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ABSTRACT

We characterized the surface motility of nonpathogenic and pathogenic E. coli strains
with respect to the appendage requirement, flagella versus fimbriae, and the glucose requirement.
Nonpathogenic lab strains exhibited either slow or fast surface movement. The slow strains
required type 1 fimbriae for movement, while the fast strains required flagella and had an
insertion in the fThDC promoter region. Surface movement of three uropathogenic E. coli
(UPEC) strains was fast and required flagella, but these strains did not have an insertion in the
SIhDC promoter region. We assessed swimming motility as an indicator of flagella synthesis and
found that glucose inhibited swimming of the slow nonpathogenic strains but not of the fast
nonpathogenic or pathogenic strains. Fimbriae-based surface motility requires glucose, which
inhibits cyclic-AMP (cAMP) and flagella synthesis; therefore, we examined whether surface
motility required cAMP. The surface motility of a slow, fimbriae-dominant, nonpathogenic strain
did not require cAMP, which was expected because fimbriae synthesis does not require cAMP.
In contrast, the surface motility of a faster, flagella-dominant, UPEC strain required cAMP,
which was unexpected because swarming was unaffected by the presence of glucose. Electron
microscopy verified the presence or absence of fimbriae or flagella. In summary, surface
motilities of the nonpathogenic and uropathogenic E. coli strains of this study differed in the

appendage used and the effects of glucose on flagella synthesis.

IMPORTANCE
Uropathogenic Escherichia coli strains cause 80-90% of community-acquired urinary
tract infections, and recurrent urinary tract infections, which can last for years, and often become

antibiotic resistant. Urinary tract infections can be associated with intra-vesical lesions extending
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from localized trigonitis/cystitis to widely distributed pancystitis: motility may be a factor that
distinguishes between these infection patterns. Nonpathogenic and uropathogenic E. coli were
shown to exhibit fimbriae- and flagella-dependent surface motility, respectively, and the
difference was attributed to altered control of flagella synthesis by glucose. Uropathogenic E.
coli strains grow more rapidly in urine than nonpathogenic strains, which implies differences in
metabolism. Understanding the basis for glucose-insensitive control of flagella-dependent

motility could provide insight into uropathogenic E. coli metabolism and virulence.

INTRODUCTION

Escherichia coli is an extraordinarily successful pathogen which causes a variety of
diseases, including urinary tract infections (1). Uropathogenic E. coli (UPEC) is the predominant
cause of acute and recurrent urinary tract infections, which can become antibiotic resistant and
persist for years (2, 3). In women with recurrent urinary tract infections (rUTIs), the classic
dogma held that these infections occur in an antegrade fashion, with bacteria moving in from the
vagina or perineum and ascending the urethra to finally enter the bladder. So, each episode of
infection was viewed as a recurrent re-infection with the same or a different strain depending on
the urethral flora. This dogma led to rUTI prevention approaches including vaginal hormone
treatments to modify the vaginal pH, improve vaginal trophicity and diminish bacterial
adherence (4). Animal models demonstrated that bacteria can attach to the bladder surface, get
internalized, and thus persist in the bladder wall where they remain protected from the action of
antibiotics (5). Consistent with these findings, recent data from De Nisco and colleagues

demonstrated the presence of bacteria in the bladder wall of women with rUTIs (6).
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For clinicians involved in the care of women with rUTI, the phenotype of these
infections, as observed during office cystoscopy, is markedly variable with some patients
exhibiting chronic inflammatory changes in their bladder primarily at the bladder neck and
trigone (7), while others have more diffuse lesions extending to the lateral walls, bladder base,
dome, and/or anterior bladder wall. In the most extreme situations, the whole bladder can be
covered with lesions of chronic cystitis (pancystitis). For localized infections, an outpatient
endoscopic procedure aimed at cauterizing these chronic sites of infection (electrofulguration)
eliminates these resistant bacterial sites. Long-term data with this fulguration procedure in
women with antibiotic recalcitrant rUTT has yielded adequate control of rUTI in a large
proportion of affected patients (8). Treating diffuse pancystitis is more problematic.

The factors that lead to either a localized or more global infection are not known.
Possible factors are urine composition, bacterial strains’ unique properties, including
polymorphisms, duration of rUTI, natural defense mechanisms and immune system, and degree
of inflammation. Another potential contributing factor is bacterial motility. Bacteria ascend the
urethra to get into the bladder, either as a protective feature (microbiome) or as an invader, and
then learn to survive there, or move further out to invade many or all areas of the bladder wall.
Flagella are important for urinary tract infections in mice: flagella provided a fitness advantage
in the urethra and kidney, but not in the bladder, for strain CFT073 (9), whereas, flagella
provided a fitness advantage in the bladder for strain UTI89 (10). Strain differences may account
for the seemingly conflicting results. Much less is known about the importance of flagella in the
context of human infection.

Flagella are required for swimming and a form of surface motility called swarming.

Surface motility, which has not been studied as extensively as swimming, shows substantial
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86  variation between species (11, 12). In addition to flagella-dependent motility, bacteria also

87  possess flagella-independent surface motility mechanisms (12-14). A few studies have suggested

88 that E. coli surface motility may not require flagella. The first observation of flagella-

89 independent surface motility was made about 20 years ago, but the mechanism was not analyzed

90 (15). A different study provided strong evidence for type 1 fimbriae-dependent surface

91 movement (16). A large-scale genetic analysis of E. coli surface motility showed that loss of type

92 1 fimbriae impaired surface motility and fimbriae were proposed to be required for flagella

93  synthesis (17). Further evidence for flagella-independent surface motility is a requirement for

94  glucose or a related sugar (18). Glucose prevents cAMP synthesis which is canonically required

95 for flagella synthesis (19, 20). In aggregate, these results suggest that, in some strains of E. coli,

96 surface motility may involve fimbriae, not flagella. Fimbriae are essential for UPEC virulence

97 (21, 22), and the basis for this requirement is the well-characterized adhesin FimH, which is the

98 terminal component of the type 1 fimbriae (23).

99 Our goal was to characterize and compare E. coli surface motility in nonpathogenic and
100  uropathogenic E. coli, especially with respect to the requirement for glucose. Our results show
101  that for surface motility in the presence of glucose, several nonpathogenic E. coli strains
102  predominantly used fimbriae, hypermotile derivatives of these strains used flagella, and three
103  UPEC strains used flagella. We also show that glucose inhibited flagella synthesis in the parental
104  nonpathogenic strains, but not in either the hypermotile derivatives of nonpathogenic strains or
105  the UPEC strains. The results highlight variations in surface motility of E. coli strains and are
106  consistent with the possibility that motility variations contribute to differences in urinary tract
107  infection pathology, i.e., localized versus global infections.

108
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109 RESULTS

110  Two types of surface motility in nonpathogenic E. coli lab strains

111 We studied the surface motility of several nonpathogenic E. coli strains, which were

112 mostly from the E. coli genetic stock center. The chosen strains were representative of some

113  common lab strains but were not representative of the diversity of E. coli strains. These strains
114  were in group A of the Clermont classification scheme (24). One set of these strains—W3110-
115 LR, C600, BW25113, and C1—had relatively slow movement that often formed intricate

116  patterns but did not cover the entire plate in 36 hours (Fig. 1A). One slow-moving strain

117  commonly used in our lab, W3110-LR, formed a ring pattern as cells moved outward, which is
118  somewhat reminiscent of the swarming motility of Proteus mirabilis (12). A second set of group
119 A nonpathogens—W3110-GSC, MG1655, RP437, K-12, RA 2000, and AW405—had relatively
120  fast motility that covered the entire plate (Fig. 1B). The two motility patterns were observed for
121 two versions of W3110, W3110-LR and W3110-GSC (Fig. 1). The nonpathogenic strains will be
122 referred to as either NPEC-S (nonpathogenic E. coli slow) or NPEC-F (nonpathogenic E. coli
123 fast). The NPEC-S strains often generated fasting moving sectors (Fig. 1C), which when retested
124  moved faster and uniformly outward, which suggests a stable genetic change.

125

126  Fimbriae-dependent motility of W3110-LR.

127 We chose to further analyze the NPEC-S strain W3110-LR for several reasons. First, the
128  NPEC-F strains appear to be derived from NPEC-S strains. Second, the motility pattern was

129  more reproducible for W3110-LR than other NPEC-S strains. Finally, W3110-LR appeared to
130  generate fewer fast-moving derivatives. A major concern of the surface motility assays was

131 reproducibility. Surface motility assays for NPEC-S strains were less reproducible at 37° C with
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132 respect to when movement began, and how far the strains moved after 36 hours. For these

133 strains, the results were more reproducible at 33° C, which was why the assays were conducted at
134  the lower temperature.

135 W3110-LR surface motility requires glucose, which should inhibit cAMP and flagella
136  synthesis. Using swimming motility as an indication of the presence of flagella, we confirmed
137  glucose control of flagella synthesis for W3110-LR (Fig. 2A). If glucose inhibits flagella

138  synthesis, then flagella should not be required for surface motility in a glucose-containing

139  medium. Consistent with this expectation, surface motility of W3110-LR was unaffected in

140  strains with a deletion of either fliC, encoding the major flagellin subunit (Fig. 2B), or fIhDC,
141  encoding the master regulator of flagella synthesis (Fig. S1). Instead, surface motility involved
142 fimbriae: deletion of fimA, the major component of type 1 fimbriae, abolished the oscillatory

143 pattern and reduced, but did not eliminate, surface motility (Fig. 2B). Type 1 fimbriae bind

144  mannose-containing glycoproteins or glycolipids, and agglutinate yeast (23, 25). Consistent with
145  the presence of mannose-binding type 1 fimbriae, W3110-LR agglutinated yeast, and mannose
146  prevented agglutination (Fig 2C).

147 Phase variation controls fimbriae synthesis in E. coli, and we examined the structure of
148  the promoter region of the fim gene cluster (26). In the phase ON orientation, the promoter

149  transcribes the fim genes, while in the phase OFF orientation, the promoter directs transcription
150 in the opposite direction (Fig. 2E). Two recombinases control the orientation of the fimS$ switch
151  region: the FimB recombinase can change the orientation of fimS into either direction, with a bias
152 to phase OFF; whereas the more active FimE recombinase favors the phase OFF orientation. A
153  culture will contain a mixture of cells in the phase ON and OFF orientation, which PCR analysis

154  can determine: in the phase ON orientation, primers 1 and 2 produce an 884 bp fragment,
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155  whereas in the phase OFF orientation, primers 2 and 3 produce a 394 bp fragment (Fig. 2E).

156  Unexpectedly, the size of the smaller phase OFF fragment was larger than expected in W3110-
157 LR compared to that in MG1655 (Fig. 2D). Sequence analysis of the fim switch region in

158  W3110-LR showed the insertion of an IS1 element in codon 114 of fimE. This insertion may
159  contribute to W3110-LR’s distinctive motility pattern and relative phenotypic stability.

160 We tested whether the residual surface motility of W3110-LR AfliC AfimA, which lacks
161  flagella and type 1 fimbriae, results from the contribution of fimbriae other than type 1 to surface
162  motility (25). Deletions of genes for sfmA, ycbQ, ydeT, yraH, yhcA, yadN, yehD, ybgD, yfcO,
163  yqiG, or csgA into W3110-LR AfliC AfimA did not alter the extent of surface motility (Fig S2A),
164  although the pattern of motility appeared to be somewhat different in some of the triple mutants
165  (Fig S2B).

166

167  Fimbriae- versus flagella-dependent motility.

168 One explanation for the NPEC-F strains and the faster derivatives of the NPEC-S strains
169 is that their movement employs flagella. Several mutations can stimulate expression of flhDC,
170  which specifies the master regulator of flagella synthesis, including insertions in the promoter
171 region of the flhDC operon (27-29). Such an insertion increased flhDC expression 2.7-fold and
172 resulted in 32-fold and 65-fold increases in fliA and flhB expression, respectively (29).

173 We determined the size of the flhADC promoter region of W3110-LR after PCR

174  amplification from a plate with slow- and fast-moving sectors (Fig. 3A). The flhDC region was
175  much larger from faster cells (Fig. 3B, lane 4) than from the overnight starter culture (Fig. 3B,
176  lane 1) and from cells of the slower moving regions (Fig. 3B, lanes 2 and 3). More generally, the

177  flhDC region was larger in all NPEC-F strains compared to the NPEC-S strains (Fig 3C). We
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178  sequenced the PCR products from the amplified fIhDC region of several NPEC-F strains. One set
179  of NPEC-F strains — W3110-CGS, RA2000, and one faster derivative of W3110-LR — had an
180 IS5 element 252 base pairs upstream from the fIhDC transcription start site. A second set of

181  NPEC-F strains — K-12, RP437, MG1655, and a second faster derivative of W3110-LR — had
182  an IS1 element 106 base pairs upstream from the fIhDC transcriptional start.

183 These results suggest that the NPEC-F strains had flagella-dominant movement, while the
184  slower NPEC-S strains had fimbriae-dominant movement. Consistent with this conclusion, loss
185  of fIiC had little or no effect on the slower C600 and BW25113, but impaired movement of all
186  the NPEC-F strains and converted them to derivatives that moved like the NPEC-S strains (Figs
187 4 and S3). Conversely, loss of fimA impaired movement of the NPEC-S strains but had no effect
188  on the NPEC-F strains (Fig. 4). Deletion of both fliC and fimA eliminated movement for all

189  strains, except W3110-LR (Figs. 2B, 4, and S3). In summary, the NPEC-S strains had fimbriae-
190 dominant motility, the NPEC-F strains had flagella-dominant motility, and the latter can be

191  derived from the former.

192 We speculated that fimbriae and flagella synthesis might be reciprocally regulated, as has
193  been shown in Salmonella enterica (30). Therefore, we expressed regulators of flagella and

194  fimbriae synthesis on a plasmid and observed the effects on surface motility. Expression of

195  FIhDC, the master regulator of flagella synthesis, from a plasmid converted W3110-LR to a fast-
196  moving derivative (Fig. S1). The transcriptional regulator FliZ is required for flagella synthesis.
197  FliZ expression from a plasmid inhibited the fimbriae-dominant movement of W3110-LR but
198  was insufficient to convert W3110-LR to a fast-moving strain (Fig. SA). The transcriptional

199  regulator FimZ is required for fimbriae synthesis in S. enterica (31). fimZ expression from a

200  plasmid impaired movement of two NPEC-F strains, MG1655 and W3110-LR PM72 (Fig 5B).
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201  Interestingly, fimZ overexpression converted W3110-LR PM72 movement to the ringed pattern
202  of the parental W3110-LR strain (Fig. 5B). The results suggest that type 1 fimbriae and flagella
203  synthesis are reciprocally regulated.

204

205  Surface motility in UPEC strains

206 We examined the motility of three UPEC strains: UTI89, PNK_004, and PNK_006.

207  UTIR9 is a well-studied model UPEC organism, while the other two strains were isolated from
208  postmenopausal women with rUTIs. All three UPEC strains exhibited surface motility similar to
209  that of the NPEC-F strains (Fig. 6). For all three strains, loss of flagella substantially reduced
210  motility (Fig. 6). For the well-studied UTI89, loss of FimA had little effect on surface motility,
211 and loss of both FimA and FliC eliminated motility (Fig. 6A). The flhDC promoter region of
212 these strains was sequenced after PCR amplification and shown to lack insertion elements. About
213 75% of UPEC strains are in group B2 of the Clermont classification scheme (32, 33), but the
214 strains in this study—UTI89, PNK_004, and PNK_006—were in groups B2, D, and A,

215  respectively. Although the NPEC-S strains and PNK_006 are in the same clade, they have

216  different types of surface motility, which indicates that membership in a specific group cannot
217  account for the difference in surface motility.

218

219  Glucose and cAMP control of flagella synthesis and motility

220 The three motility strain types —NPEC-S, NPEC-F, and UPEC strains — can move on a
221 surface with glucose in the medium. Such movement is unexpected for flagella-dependent

222 motility, since glucose should prevent flagella synthesis, which requires cAMP. We examined

223 the effect of glucose on swimming motility, which absolutely requires flagella, as a measure of

10
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224 glucose control of flagella synthesis. Without glucose, four NPEC-S strains — W3110-LR,

225  BW25113, AW405, and C600 — swam well and penetrated 0.25% agar (Fig. 7A). However,
226  with glucose, these strains did not penetrate 0.25% agar, but instead moved on the surface (Fig.
227  7A). With or without glucose, three NPEC-F strains — MG1655, W3110-GSC, and RP437 —
228  swam into 0.25% agar (Fig. 7B). Gas bubbles were readily apparent for MG1655 and RP437 in
229  glucose-containing agar, which probably resulted from glucose metabolism: the gas bubbles will
230  form only if the bacteria penetrate into the agar. Curiously, W3110-GSC entered the agar and
231 swam, but did not produce gas bubbles. Like the NPEC-F strains, the three UPEC strains swam
232 into 0.25% agar with and without glucose, and gas bubble formation was readily apparent in

233 glucose-containing agar (Fig. 7C).

234 We then examined the effect of loss of cAMP on swimming and surface motility. For the
235  NPEC-S strain W3110-LR, loss of either CyaA (adenylate cyclase) or Crp (cAMP receptor

236  protein) eliminated swimming motility, which shows that cAMP controls flagella synthesis (Fig.
237 8). W3110-LR surface motility does not require cAMP, although the motility pattern of these
238  mutants differed somewhat from their parent (Fig. 8). This result is consistent with flagella-

239  independent surface motility. For UTI9, loss of cyaA prevented swimming at early times during
240  the assay but flares frequently appeared: the motility pattern was neither uniformly outward nor
241  reproducible and may suggest acquisition of mutations that increased flagella synthesis. The

242 surface motility pattern of UTI89 AcyaA was substantially impaired, and flares did not develop
243 (Fig. 6A). This result is consistent with cAMP-dependent control of flagella synthesis in UTI89
244 during swimming and surface motility.

245

246  Electron microscopy of cells collected from surface motility plates

11
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247 Electron microscopic images were taken of cells directly removed from surface motility
248  plates, and the electron microscopy confirmed the genetic results. For the NPEC-S strain

249  W3110-LR, fimbriae were readily apparent, and none of the hundreds of cells observed

250  expressed flagella (Fig. 9). A mixed population of elongated (3-4 um) and non-elongated (<2
251  um) cells were visible, and fimbriae were mostly associated with elongated cells (not shown).
252 Cells of the NPEC-F strain MG1655 were flagellated (Fig. 9), which is consistent with more
253 rapid, flagella-dominant surface motility (Fig. 4). Cells of a MG1655 AfliC mutant lacked

254  flagella but possessed fimbriae (Fig. 9) which is consistent with their slower surface motility
255  (Fig. 4). Cells of the pathogenic strains UTI89 and PNK_006 were also flagellated, which is
256  consistent with their rapid flagella-dominant surface motility (Figs 6C and 9). Cells of a UTI89
257  AcyaA mutant lacked flagella and fimbriae (Fig. 9), which is consistent with its defective surface
258  motility. From these results and those in the previous section, we conclude that cAMP controls
259  flagella synthesis in UTI89. W3110-LR AfliC AfimA lacked an observable appendage (Fig. 9),
260  but still possesses weak surface motility (Fig. 2B).

261

262  DISCUSSION

263 Fig. 10 summarizes the main results. The most unexpected result was observed for the
264  UPEC strains: glucose did not inhibit flagella synthesis, but flagella synthesis still required

265 cAMP.

266

267  Fimbriae-mediated surface motility in NPEC-S strains

268 The results from two previous studies are consistent with fimbriae-dependent surface

269  motility for some strains of E. coli. One study convincingly showed that a slow-moving strain of
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270  MGI1655 (the version from the E. coli Genetic Stock Center moves rapidly) required type 1

271  fimbriae (16). The other study analyzed the surface motility of Keio collection strains —

272 derivatives of the NPEC-S strain BW25113— that contain deletions of most non-essential genes
273 (17). Deletion of type 1 fimbriae genes impaired surface motility. But instead of concluding that
274 fimbriae were required for surface motility, it was proposed that fim gene expression was

275  required for flagella synthesis. The first problem with this conclusion is that available evidence
276  supports a reciprocal relationship between fimbriae and flagella expression (Fig. 5) (30, 34). The
277  second problem with this conclusion is that the parental strain that was used for comparison,
278  W3110, was not isogenic with BW25113. If W3110 was from the E. coli Genetic Stock Center,
279  then it is an NPEC-F strain because of an insertion in the fI/ADC regulatory region (Fig. 1). In
280  contrast, the insertion-free BW25113 has fimbriae-mediated motility (Fig. 4).

281

282  Glucose and surface motility

283 An unexpected and remarkable observation is flagella-mediated motility in the presence
284  of glucose, and two examples of such motility were provided: NPEC-F and UPEC strains. The
285  simplest explanation for the former is that the insertion bypasses the cAMP requirement for

286  flhDC expression, but that glucose still controls cAMP synthesis. For the UPEC strains, a

287  different mechanism must account for glucose insensitivity, since these strains do not have an
288 insertion in the fThDC region, and cAMP still controls flagella synthesis, at least in UTI89. We
289  suggest that glucose does not control cAMP synthesis in these strains. The basis for such

290  dysregulation is currently under study.

2901

292  The mechanism of fimbriae-mediated motility.
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293 Fimbriae-mediated motility is called twitching and has been extensively studied in

294 Pseudomonas aeruginosa. Such movement requires type IV pili (35). Instead, we showed that
295  NPEC-S strains use type 1 fimbriae for surface motility. Type 1 fimbriae are normally associated
296  with adhesion to mannose-containing glycoproteins or glycolipids (36). Since agar is made of
297  galactose in various forms, fimbriae should not bind tightly to the surface of the motility plate.
298  FimH might bind weakly to the agar, since the nonspecific binding of FimH to surfaces without
299  mannose has been proposed (37). The basis for motility may be the inherent flexibility of

300 components of the type 1 fimbriae (38). FimH, the mannose-binding lectin of the fimbriae, and
301 FimA, the major fimbrial subunit, undergo large conformational changes in response to shear
302 force. However, shear forces are unlikely on plates and are not obviously driving these

303 conformational changes. We suggest that (a) fimbriae-mediated surface motility requires

304 conformational changes in the fimbriae, and (b) in the absence of shear force, intracellular

305 factors, e.g., metabolism, affect the conformation of the fimbriae.

306

307 The function of surface motility during uropathogenesis.

308 Under the conditions of our assays, the UPEC strains expressed flagella. In contrast,
309  bacteria isolated from the urine of UTI patients generally express fimbriae (39). However,

310 another study suggests that urine decreases the function and expression of type 1 fimbriae (40).
311  In any case, fimbriae must be present for the attachment and invasion of epithelial cells (23).
312 Urea is one factor that can induce fimbriae synthesis, which may explain the presence of

313  fimbriae on bacteria in urine (41). FimH binds uroplakin Ia, and the uroplakins — composed of
314  uroplakin Ia, Ib, II, and Illa subunits — cover 90% of the urothelium in a crystalline-like array

315  (42). The uroplakin subunits are glycoproteins with either high mannose or complex N-glycans

14


https://doi.org/10.1101/840991
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/840991; this version posted November 13, 2019. The copyright holder for this preprint (which was

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY-NC-ND 4.0 International license.

(42). If the mannose residues are not highly exposed, then fimbriated bacteria may move until a
region is reached that has exposed mannose. Once bound, fimbriae binding and expression
increase (38, 43). If this sequence of events occurs, then fimbriae-mediated motility could help

establish some infections.

Concluding remarks

Most studies of E. coli surface motility have involved nonpathogenic strains. Results
from these studies should take into account that such strains have two types of surface motility,
and that such studies probably involved NPEC-F derivatives of NPEC-S strains. Conclusions
from NPEC-F strains should be drawn with caution. In NPEC-F strains, flagella synthesis
appears to be cAMP-independent because of an insertion in the fI/hDC region, but other cAMP-
dependent genes should not be expressed. In contrast, the UPEC strains appear to synthesize
cAMP in the presence of glucose, and unlike the NPEC-F strains, other cAMP-dependent genes
should be expressed.

A possible basis for glucose-insensitive flagella synthesis is glucose-insensitive cAMP
synthesis. One type of glucose insensitivity is a structural alteration in the cAMP receptor
protein. The altered form of CRP, called CRP*, activates transcription without cAMP. CRP* has
large and unexpected transcriptional effects, including major changes in metabolic pathways
(44). The presence of a CRP*-like protein in UPEC strains can be excluded, at least for UTI89,
since flagella synthesis still requires cAMP. Nonetheless, the dysregulation of cAMP synthesis
that is implied by glucose-insensitive flagella synthesis is likely to have metabolic consequences.

UPEC strains grow faster in urine than nonpathogenic strains (45), and the difference in growth

15
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338 rate likely involves several metabolic adaptations. The uncoupling of glucose control of flagella
339  synthesis may be indicative of other UPEC-specific metabolic adaptations.

340

341  Material and Methods

342  Bacterial strains and plasmids

343 Table 1 lists the bacterial strains used in this study and their source. Except for W3110-
344 LR, all other E. coli wild-type strains were obtained from Coli Genetic Stock Center at Yale

345  University. Clinical isolates of uropathogenic E. coli were collected at University of Texas

346  Southwestern Medical School from patients suffering from recurrent urinary tract infections (6).
347  When constructing the mutant strains, an antibiotic resistance gene replaced the gene of interest.
348  The marked allele was transferred into the appropriate recipient by P1 transduction (46), and the
349  antibiotic gene was removed using the plasmid pCP20, as previously described (47).

350 Media and growth conditions

351 For growth on solid medium, strains were streaked on LB agar plates (10 g/l tryptone, 5
352 g/l yeast extract, 5 g/l NaCl, 15 g/l Difco agar) and incubated at 37°C for 15 h. Except for

353  motility assays, bacteria were grown in LB broth at 37° C with aeration (250 rpm) for 12 h. For
354  mutants that are km", 25 ug ml! kanamycin was added to the medium. For surface motility and
355  swim assays, a single colony from an LB plate was inoculated into liquid motility medium (1%
356  tryptone, 0.25% NaCl, 0.5% glucose) and allowed to grow for 6 h prior to inoculation.

357  Motility Assays

358 Surface motility: Bacterial strains were streaked on LB and after overnight growth a

359  single colony was inoculated in 1 ml of the liquid swarm medium and incubated at 37° C for 6 h

360  with aeration. Surface motility plates (1% tryptone, 0.25% NaCl, 0.5% glucose, 0.45% Eiken
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361  agar) were allowed to dry at room temperature for 4-5 h after pouring. One microliter from the 6
362  h culture was inoculated on to the center of the surface motility plate. Plates were placed in a
363  humid incubator set at 33° C for nonpathogenic strains or at 37°C for UPEC strains, and surface
364  motility was documented at 36 h. Assays for the nonpathogenic strains were conducted at 33° C
365  because of less variability than at 37° C. The source of the variability was when movement

366  started.

367 Swimming motility: Bacterial strains were streaked on LB, and a single colony was

368 inoculated into 1 ml of liquid swarm medium and allowed to grow for 6 h. Swim plates (1%

369  tryptone, 0.25% NaCl, 0.25% Eiken agar) were stab inoculated at the center with 1 pl from the 6
370  h culture, incubated at 33° C for 16 h in a humid incubator.

371  Determination of the orientation of fimbrial promoter containing invertible region

372 The orientation of the invertible DNA fragment containing the fimA promoter was

373  determined using a PCR-based method. The region containing the fim invertible region and

374  adjacent genes was PCR amplified using 3 primers: primer 1 is 5°-

375 CCGCGATGCTTTCCTCTATG-3’; primer 2 is 5’-TAATGACGCCCTGAAATTGC-3’; and
376  primer 3 is 5’-TGCTAACTGGAAAGGCGCTG-3’ (shown schematically in Fig. 2E). For one
377  strain, two separate PCR reactions were conducted: one with primers 1 and 2, and the other with
378  primers 1 and 3. The cells in the phase ON and OFF orientations gave bands of 884 and 394 bp,
379  respectively (Fig. 2E). Multiple PCRs from different colonies of the same strain were performed.
380  Electron microscopy

381 Cells from surface motility plates were collected and fixed with 2.5% glutaraldehyde.
382  Bacteria were allowed to absorb onto Foamvar carbon coated copper grids for 1 min. Grids were

383  washed with distilled water and stained with 1% phosphotungstic acid for 30 s. Samples were

17
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384  viewed on a JEOL 1200 EX transmission electron microscope at the UT Southwestern Medical
385  Center.

386  Agglutination assay

387 The ability for type 1 fimbriae to agglutinate yeast cells was assessed as previously

388  described (25). Briefly, 50 ul of a culture grown to stationary phase in LB was washed with
389  phosphate buffered saline. Yeast (Saccharomyces cerevisiae) was grown overnight, and 50 pl
390  was washed with phosphate buffered saline. The washes contained 0.1 M D-mannose for the
391  assays with D-mannose. Yeast cells and bacterial cells were mixed (1:1) on a glass slide and
392  agglutination was observed after 10 min.

393
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536  Table 1. E. coli strains and plasmids of this study

Nonpathogenic parental Derivatives constructed (a) Parental source
strains

AW405 CGSC (b)
B CGSC
BW25113 AfliC, AfimA, AfliC AfimA CGSC
C-1 AfliC, AfimA, AfliC AfimA CGSC
C600 AMIIC, AfimA, AfliC AfimA CGSC
K-12 AfliC, AfimA, AfliC AfimA CGSC
MG1655 AMIC, AfimA, AfliC AfimA CGSC
RA2000 AfliC, AfimA, AfliC AfimA CGSC
RP437 AIC, AfimA, AfliC AfimA CGSC
W1485 CGSC
W3110-GSC AIC, AfimA, AfliC AfimA CGSC
W3110-LR MIC, AfimA, AfliC AfimA, Acrp, Lab stock

AcsgA, AcyaA, AsfmA, AyadN,
AybgD, AycbQ, AydeT, AyehD,
AyfcO, AygaZ, AyhcA, AyqiG,

AyraH
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W3110-LR PM72 (hypermotile)

Pathogenic parental strains

UTI8Y (UPEC cystitis isolate

(O18:K1:H7))

PNK_004

PNK_006

Plasmids

pCP20

Empty ASKA

ASKA fimA

ASKA fliZ

ASKA fimZ

537

AfliC, AfimA, AfliC AfimA, AcyaA

AfliC

AfliC

Red recombinase expression

plasmid

ASKA(—) plasmid control vector

ASKA (-) plasmid with fimA gene

ASKA (—) plasmid with fliZ gene

ASKA (—) plasmid with fimZ gene

This study

Lab stock

(6)

(6)

47)

(48)

(49)

(49)

(49)

538 a. All derivatives were constructed by P1 transduction as described in Methods.

539  b. CGSC: these strains were obtained from the E. coli Genetic Stock Center at Yale University.
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540  Figure 1
541

W3110-LR BW25113 E. coli C1

E. coli K-12 RA 2000

BW25113

542

543  Fig 1. Surface motility phenotypes of several strains of E. coli. Strains exhibiting (A) slower
544  patterned surface motility; (B) faster uniformly outward motility; and (C) slower strains with
545  fast-moving sectors (arrows).

546

27


https://doi.org/10.1101/840991
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/840991; this version posted November 13, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

547  Figure 2
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549

550 Fig 2. Properties of W3110-LR. Panel A, swimming motility with and without 0.5% glucose.
551  Panel B, surface motility of parental and derivatives lacking the major subunits of the flagella
552 (FliC), fimbriae (FimA), or both. Panel C, yeast agglutination assay as a measure of the presence
553  of type 1 fimbriae. Panel D, PCR bands of the invertible fim promoter region of W3110-LR and
554  MGI1655. Panel E, schematic of the fim operon region.

555
556

557
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558  Figure 3
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560
561

562  Fig 3. The size of flhDC promoter region for fast- and slow-moving strains. (A) W3110-LR

563  surface motility with two slow-moving sectors, regions 2 and 3, and a fast-moving sector, region
564 4. (B) Agarose gel electrophoresis of the PCR-amplified fIhDC promoter region from fast-

565 moving MG1655 (left-most lane), overnight starter culture of W3110-LR (lane 1), and cells from
566  regions 2, 3, and 4 shown in part A. (C) Agarose gel electrophoresis of the PCR amplified flhDC
567  promoter region from various non-pathogenic E. coli strains.

568
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569  Figure 4

AFIiC DfimA

W3110 GSC

MG1655

570
571

572  Fig 4. Surface motility of two NPEC-F strains, W3110-GSC and MG1655, and two NPEC-S
573  strains, C600 and BW25113, with deletions of fliC (major flagella subunit), fimA (major fimbriae
574  subunit), or both.

575
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576  Figure 5
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578
579

580  Fig 5. Cross regulation of flagella and fimbriae. (A) Movement of the slow-moving fimbriae-
581  dominant W3110-LR with fliZ expressed on an ASKA plasmid. IPTG controlled fliZ expression.
582  (B) Movement of the fast-moving flagella-dominant strains, MG1655 and W3110 PM 72 (a

583  derivative of W3110-LR). The fimZ gene was expressed on an ASKA plasmid, and IPTG

584  controlled fimZ expression.

585
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586  Figure 6

587
A
B
588
589

590  Fig 6. Surface motility of three different UPEC strains. (A) UTI89 and derivatives with deletion
591  of fliC (flagella), fimA (fimbriae), both fliC and fimA, and cyaA. (B) PNK 004 and a AfliC
592  derivative. (C) PNK 006 and a AfliC derivative.

593
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594  Figure 7
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so06 A

597

-glucose

598

599

600

601

+glucose

602
603

604 B MG1655

606

-glucose

607

608

609

+glucose

610

611
612
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614

615
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618
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619

620

621  Fig 7. Swimming motility with and without glucose. (A) NPEC-S strains; (B) NPEC-F strains,
622 and (C) UPEC strains.
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623  Figure 8

624 W3110 W3110 AcyaA W3110 Acrp

Swimming motility

625

Surface motility

626

627  Fig 8. Swimming and surface motility of W3110-LR with deletions of cyaA and crp.
628
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629  Figure 9

630 W3110-LR

MG1655 AfliC

631
632

UTI89 AcyaA PNK_006

633

634

635  Fig 9. TEM images of cells taken directly from surface motility plates. The bar represents 1 um.
636
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637  Figure 10
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639

640  Figure 10. Summary of appendages during movment of nonpathogenic (commensal) and
641  uropathogenic E. coli

642

643
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644
645  Supplementary Figure 1
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647
648  Fig S1. Surface motility of W3110-LR, W3110-LR AflhDC, and W3110-LR with a plasmid

649  containing the flhDC operon expressed from a lacZ promoter.
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665

666  Supplementary Figure 2
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670
671
B
AfliC AfimA (DM) DM AyraH DM Ayqig DM AyhcA
DM AybgD
674
675

676  Suplementary Figure 2. (A) Diameters of surface motilities for the W3110-LR AfliC AfimA
677  double deletion mutant (DM) and derivatives with deletion of the indicated genes. (B) The

678  surface motility of W3110-LR AfliC AfimA (DM) and several derivatives.
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679  Supplementary Figure 3
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684

685  Suplementary Figure 3. Surface motility of three NPEC-F strains and derivatives lacking fliC
686  (flagella), fimA (type 1 fimbriae), or both.

687
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