 261 

mechanisms and the level at which the regulation is achieved remain to be identified. 262 

Furthermore, it is not yet clear whether the influence of bile salts on capsule production occurs 263 

through its effect on zinc availability or via sensing bile salts directly. Zinc regulation of capsule 264 

production in bacteria is not without precedent; in Streptococcus pyogenes, high levels of zinc 265 

such as are found within neutrophil phagosomes inhibit the phosphoglucomutase enzyme needed 266 

to initiate capsule synthesis [45]. 267 

ExPEC capsules impact pathogenesis in non-uniform ways. More than 100 distinct 268 

capsule types have been described, which are categorized into four groups based on gene 269 

organization and mode of assembly and export [46]. Strain CP9 produces a K54 capsule 270 

belonging to group 3 that has a strong effect on virulence. CP9 mutants lacking this capsule were 271 

highly attenuated in mouse bloodstream infections and in a rat model of abscess formation [47]. 272 
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However, loss of the K54 capsule did not have a measurable effect in the ability of strain CP9 to 273 

colonize mouse bladders or kidneys during urinary tract infections [48]. Most uropathogenic 274 

ExPEC strains produce capsule belonging to group 2. For instance, strain CFT073 produces a K2 275 

capsule that was shown to have a modest effect in promoting colonization in mouse bladders [49, 276 

50] and a more important role in kidneys [49]. In UPEC strain 536, production of the K15 277 

capsule was proven to contribute dramatically to urovirulence in neonatal mice [51]. In these 278 

studies, mortality of the mice was measured and not bacterial loads in the bladder or kidneys, so 279 

it is unclear at which stage colonization was affected.  280 

We have shown that an MAEC strain M12 colonizes both bladders and kidneys during 281 

experimental urinary tract infections and causes lethal sepsis in mice (Fig. 5). In both cases, the 282 

production of K96 capsule was a critical virulence determinant for colonization of kidneys and 283 

spleens. Previously our group showed that this mutant is also highly attenuated in G. mellonella 284 

[12]. It is interesting that the capsules of strains M12 and CP9 are identical but in CP9 the 285 

capsule is dispensable for kidney infection via the urinary tract [48], whereas our results show it 286 

is required in strain M12. Absence of the K96 capsule of M12 did not detectably alter bladder 287 

colonization (Fig. 5) and has a moderate effect in MGs. The exact function of the M12 capsule in 288 

these specific tissues is not yet understood. ExPEC capsules may have a role in avoiding killing 289 

by phagocytes [52]. The capsules of some ExPEC strains are required for serum resistance, while 290 

in other strains the loss of capsule has no effect [53-56]. ExPEC capsule can also help in the 291 

establishment of intracellular bacterial communities within epithelial cells of the urinary tract 292 

[57]. The fact that some MAEC strains carry capsule and other ExPEC virulence genes has been 293 

noted previously, but ours is the first study to show that a MAEC strain is capable of causing 294 

urinary tract infection and sepsis in established models of human disease. Non-pathogens may 295 
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carry ExPEC virulence factors because they promote intestinal colonization rather than infection, 296 

depending on the strain background. However, as we have shown here, some MAEC strains may 297 

not be purely commensals or accidental pathogens, but rather versatile organisms fully capable 298 

of causing human illness in addition to bovine mastitis. 299 

 300 

EXPERIMENTAL PROCEDURES 301 

Bacterial strains and growth conditions 302 

E. coli strain CP9 was generously supplied by xx. E. coli strain M12 and the M12 ΔkpsCS 303 

mutant were previously characterized [12].  E. coli strains were routinely grown in Luria-Bertani 304 

(LB) medium at 37°C. To select for mutant strains or carriage of plasmids, growth medium was 305 

supplemented with chloramphenicol (10 µg/ml), or ampicillin (100 µg/ml) as appropriate. For 306 

milk cultures, whole unpasteurized cow’s milk was obtained from a local supplier and used 307 

immediately or stored at -80°C until use. Growth curves were generated using a Bioscreen C 308 

system (Labsystems Oy, Helsinki, Finland). Bacterial cultures were standardized to 5x10
4
 309 

CFU/mL and absorbance at 600 nm was measured every 15 minutes while continuously shaken 310 

at 37°C. LB growth medium was supplemented with 2% bile salts, 2 μg/ml polymyxin B, 5% 311 

SDS, 100 μM EDTA or 100 μM zinc chloride as appropriate. All chemicals were purchased from 312 

Sigma-Aldrich. For competition assays during growth in milk, equal ratios of M12 and ΔznuABC 313 

mutant was inoculated into whole unpasteurized cow’s milk and incubated at 37°C for 8 h. CFU 314 

ratios of the input and output for M12 and ΔznuABC, determined by plate counts, were used to 315 

calculate a competition index. 316 

Deletion of znuABC 317 

Mutation of znuABC was performed via lambda red recombination in strain M12 carrying the 318 
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plasmid pKD46 [58]. A PCR product was created using pRE112 [59] as a template to amplify 319 

the chloramphenicol acetyltransferase gene, with 50 bp overhangs homologous to the 5’ end of 320 

znuB or the 3’ end of znuA. Bacteria expressing the recombinase enzymes were electroporated 321 

with 500 ng of purified DNA, and potential mutants were selected by plating on LB agar 322 

containing chloramphenicol. Potential mutants were then screened by PCR using primers 323 

flanking the recombination site and also with primers internal to the znuB and znuA genes. The 324 

correct znuABC mutation and absence of other SNPs was also confirmed by whole genome 325 

sequencing (Microbial Genome Sequencing Center, University of Pittsburgh).  326 

Suppressor mutant sequencing, assembly, and annotation 327 

Total DNA was isolated from suppressor mutants using a ZR Fungal/Bacterial DNA MiniPrep 328 

kit (Zymoresearch). DNA sequencing libraries were prepared using the Illumina Nextera DNA 329 

library Prep kit with modifications [60]. DNA libraries were sequenced by Genewiz, Inc. (South 330 

Plainfield, NJ) and Illumina paired-end reads of 150 bp were generated on MiSeq version 2 331 

sequencer. Contigs, annotations and SNP analyses were compiled using EnteroBase [61, 62]. 332 

Capsule isolation and staining  333 

Capsule production was visualized as previously described [63]. Briefly, bacteria were pelleted 334 

from 1 ml of saturated overnight cultures grown in LB broth. The bacterial cells were then 335 

resuspended in 50 µl of PBS and heated to 55°C for 30 min. The capsule material analyzed by 336 

electrophoresis on 10% SDS-polyacrylamide gels and staining with 0.125% alcian blue dye in 337 

40% ethanol–5% acetic acid. 338 

Flow cytometry  339 

Bacteria were grown in LB broth or LB broth supplemented with 2% bile salts for 24 h. 340 

Saturated overnight cultures were diluted 1:100 in 0.1% BSA-PBS with undiluted anti-K54 341 
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rabbit antisera (SSI Diagnostica) and incubated for 30 minutes on ice. Samples were washed 342 

with 0.1% BSA-PBS and stained with Goat anti-Rabbit IgG (H+L) secondary antibody, Alexa 343 

Fluor Plus 594 (Invitrogen) in the dark for 30 minutes. The fluorescence of individual bacterial 344 

cells was measured using a BD Accuri C6 flow cytometer and histograms were generated with 345 

FlowJo™ Software. Negative control samples contained bacteria with the secondary Ab only or 346 

without primary and secondary Ab. 347 

Ethics statement 348 

Mouse experiments were performed in accordance with the recommendations found in the Guide 349 

for the Care and Use of Laboratory Animals of the National Institutes of Health (83). The 350 

protocol was reviewed and approved by the Institutional Animal Care and Use Committees of 351 

Brigham Young University and the University of Utah. 352 

Mouse infections  353 

Mouse mammary gland infections: Lactating C57BL/6 mice between 9 and 12 weeks of age 354 

and 10 to 11 days postpartum were infected as previously described [12]. Briefly, a 50 µl volume 355 

of bacteria containing 250 CFU of both wild type M12 and the ΔznuABC mutant strain in PBS 356 

was injected directly through the teat canal into the ductal network of the 4
th

 left and 4
th

 right 357 

mammary glands of 3 mice using a 33-gauge needle with a beveled end. Pups were removed for 358 

1 to 2 h after injections and then were returned. Mice were euthanized after 24 h and mammary 359 

gland tissue was harvested. Bacterial loads were determined by homogenizing tissue in 1 ml of 360 

PBS, performing serial dilutions and plating on selective agar. CFU ratios of the input and output 361 

for M12 and ΔznuABC, determined by plate counts, were used to calculate a competition index. 362 

Mouse intraperitoneal infections:  Equal numbers of male and female C57BL/6 mice between 363 

9 and 12 weeks of age were used for all infections. Bacteria were grown overnight in LB, 364 
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subcultured to an absorbance of 1.0 at 600 nn, and serially diluted in PBS. A 200 µl volume of 365 

bacteria containing 5x10
5
 CFU in PBS was injected directly into the intraperitoneal cavity using 366 

a 27 ½ -gauge needle. The concentration of each inoculum was determined by serial dilution and 367 

colony counting after 24 h growth on LB agar plates. Mice were monitored for 24 h and spleens 368 

were harvested. Bacterial loads were determined by homogenizing entire spleens in 1 ml of PBS, 369 

performing serial dilutions, and colony counts. 370 

Mouse urinary tract infections:  Adult (~8 weeks) female Swiss-Webster mice (Charles River) 371 

were used in all experiments Bacteria were grown statically from frozen stocks in 20 mL M9 372 

minimum medium for 24 h at 37°C. Bacteria were pelleted at 8,000 RCF for 8 minutes and 373 

resuspended in 3 mL sterile PBS. Mice were inoculated with a 50µl volume (5x10
8
 CFU) via 374 

transurethral catheterization and sacrificed 3 days later. Kidneys and bladders were weighed, 375 

homogenized, and CFU determined by serial dilution and plating.  376 

Statistical analyses 377 

All mouse infection data were analyzed using GraphPad Prism 5.0. The statistical tests 378 

performed as well as the significance values are indicated in the individual figure legends. 379 

 380 

Table 1. SNPs identified in ΔznuABC suppressor mutants with enhanced growth in bile salts. 381 

Strain Gene Mutation Function 

SM1 ftsK 212_213insTGGCAGA Chromosome segregation in cell division 

SM2 CO715_12230 E45Stop Capsule synthesis, Glycosyl transferase family 2  

SM2 folC G421S Dihydrofolate synthase/folylpolyglutamate synthase 

SM3 dedD Q35Stop Cell division protein 

SM4 rpoA N294H RNA polymerase alpha subunit 

SM5 rpoA N294H RNA polymerase alpha subunit 

SM7 rpoA N294H RNA polymerase alpha subunit 
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SM8 dedD V1L Cell division protein 

SM8 CO715_12235 V149G Capsule synthesis, Glycosyltransferase family 1 

SM10 CO715_12210 D15N Capsule synthesis, Glycosyltransferase family 1 

SM10 dedD V1A Cell division protein 

 382 

  383 
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FIGURE LEGENDS 384 

Figure 1. Role of the znuABC zinc transporter in the mastitis-associated E. coli M12 strain.  385 

(A) The znu locus of strain M12 and the 2560 bp region that was deleted to create the ΔznuABC 386 

mutant strain. The normalized TnSeq fitness scores predicted for each gene as calculated by 387 

Rendon et al. [27] are indicated. (B) Growth of M12 wild type and the ΔznuABC mutant in LB 388 

broth containing 0.5 mM EDTA. The mutant displayed a significant delay in growth that was 389 

fully restored with the addition of 100 μM zinc. (C) Competitive fitness of the ΔznuABC mutant 390 

compared with the M12 wild type strain during growth in milk or in mouse mammary glands. 391 

Equal ratios of both strains were inoculated in unpasteurized bovine milk or injected through the 392 

teat canal of lactating mice. Bacterial numbers were determined after 8 hours and 24 hours 393 

respectively. The mutant strain was significantly less fit (*p=0.03125 by Mann-Whitney test) 394 

than the wild-type strain in mammary glands but not in milk. 395 

 396 

Figure 2. Loss of znuABC delays growth of strain M12 specifically in the presence of bile 397 

salts. (A) Growth of M12 or ΔznuABC mutant in LB media containing 2% bile salts. The mutant 398 

strain entered exponential growth phase several hours later than the wild type but had similar 399 

absorbance at 600 nm and during the saturation phase. Addition of 100 μM zinc to the media 400 

decreased the time it took for the ΔznuABC mutant to enter exponential phase. Identical growth 401 

curves of the wild type M12 and ΔznuABC mutant in 5% SDS (B) or 2 μg/ml of polymyxin E 402 

(C) showing that the mutation does not confer a generalized membrane defect.  403 

 404 

Figure 3.  Suppressor mutations in the ΔznuABC background that restore growth in bile 405 

salts also eliminate capsule synthesis. (A) Saturated cultures of the wild type strain and the 406 
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ΔznuABC mutant grown in LB + bile salts and subcultured in the same media exhibited similar 407 

growth rates, suggesting the possibility of suppressor mutations arising in the population. (B) 408 

Ten independently derived suppressor mutants had increased growth in LB media containing 2% 409 

bile salts when compared to the wild type strain. Whole-genome sequencing indicated that 410 

suppressor mutants 2, 8, and 10 contained SNPs that mapped to predicted capsule synthesis 411 

genes. (C) Gel electrophoresis and alcian blue staining shows that 8 of 10 suppressor mutants 412 

produce less capsule than the wild type strain. (D, E) A ΔkpsSC mutant unable to produce 413 

capsule reaches exponential phase faster than the wild type strain when grown in LB with bile 414 

salts but growth in LB is indistinguishable from the wild type strain.  415 

 416 

Figure 4. Growth in bile salts reduces capsule expression by strain M12 and ExPEC strain 417 

CP9. (A) Gel electrophoresis and alcian blue staining of capsule produced by M12 and CP9 418 

grown in LB media or LB media containing 2% bile salts. (B) Capsule measurement by flow 419 

cytometry. In both M12 and CP9, the proportion of bacteria that were positively stained with 420 

K54 α-capsule serum detectable was less when grown in bile salts than in LB alone.  421 

 422 

Figure 5. Virulence of mastitis-associated strain M12 in ExPEC infections depends on 423 

capsule production. (A) M12 wild type, M12 ΔkpsCS mutant and ExPEC CP9 strains (~5x10
5
 424 

CFU) were injected into the intraperitoneal cavity of C57BL/6 mice and bacterial loads in the 425 

spleens were determined at 24 hours. Both M12 wild type and CP9 strains were recovered at 426 

high levels in the spleen while the ΔkpsCS mutant was severely attenuated (p=0.0303 by Mann-427 

Whitney test). (B) Adult female Swiss-Webster mice were inoculated via transurethral 428 

catheterization and sacrificed 72 hours later. Both M12 wild type and ΔkpsCS colonized the 429 
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bladders of the mice to similar levels but in the kidney the mutant strain was not detected 430 

(p=0.0003 by Mann-Whitney test). 431 

 432 
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