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ABSTRACT The canonical function of a bacterial sigma (o) factor is to determine the
gene specificity of the RNA polymerase (RNAP). In several diverse bacterial species, the
o>* factor uniquely confers distinct functional and regulatory properties on the RNAP.
A hallmark feature of the o>*RNAP is the obligatory requirement for an activator
ATPase to allow transcription initiation. Different activator ATPases couple diverse envi-
ronmental cues to the o>*RNAP to mediate adaptive changes in gene expression.
Hence, the genes that rely upon o>* for their transcription have a wide range of differ-
ent functions suggesting that the repertoire of functions performed by genes, directly
or indirectly affected by >4 is not yet exhaustive. By comparing the growth patterns
of prototypical enteropathogenic, uropathogenic, and nonpathogenic Escherichia coli
strains devoid of o4, we uncovered that the absence of o> results in two differently
sized colonies that appear at different times specifically in the uropathogenic E. coli
(UPEQ) strain. Notably, UPEC bacteria devoid of individual activator ATPases of the
o>*-RNAP do not phenocopy the ¢>* mutant strain. Thus, it seems that o>#s role as a
determinant of uniform colony appearance in UPEC bacteria represents a putative
non-canonical function of o->* in regulating genetic information flow.

IMPORTANCE RNA synthesis is the first step of gene expression. The multisubunit RNA
polymerase (RNAP) is the central enzyme responsible for RNA synthesis in bacteria. The
dissociable sigma (o) factor subunit directs the RNAP to different sets of genes to allow
their expression in response to various cellular needs. Of the seven o factors in
Escherichia coli and related bacteria, o>* exists in a class of its own. This study has uncov-
ered that o>* is a determinant of the uniform growth of uropathogenic E. coli on solid
media. This finding suggests a role for this o> in gene regulation that extends beyond
its known function as an RNAP gene specificity factor.
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microcolonies, transcription

entral to bacterial gene expression is transcription, which is the step where RNA syn-
thesis occurs. Transcription in bacteria is catalyzed by the multisubunit enzyme, RNA
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Role of o-**in UPEC

conditions of nitrogen adversity (2) and found in genomes of many phylogenetically
diverse bacteria, exists in a class of its own (3, 4).

The 079 and o5 classes of o factors confer distinct regulatory properties upon the
RNAP. The o7° class of o factors (referred to as o7° for simplicity) direct the RNAP to
promoters with conserved sequences centered at —35 and —10 bp (bp) upstream
from the transcription start site (+1 site). In contrast, o->* directs its RNAP to promoters
characterized by conserved sequences located at —24 and —12 bp upstream of the
+1 site. The initial binding of the RNAP to the promoter results in a closed promoter
complex (RPc). Regulation of transcription at most o7°-dependent promoters often
occurs to either stimulate or antagonize RPc formation. The RPc at o7°-dependent pro-
moters is usually short-lived and either dissociates or spontaneously isomerizes to the
transcriptionally proficient open promoter complex (RPo). In the RPo, the promoter
DNA strands are locally melted, such that the single-stranded +1 site is positioned in
the catalytic cleft of the RNAP to allow the initiation of RNA synthesis. The RPc at o>*-
dependent promoters rests in a ‘ready-to-respond’ state for RPo formation. Conversion
of the RPc to RPo at o>*-dependent promoters requires a specialized activator ATPase.
Different activator ATPases sense and couple diverse environmental and intracellular
signals to activate specific sets of o>*dependent promoters. The activator ATPase
binds to cognate DNA sites, called enhancers, located ~100 to 150 bp frequently
upstream, but sometimes downstream, of o->*-dependent promoters. The interaction
between the enhancer-bound activator ATPase and the RPc occurs via a DNA-looping
event and results in ATP hydrolysis-dependent conformational rearrangements in the
>4, the catalytic subunits of the RNAP, and the promoter DNA to allow RPo formation.

The reliance on different specialized activator ATPases allows the o->%-containing RNAP
(0>*-RNAP) to rapidly activate specific transcription programs to respond to a particular
growth condition. As such, the products of genes that depend on o>* have a wide range of
different functions in E. coli and several related bacteria, but no obvious single theme
appears in the repertoire of functions performed by their products (5). Many animal and
plant-pathogenic bacteria rely on the ¢->* for transcription of genes linked to virulence or vir-
ulence-associated processes (reviewed in reference (6)). E. coli is a commensal inhabitant of
the mammalian gastrointestinal tract, but E. coli lineages have acquired specific virulence
characteristics, which confer them the capacity to adapt and thrive in specific host niches,
causing significant morbidity and mortality as human pathogens. Although pathogenic E.
coli can cause intestinal/enteric and extraintestinal infections, both with the potential to lead
to serious systemic disease, most of our knowledge of the involvement of o>* in E. coli
pathogenesis is limited to studies on the intestinal pathogen, enterohemorrhagic E. coli
(EHEQ). To establish in the host, EHEC bacteria must overcome the acidic gastrointestinal
environment and the ¢>* is involved in the cascade of processes associated with conferring
acid resistance and attachment to intestinal cells for competitive host colonization (6-9).

Uropathogenic E. coli (UPEC) are members of extraintestinal pathogenic E. coli and
are the major causative agent of urinary tract infections (UTIs) worldwide. UTls are
among the most common bacterial infections in humans in community and nosoco-
mial settings. UPEC infections range in severity and are a health care problem com-
pounded by the emergence of antibiotic-resistant UPEC isolates (reviewed in referen-
ces (10, 11)). UPEC bacteria normally reside in the gastrointestinal tract but cause
disease when they gain entry to the urinary tract leading to cystitis, the most common
form of UTI. UPEC bacteria also invade the cytoplasm of uroepithelial cells, replicate
and form intracellular bacterial communities (IBCs). Although the host immune system
may remove some of the IBCs and excrete them with the urine, the remaining bacteria
can exist as a biofilm resistant to host immune responses and antibiotic treatment.
Some UPEC bacteria can escape from the biofilm and disseminate into the bladder
lumen causing recurrent episodes of cystitis. Some can ascend into the kidneys causing
pyelonephritis, and some may also spread from the urinary tract to the bloodstream caus-
ing bacteremia. Therefore, UPEC bacteria need to efficiently adjust their transcriptional
programs to adapt and survive in diverse host environments, resist assaults from the host’s
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FIG 1 The growth properties of strains of E. coli lacking o>* Images of colonies on LB agar plates incubated at 33°C for 48 h
containing wild-type (left), ArpoN (middle) or ArpoN + rpoN (right) of E. coli strains (A) CFT073, (B) NCM3722, and (C) EDL933. The
two differently sized colonies seen on plates containing the ArpoN CFT073 strain are indicated with white (big colony) and orange
(small colony) arrows in the inset in (A).

immune system, and tolerate antibiotic therapy (12-14). Although previous studies have
shown markers of nitrogen limitation to be upregulated in UPEC isolated from the urine of
both UPEC-infected mice and women with UTls, suggesting o> is likely required in the
coordination of the nitrogen stress response under these conditions (14, 15), little, if any,
information exists on the role of ¢>* in UPEC physiology and pathogenesis. We report a
hitherto unexpected role for o>* in the UPEC strain CFT073, which was originally isolated
from the blood and urine of a woman suffering from pyelonephritis (16).

RESULTS

The growth properties of different E. coli strains lacking 454 We generated a
ArpoN CFT073 strain and, intriguingly, when plated onto LB agar plates, we consistently
observed two differently sized colonies following 48 h of incubation at 37°C (Fig. TA). In
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contrast, the wild-type CFT073 colonies were more uniform in size. The difference in the
colony size observed with the ArpoN CFT073 strain was reversible when rpoN was exoge-
nously supplied via a low copy number plasmid from its native promoter (pACYC-rpoN).
Although the protein sequence of ¢>* in CFT073 differed by two amino acids in
NCM3722 (a prototypic wild-type K-12 E. coli strain related to strain MG1655; (17)) but
was identical to EDL933 (an EHEC strain), we did not detect any obvious difference in col-
ony size when the ArpoN NCM3722 or the ArpoN EDL933 strains were plated onto LB
agar plates. In addition, the mutant colonies resembled those formed by the respective
wild-type strains (Fig. 1B and C, respectively).

To better understand how o4 contributes to the growth dynamics of the three dif-
ferent E. coli strains on LB agar plates, particularly the CFT073 strain, we used a method
called ScanLag (18). This involves putting the inoculated LB agar plates into a conven-
tional office scanner, which was placed in a 33°C incubator and periodically (in this
case, every 20 min) activating the scanner to measure the appearance time (in hours;
h) of individual colonies and their apparent growth rate. The growth rate was
expressed in pixels?/h (px2/h), which represented the area the colony increased hourly
as measured in pixels? from the image (where a diameter of 1-pixel measures approxi-
mately 0.1 mm) and was calculated during the first 6 h after the initial detectable
appearance of colonies. To inoculate the bacteria onto LB agar plates, we subcultured
LB liquid cultures of the wild-type, ArpoN and ArpoN + pACYC-rpoN bacteria that were
grown overnight into fresh LB liquid medium and grew the bacteria for 5 h at 37°C. At
this stage, the bacteria were in the early stationary-phase of growth (see below), and
we plated 100 uL of each culture diluted by approximately 107> to 107¢ for the
ScanLag experiment. For the ArpoN CFT073 strain, we initially used a ‘big’ colony (see
Fig. TA) for the ScanLag experiments. The wild-type CFT073 strain had a doubling time
of ~0.66 h in LB liquid medium (Fig. 2A), and its colonies appeared ~10 h after incuba-
tion and had an apparent growth rate of ~33 px?/h (Fig. 2B). The ‘big’ colony of the
ArpoN CFT073 strain had a slightly longer doubling time in LB liquid medium com-
pared to the wild-type strain (Fig. 2A). Notably, the appearance time of about half the
proportion of the ArpoN CFT073 colonies (referred to as M1) was delayed by ~5 h
compared to the wild-type strain and had an apparent growth rate of ~22 px2/h, while
the appearance time of the remaining proportion of the ArpoN CFT073 colonies
(referred to as M2) was delayed by ~20 h compared to the wild-type strain and had an
apparent growth rate of ~6 px?/h (Fig. 2B). Here after, we refer to the appearance pat-
tern of the ArpoN CFT073 colonies as heterogeneous. The colonies of the ArpoN
CFT073 bacteria containing plasmid pACYC-rpoN, which exogenously produces o>*
from its native promoter, as expected, neither displayed a growth defect in LB liquid
medium (Fig. 2A) nor the heterogeneous colony appearance pattern (Fig. 2B). We then
picked the M1 and M2 colonies from the LB agar plate, created an overnight inoculum
in LB liquid media, and compared their growth properties in fresh LB liquid medium
and Scanlag experiments. As shown in Fig. 2C, the doubling time of the bacteria from
the M1 and M2 colonies did not differ, suggesting that the slow apparent growth rate
of the M2 colony on LB solid medium is reversible in LB liquid media. Consistent with
this view, in ScanLag experiments, bacteria that were grown from M1 and M2 colonies
displayed an indistinguishable heterogeneous appearance pattern on LB agar plates
(Fig. 2D). Although the doubling time of the ArpoN NCM3722 strain was also compro-
mised in LB liquid medium (like the ArpoN CFT073 strain) (Fig. 2E), the ArpoN
NCM3722 strain, consistent with results in Fig. 1B, did not display a heterogeneous
appearance pattern on LB agar plates (Fig. 2F). However, the appearance time of
ArpoN NCM3722 colonies on LB agar plates was delayed by ~7 h (apparent growth
rate ~20 px?/h) compared to the wild-type NCM3722 colonies (apparent growth rate
~63 px?/h) (Fig. 2F). The ArpoN EDL933 strain neither displayed any growth defect in
LB liquid medium (Fig. 2G) nor the heterogeneous appearance pattern on LB agar
plates (Fig. 2H). However, the appearance time of ArpoN EDL933 colonies on LB agar
plates was delayed by ~5 h (apparent growth rate ~18 px?/h) compared to the wild-
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FIG 2 The growth properties of different strains of E. coli lacking o>*. (A) The growth curves of wild-
type (blue), ArpoN (red), and ArpoN + rpoN (green) CFT073 strains grown in LB liquid medium for 5 h.
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type EDL933 colonies (apparent growth rate ~19 px?/h) (Fig. 2G). As with the ArpoN
CFTO073 strain, the presence of plasmid pACYC-rpoN reverted the LB liquid growth
defect (where applicable) and returned colony appearance time of the ArpoN
NCM3722 and ArpoN EDL933 strains to their respective wild-type levels. The absence
of o°* in E. coli strains NCM3722, EDL933, and CFT073 resulted in a notably delayed
appearance of colonies on LB agar plates despite only having a modest adverse effect
on growth in LB liquid media. In the case of the E. coli strain CFT073, the absence of
>4 significantly delayed the appearance time of a subpopulation of bacteria on LB
agar plates (i.e., the M2 colonies), resulting in a heterogeneous colony appearance pat-
tern. The delayed appearance of this subpopulation of ArpoN CFT073 colonies was a
property specific to the CFT073 strain because the heterogeneous colony appearance
pattern was not apparent with the NCM3722 and EDL933 strains. In conclusion, it
seems that o->* determines uniform colony growth of E. coli strain CFT073.
Heterogeneous colony appearance is an inherent property of ArpoN CFT073
bacteria. We wanted to determine how the appearance time of colonies M1 and M2
of the ArpoN CFT073 strain are affected by the growth stage and culture conditions of
the bacteria used for the ScanLag experiments. The colony appearance time and pat-
tern of stationary-phase bacteria on LB agar plates (Fig. 2B) served as a reference con-
dition (here after shown in gray in all applicable figures). As shown in Fig. 3A, when
exponentially growing bacteria were used for the ScanLag experiment, both M1 and
M2 colonies were present. However, we note that the M2 colonies of exponentially
growing bacteria appeared sooner (by ~5 h) than the M2 colonies of early stationary-
phase bacteria. Similarly, when bacteria from a 5-day-old culture were used, the M2
colonies were still present but they appeared sooner (by ~8 h) than the M2 colonies of
early stationary-phase bacteria (Fig. 3B). We next wanted to determine how bacteria
that were grown in healthy female urine (HFU) affected the appearance time of colo-
nies M1 and M2 on LB agar plates. As shown in Fig. 3C, the doubling time of the ArpoN
CFT073 strain in HFU did not substantially differ from that of the wild-type CFT073
strain. Although, unsurprisingly, the doubling time of all strains was markedly slower in
HFU than in LB liquid medium (Fig. 3C and Fig. 2A, respectively). In the ScanLag experi-
ments, the heterogeneous colony appearance pattern of ArpoN CFT073 colonies were
evident, but the apparent growth rates of both M1 and M2 colonies were reduced
compared to those of ArpoN CFT073 grown in LB (Fig. 3D and Fig. 2B, respectively). We
also conducted ScanlLag experiments with HFU-grown bacteria plated onto agar plates
containing 50% (vol/vol) of HFU. In this case, the apparent growth rates of colonies of
wild-type, ArpoN and ArpoN containing plasmid pACYC-rpoN CFT073 strains were
reduced (Fig. 3E). Although the colonies of the ArpoN strain appeared in a heterogene-
ous fashion, we note a marked change in the timing of appearance of the M2 colonies,
which appeared sooner (by ~5 h) than the M2 colonies of the HFU-grown ArpoN bac-
teria plated onto normal LB agar plates (Fig. 3D and E). We also note the presence of a
small population of wild-type colonies that appear ~37 to 40 h after incubation, but
like in other conditions, most of the wild-type colonies appeared ~10 h after incuba-
tion. Finally, as the CFT073 strain was also isolated from blood (16), we wanted to

FIG 2 Legend (Continued)

(B) Scanlag analysis of colony appearance time (AT; h) and growth rate (GR) in pixels?’/h (px*/h) for
CFT073 strains grown in LB liquid medium for 5 h of wild-type (left), ArpoN (red), and ArpoN + rpoN
(green) and plated onto LB agar (LBA) plates. Black circles represent average population growth rate
and appearance time with mean average values indicated. Liquid to solid growth conditions is
indicated in the top right. (C) The growth curves in LB liquid medium from colonies picked from (B)
and color-coded as indicated. The average doubling time for each colony type is indicated in table (D)
Scanlag analysis as in (B) for bacteria plated from (C). Shown in gray is data from (B) for reference. (E)
The growth curves of wild-type (blue), ArpoN (red), and ArpoN + rpoN (green) NCM3722 strains grown
in LB liquid medium for 5 h. (F) Scanlag analysis of colony appearance time as in (B) for NCM3722
strains. (G) The growth curves of wild-type (blue), ArpoN (red), and ArpoN + rpoN (green) EDL933
strains grown in LB liquid medium for 5 h. (H) Scanlag analysis of colony appearance time as in (B) for
EDL933 strains grown in LB liquid medium for 5 h. Where indicated, the error bars represent standard
deviation (n = 3).
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FIG 3 Heterogeneous colony appearance is an inherent property of ArpoN CFT073 bacteria. (A) Scanlag analysis (as in
Fig. 2) of CFT073 bacteria grown in LB liquid medium to mid-exponential-phase before plating on LB agar (LBA) plates.
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determine how bacteria grown in LB liquid medium supplemented with 25% (vol/vol)
human serum affected the appearance time of colonies M1 and M2 on LB agar plates.
As shown in Fig. 3E, we note that the M2 colonies of bacteria grown in LB liquid me-
dium with 25% (vol/vol) human serum appeared ~4 h earlier than the M2 colonies of
early stationary-phase bacteria. Under all conditions tested, as expected, the appear-
ance time of colonies of the ArpoN CFT073 bacteria containing plasmid pACYC-rpoN
resembled that of the wild-type strain. Overall, it seemed that the heterogeneous
appearance of colonies was an inherent property of the CFT073 strain when rpoN was
absent and that the slower-growing subpopulation of colonies (i.e., the M2 colonies)
appear to be more sensitive to the growth environment and conditions than the
faster-growing colonies (i.e., the M1 colonies). In conclusion, the results underscore
that o>* is a determinant for uniform colony growth of E. coli CFT073.

Consequences of heterogeneous colony growth on virulence and fitness of
CFT073 bacteria. As o>* is highly conserved and known to play a role in virulence in
diverse bacterial species (6), we investigated how the absence of >4, which is a deter-
minant of the uniform colony, i.e., nonplanktonic, growth, affects host cell internaliza-
tion and survival. To do this, bacteria were grown overnight at 37°C shaking in RPMI
liquid medium supplemented with 10% (vol/vol) fetal calf serum (FCS) and added to
bladder epithelial cell line 5637 at a multiplicity of infection of 50 for 2 h at 37°C. CFU
was determined for the inoculum (bacteria before adding to bladder epithelial cells),
total (all bacteria extracted from the wells after 2 h of incubation with bladder epithe-
lial cells), adhered, and internalized (all bacteria that are exclusively adhered and/or
internalized into bladder epithelial cells), and internalized only bacteria obtained after
1 h of treatment with gentamicin to kill extracellular bacteria. As shown in Fig. 4A, the
numbers of total, adhered and internalized, and internalized only bacteria recovered
from coculture with the bladder epithelial cells was similar for both wild-type and ArpoN
CFT073 bacteria, suggesting that the absence of o°* does not have any detectable
adverse effect on the attachment, invasion, and survival of CFT073 bacteria in bladder
epithelial cells under our conditions. Notably, when we conducted ScanlLag analysis with
internalized bacteria extracted from the bladder epithelial cells, the ArpoN CFT073 bacte-
ria displayed the characteristic heterogeneous colony appearance pattern (Fig. 4B) (as
also observed with bacteria grown in LB liquid broth, HFU or LB liquid broth supple-
mented with serum shown in Fig. 3), consistent with the view that heterogeneous colony
appearance is an inherent property of ArpoN CFT073 bacteria. We note that both wild-
type and ArpoN CFT073 bacterial colonies of internalized bacteria had markedly higher
growth rates than the colonies of LB or HFU grown bacteria (Fig. 4B).

As it is widely accepted that growth heterogeneity can confer considerable fitness bene-
fits to a bacterial population, we considered how the heterogeneous appearance of colo-
nies of ArpoN CFT073 bacteria affected fitness under growth-restrictive conditions. Because
UPEC bacteria are frequently exposed to antibiotics, we investigated the sensitivity of M1
and M2 colonies of ArpoN CFT073 bacteria to MICs of amikacin and nitrofurantoin — two fre-
quently used antibiotics to treat UTls caused by UPEC. We did this by conducting ScanLag
analysis using LB agar plates containing MICs of amikacin or nitrofurantoin. As shown in Fig.
4C, we failed to detect any M2 colonies on LB agar plates containing MIC of amikacin,
although the appearance time of M1 colonies was like that of bacteria on LB agar plates
without any antibiotics, they grew considerably slower on antibiotic-containing plates.
Consistent with this observation, the viability of ArpoN CFT073 bacteria was significantly
reduced compared with wild-type CFT073 bacteria on LB agar plates with MIC of amikacin,
suggesting that, rather than reverting to an M1 phenotype, the M2 population is unable to

FIG 3 Legend (Continued)

Comparison of the M1 and M2 colonies from bacteria grown in LB liquid medium for 5 h before plating (gray). (B) As in
(A) but with bacteria grown for 5 days in LB liquid media. (C) Growth curves of wild-type (blue), ArpoN (red), and ArpoN +
rpoN (green) CFT073 strains grown in healthy female urine (HFU) for 5 h. (D) As in (A) but with bacteria from (C). (E) As in
(D) but bacteria were plated onto agar plates containing 50% (vol/vol) HFU (UA). (F) As in (A) but bacteria were grown in
LB liquid medium with 25% (vol/vol) human serum for 5 h before plating. Where indicated, the error bars represent

standard deviation (n = 3).
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FIG 4 Consequences of heterogeneous colony growth on virulence and fitness of CFTO73 bacteria. (A) The viability of wild-type (blue) and ArpoN (red)
CFT073 bacteria as measured by CFU of added, total, adhered and internalized, and internalized only bacteria (see the text for details). (B) Scanlag
analysis shows colony appearance time (AT; h) and growth rate in pixels?/h (GR; px*/h) for internalized only wild-type (blue, middle) and ArpoN (red,
right) CFT073 strains plated onto LB agar (LBA) plates. Black circles represent average population growth rate and appearance time with mean average
values indicated. Liquid to solid growth conditions are indicated in the top right. Shown in gray for comparison are the colonies from bacteria grown in
LB liquid medium for 5 h before plating on LBA. (C) Scanlag analysis of wild-type (blue), ArpoN (red), and ArpoN + rpoN (green) CFT073 bacteria
following growth in LB liquid medium for 5 h followed by plating on LBA plates with MIC of amikacin. Shown in gray for comparison are the colonies
from bacteria grown in LB liquid medium for 5 h before plating on LB agar containing no antibiotics. (D) As in (C), but bacteria were plated on LBA
plates containing MIC of nitrofurantoin. The inset images show representative colonies for comparison (see the text). In (C) and (D), the bar graphs
indicate viability as measured by CFU of wild-type (blue), ArpoN (red), and ArpoN + rpoN (green) CFT073 bacteria plated on LBA plates with MIC of
amikacin or nitrofurantoin, respectively. Statistical significance was calculated using one-way ANOVA with a probability (P) value of <0.05 deemed

statistically significant (*,

P < 0.05; ns, not significant). Error bars represent standard deviation (n = 3).

grow in the presence of MIC levels of amikacin. In contrast, we detected the characteristic
heterogeneous growth property of the ArpoN CFT073 bacteria on LB agar plates containing
nitrofurantoin (Fig. 4D). However, the appearance time and apparent growth rate of both
M1 and M2 colonies were markedly compromised compared to their growth on LB agar
plates without any antibiotics, to such a degree that the M2 colonies were barely detectable
(Fig. 4D). However, the overall viability of ArpoN CFT073 bacteria was comparable to wild-
type CFT073 bacteria. We noted that the appearance time and apparent growth rate of
wild-type CFT073 bacteria on nitrofurantoin-containing LB agar plates were also compro-
mised but not to the degree observed with the ArpoN CFT073 bacteria. Collectively, it
seems that uniform colony growth, which requires rpoN, is likely to confer fitness advan-
tages to the E. coli CFT073 strain under growth-restrictive conditions.
Comparative analysis of the transcriptomes of wild-type and ArpoN CFT073
strains. To better understand the requirement of ¢>* for uniform colony growth of
E. coli CFT073, we compared the transcriptomes of exponentially growing wild-type,
ArpoN and ArpoN containing plasmid pACYC-rpoN bacteria. We defined differentially
expressed genes as those with expression levels changed =2-fold with a false discov-
ery rate adjusted P < 0.05. A total of 159 genes were differentially expressed in the
ArpoN CFT073 strain (Table S2 and Fig. 5A), of which 149 (2.7% of total genes) were up-
regulated and 10 (0.2% of total genes) were downregulated. Of the genes that were
downregulated, glnHPQ, ybeJ, and pspA are transcribed from known ¢>*-dependent
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FIG 5 Comparative analysis of the transcriptomes of wild-type and ArpoN CFT073 strains. (A) Volcano plot showing differentially expressed genes in
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promoters. The products of ginHPQ, ybeJ, and pspA are involved in nitrogen and mem-
brane stress responses, and their transcription is dependent on the activator ATPases,
NtrC and PspF, respectively. To the best of our knowledge, E. coli cells growing expo-
nentially in LB liquid medium do not experience any nitrogen limitation or membrane
stress. Therefore, it is unlikely that the downregulation of ginHPQ, ybeJ, and/or pspA
underpins the heterogeneous appearance of ArpoN CFT073 colonies on LB agar plates.
The unknown gene product, c0897, was categorized as significantly downregulated,
but genomic visualization revealed that this was due to its overlap the glnHPQ pro-
moter, and the gene product itself was not differentially expressed and was omitted
from downstream analysis. We next focused on the genes that are upregulated in the
ArpoN CFT073 strain. As shown in Fig. 5B, we noted that the majority (76 out of 149) of
the conserved upregulated genes in the ArpoN CFT073 strain either belonged to or are
associated with the rpoS regulon (as defined in the non-pathogenic E. coli strain
MG1655 (19, 20)) and transcribed by the general stress response o factor, o8 (product
of rpoS). The functional interconnection between the rpoN and rpoS regulons is
undisputed as the absence of rpoN has been shown to lead to either increased 038 lev-
els or 38 stability in both enterohemorrhagic and non-pathogenic E. coli strains (7, 8,
21). Therefore, we considered whether the heterogeneous appearance of ArpoN
CFT073 colonies was linked to increased o3 activity. To investigate this, we con-
structed ArpoS and ArpoNArpoS CFT073 strains and compared their growth properties
in LB liquid medium and by Scanlag analysis. As shown in Fig. 5C, the doubling time of
the ArpoNArpoS CFT073 strain did not differ from that of the ArpoN CFT073 strain.
Further, the doubling time of the ArpoS CFT073 strain did not differ from that of the
wild-type CFT073 strain. Notably, in the Scanlag experiment, the colonies of the
ArpoNArpoS CFT073 strain appeared in a heterogeneous fashion and their apparent
growth rates and appearance times resembled that of those seen with the ArpoN
CFT073 strain (Fig. 5D). However, we note that the M2 colonies of the ArpoNArpoS
CFTO073 strain appeared faster (by ~4 h) than the M2 colonies of the ArpoN CFT073
strain. As expected, the colonies of the ArpoNArpoS CFT073 strain containing plasmid
pACYC-rpoN resembled wild-type colonies (Fig. 5E). Further, the colonies of the ArpoS
CFT073 strain did not grow in a heterogeneous fashion and resembled wild-type colo-
nies (Fig. 5F). Overall, it seems that rpoS does not directly contribute to the heteroge-
neous appearance of ArpoN CFT073 colonies. Because many of the derepressed genes
have no assigned function (Fig. 5G), at this stage in our analysis, it was difficult to delin-
eate the genetic pathways that contribute to the heterogeneous appearance of ArpoN
CFT073 colonies in greater granularity. However, as shown in Fig. 2H, the colonies of
the ArpoN EDL933 strain did not appear in a heterogeneous manner. Therefore, we
compared the transcriptomes of exponentially growing wild-type, ArpoN and ArpoN +
pACYC-rpoN EDL933 bacteria and observed that a total of 41 genes were differentially
expressed in the ArpoN EDL933 strain (Table S3 and Fig. 5H). Of these, 15 (0.3% of total
genes) were upregulated and 26 (0.5% of total genes) were downregulated. Most of
the upregulated genes were associated with amino acid metabolism (histidine and
threonine) and many of the genes downregulated in the ArpoN CFT073 and EDL933
strains were the same (i.e., gInH, gInP, gInQ, ybeJ, and pspA). However, of the 15 upreg-

FIG 5 Legend (Continued)

Upregulated DEGs are shown in red, downregulated DEGs are shown in blue, and the largest fold changes are labeled with gene names. (B) As in (A)
but known o*%-dependent genes are highlighted in orange. Gene names of o*%-dependent genes with the highest fold change are labeled. (C) Growth
curves of wild-type (blue), ArpoN (red), ArpoNArpoS (purple), ArpoNArpoS + rpoN (cyan), and ArpoS (orange) CFT073 strains grown in LB liquid
medium for 5 h. Error bars represent standard deviation (n = 3). (D to F) Scanlag analysis as in Fig. 2 of (D) ArpoNArpoS (purple), (E) ArpoNArpoS +
rpoN (cyan), and (F) ArpoS (orange) CFT073 strains grown in LB liquid medium for 5 h before plating on LB agar (LBA) plates. Black circles represent
the average population growth rate and appearance time with the mean growth rate indicated as a value. Shown in gray for comparison are the M1
and M2 colonies of ArpoN CFT073 (in (D)) and wild-type (in (E) and (F)) bacteria grown in LB liquid medium for 5 h before plating. (G) DEGs in the
ArpoN CFT073 bacteria from (A) were categorized by clustering of orthologous groups (COG) annotation. (H) As in (A) but for DEGs in ArpoN EDL933
bacteria as a log, change from wild-type EDL933 bacteria extracted of ArpoN CFT073 (in (D)) and wild-type (in (E) and (F)) LB liquid medium during
mid-exponential growth. Upregulated DEGs are shown in pale red and downregulated DEGs shown in pale blue, with DEGs also present in (A) labeled
and shown in bright red and bright blue, respectively. The Venn diagrams (inset) show upregulated and downregulated DEG numbers from ArpoN
CFT073 bacteria (blue) compared to ArpoN EDL933 bacteria (orange) with numbers in overlapping circles representing identical genes in both strains.
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ulated genes in the ArpoN EDL933 strain, only 1 was commonly upregulated between
the two ArpoN mutant strains (Fig. 5H inset) - gadC, which encodes an antiporter as
part of the glutamate-dependent acid resistance system. Notably, while many of the
o38-dependent acid resistance system genes are upregulated in the ArpoN CFT073
strain, no other associated genes were similarly upregulated in the ArpoN EDL933
strain. Overall, it seems that under our experimental conditions, where o-**-dependent
transcription is not known to be essential, and the absence of rpoN in CFT073 and
EDL933 E. coli strains leads to the derepression of different sets of genes. In the case of
the CFT073 strain, this derepression of gene expression leads to heterogeneous colony
growth. It seems that, under conditions where o>*-dependent transcription is not
essential, o> has a non-canonical regulatory function in transcriptionally repressing
gene expression.

Activator ATPases do not appear to contribute to 6°'s role as a determinant of
uniform colony growth of E. coli CFT073 strain. To further establish the potential
non-canonical regulatory function of >4, we focused on the activator ATPases. Recall
that the o->*-RNAP requires specialized activator ATPases for its canonical function as a
promoter-specificity factor. A given activator ATPase is responsible for activating tran-
scription of genes belonging to a defined regulon. Therefore, it was unlikely that more
than one activator ATPase is involved in the transcription of genes that belong to a
defined regulon. In other words, the activator ATPases often confer narrow regulon
specificity. Hence, our rationale was that, if the heterogeneous appearance of the
ArpoN CFT073 colonies was due to a canonical function of ¢4, then a CFT073 strain
lacking anyone of the activator ATPases would also phenocopy the ArpoN CFT073
strain in the ScanlLag assay. Conversely, this would not be the case if a non-canonical
regulatory function of o>* was responsible for the heterogeneous appearance of the
ArpoN CFT073 colonies. Hence, we searched the CFT073 genome for proteins that
have the hallmark ‘GAFTGA’ sequence of activator ATPases required for interacting
with the o>*-RNAP and identified 11 activators ATPases. As shown in Fig. 6 (insets), the
11 activator ATPase mutant strains of CFT073 can be classified into two classes based
on their growth properties in LB liquid medium in a plate reader incubator at 37°C: the
AatoC, AyfhA, AprpR, AginG, and Ac5040 displayed markedly compromised growth
compared to the wild-type, ArpoN, and other activator ATPase mutant strains. Thus, for
the ScanlLag experiment, we grew each activator ATPase mutant strain for 5 h, by
which time, all had reached at least early exponential-phase of growth and, based on
optical density correction, plated approximately equal numbers of bacteria onto LB
agar plates. The results showed that, for each activator ATPase mutant CFT073 strain,
the differences in growth observed in LB liquid medium were reflected in the apparent
growth rate of the colonies on LB agar plates (Fig. 6). However, we did not detect the
characteristic heterogeneous appearance of colonies, as seen with the ArpoN CFT073
strain, for any of the activator ATPase mutant CFT073 strains. We noted that some
AyfhA colonies resembled the M2 colonies of the ArpoN strain but, unlike the M2 colo-
nies of the ArpoN strain, the frequency of the slower growing colonies of the AyfhA
strain represented < 10% of the total number of colonies on the plate. Our results,
therefore, indicate that the absence of any one of the activator ATPases encoded by
the CFT073 strain does not phenocopy the ArpoN CFT073 strain. Overall, (i) as activator
ATPases respond to a single signal to activate their respective regulons, and (ii) under
conditions used here, we are not aware of any signal that would trigger any signaling
cascade to activate o~>*-dependent regulons, the results in Fig. 6 support the view that
the heterogeneous appearance of ArpoN CFT073 colonies is due to a potential non-ca-
nonical regulatory function of o>* in the CFT073 strain.

DISCUSSION

The o subunits of the bacterial RNAP are central regulators of gene expression
because they confer promoter-specificity upon the RNAP and thereby determine the
expression of different regulons. The >4 factor is distinct from other bacterial o factors
as it has an obligatory requirement for an activator ATPase to allow transcription by its
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FIG 6 Activator ATPases do not appear to contribute to o*#s role as a determinant of uniform colony growth of E. coli CFT073. Scanlag analysis as in Fig.
2 following growth in LB liquid medium for 5 h of known activator ATPase mutants of CFTO73 bacteria in order from top left: AatoC, Ac5040, AfhlA,
AgInG, AnorR, AprpR, ApspF, ArtcR, AyfhA, AygeV, and AzraR. Black circles represent the average population growth rate and appearance time with the
mean growth rate indicated as a value. Shown in gray for comparison are the M1 and M2 colonies of ArpoN CFT073 bacteria grown in LB liquid
medium for 5 h before plating. The inset graphs show growth curves of each activator ATPase mutant strain (pink) grown in LB for 5h with growth
curves of wild-type (blue) and ArpoN (red) CFT073 strains shown for comparison. Inset histograms for the AyfhA CFT073 strain show appearance times of
AyfhA (top, pink) and ArpoN (bottom, red) for comparison (see the text) with average population appearance time written above each peak. Where
indicated, the error bars represent standard deviation (n = 3).

RNAP. Therefore, different activator ATPases determine the cognate regulon specificity
of the o>*-RNAP in response to diverse environmental cues. This study has revealed a
role for o°* in the UPEC strain CFT073 as a determinant for uniform colony growth
and, consequently, the absence of o4 results in a heterogeneous appearance of colo-
nies consisting of two subpopulations, both of which appear slower than the wild-type
population on LB solid media. Under conditions used here, the absence of o°* does
not seem to affect the pathogenic capacity of E. coli CFT073 bacteria, but our results
indicated that the phenotype of the mutant bacteria imposes potentially adverse fit-
ness consequences on the mutant population under growth-restrictive conditions on
solid media. We speculate that the mutant bacteria will be equally compromised for
growth on foreign indwelling surfaces (e.g., catheters) in the urinary tract, which are of-
ten impregnated or coated with antibacterial agents.

Although we are unable to specify the genetic basis by which o->* determines uniform
colony growth of the E. coli CFT073 strain, notably, the absence of o> results in the tran-
scriptional upregulation of a subset of seemingly functionally unconnected genes.
Intriguingly, previous studies by Schaefer et al. (22) and Shimada et al. (23) in non-patho-
genic E. coli strain BW25113 and W3350, respectively, implied that the o->* or its RNAP could
have a repressive effect on global transcription. It is thus possible that the transcriptionally
attenuated RPc formed by the o>*-RNAP (see Introduction) when not required to be acti-
vated by the activator ATPase, could have an indirect regulatory function in controlling
genetic information flow. Further, a study by Bonocora et al. (24) identified 85 intragenic
binding events by the ¢>*-RNAP mostly within o>*independent genes in the genome of
nonpathogenic E. coli strain MG1655 under a growth condition not associated with the
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activity of any activator ATPases, suggesting that most, if not all, of these promiscuous bind-
ing events, could contribute to the transcriptional program differently. Our results unequivo-
cally indicate that o>*s role as a determinant of uniform colony growth was not dependent
on any of the individual activator ATPases present in the E. coli CFT073 strain. This is unsur-
prising because, to the best of our knowledge, the exponential growth of E. coli in LB liquid
medium or LB solid media, does not require o~>*. Hence, we propose that the requirement
for o>* for uniform colony growth represents a non-canonical function of >* in the regula-
tion of gene expression in bacteria. As 0> is the only alternative o factor that is abundant
in E. coli during the exponential-phase of growth in LB liquid medium (i.e, the condition
used here) (25), we envisage that o->* functions like a nucleoid-associated protein (NAP) and
thereby represses the transcription of to allow uniform colony growth by the E. coli CFT073
strain. The observation that the absence of o=>* also results in the transcriptional upregula-
tion of genes in the E. coli EDL933 strain, albeit not resulting in any heterogeneous effect on
colony growth, further supporting a potential NAP-like function for o->* in transcription regu-
lation. Notably, different genes become transcriptionally upregulated in ArpoN CFT073 and
ArpoN EDL933 bacteria, suggesting that the non-canonical regulatory capacity of o>* varies
between strains of the same species. This might also explain why the absence of o->* in ei-
ther the EDL933 or NCM3722 E. coli strains does not result in the heterogeneous colony
appearance phenotype on LB agar plates. Finally, in support of the potential NAP-like func-
tion for o>*, the ArpoN CFT073 strain harboring the plasmid pACYC-rpoN encoding a o>*
variant containing the R456A substitution, which abrogates o>*s ability to bind DNA but
not RNAP (26), phenocopies the ArpoN CFT073 strain in the ScanlLag assay (Fig. S1).
Although, we point out a potential caveat of the interpretation of these data is that the o>*
variant with the R456A substitution is also defective for its canonical function (which is
unlikely to be involved under our conditions). It is difficult to decipher whether the potential
NAP-like function of ¢>* is mediated by o->* per se or in the context of the RNAP. The former
is a possibility as o4 unlike any other six o subunits in E coli can bind DNA
independently of the RNAP (27).

Bacterial o factors are considered general transcription factors. In a recent review,
Dorman et al. (28) proposed assigning a transcription regulatory protein as a ‘transcrip-
tion factor’ or ‘NAP’ should be considered ad hoc operational definitions. Hence, the
potential NAP-like function of o>* implied from our work, which clearly warrants
detailed mechanistic investigation, further underscores this point and highlights the
mechanistic complexity underpinning transcription regulation in bacteria.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli strains and plasmids used in this study are listed in
Table S1. The ArpoN mutants for all strains were made according to the A Red recombinase method to
replace the rpoN gene with an in-frame fusion encoding a kanamycin resistance cassette amplified from
the pDOC-K plasmid (29). The ArpoNArpoS CFT073 mutant strain was generated using the same recombi-
nase method by replacing the rpoS gene with an in-frame fusion encoding a kanamycin-resistant cassette
using the ArpoN CFT073 strain as the parent strain. All mutant strains were cured of their kanamycin resist-
ance cassette using the pCP20 plasmid (30). The rpoN complementation plasmid was constructed using
Gibson assembly (31) to introduce the rpoN gene and ~300 bp of the upstream native sequence (includ-
ing the promoter) into a modified pACYC184 plasmid backbone (see Table S1 for details).

Bacterial growth. The planktonic growth assays were conducted in lysogeny broth (LB) liquid
media, filtered healthy female urine (taken from midstream flow), or LB containing 25% (vol/vol) human
serum in 25 mL flasks (or 96-well plates for the activator ATPase mutant growth curves) at 37°C, shaking
at ~180 rpm. Growth curves were produced by measuring the optical density at 600 nm (ODy,,) of bac-
terial cultures as a function of time. All growth curves shown in figures represent the mean average
from at least three biological replicates with the standard error of the mean (SEM) plotted as error bars.
The doubling time in the mid-log phase for growth curves was calculated according to Powell (32).
Viability measurements were conducted by plating serial dilutions of cultures at relevant time points
and counting CFU per mL of culture.

Scanlag assays. Aliquots of bacterial cultures grown as described above were taken at time points
indicated in the text, washed twice in sterile phosphate-buffered saline, diluted between 107° to 1076,
and 100 uL spread on either LB agar plates with or without specified antibiotics (2 wg/mL amikacin
disulfate salt or 7 ug/mL nitrofurantoin [both Sigma-Aldrich]) or 50% (vol/vol) healthy female human
urine containing 1.5% (wt/vol) agar. Plates were incubated at 33°C in a standard office scanner (Epson
Perfection V370 photo scanner, J232D) placed in an incubator, and images were taken every 20 min
over a 48-h period. Analysis of appearance time and apparent growth rate of colonies was adapted from
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Levin-Reisman et al. (18) using a modified code by Miles Priestman available at https://github.com/
mountainpenguin/NQBMatlab. At least two independent experiments were conducted for each ScanLag
experiment shown in the figures.

Cell culture infection assays. The HBT-9 5637 human bladder cell line (ATCC) was used for infection
assays. Cells were cultured in RPMI 1640 medium (ATCC) supplemented with 10% (vol/vol) fetal calf serum
(FCS) (Sigma) and seeded overnight in 24-well cell culture plates. Bacterial strains were grown overnight in
RPMI 1640 medium supplemented with 10% FCS, before washing with phosphate-buffered saline (PBS)
and resuspending in fresh RPMI 1640 + 10% FCS. Cells (HBT-9 5637) were washed and aspirated three
times in PBS before bacterial strains were added at a multiplicity of infection (MOI) of 50. Plates were incu-
bated for 2 h at 37°C, 5% CO,. Adhered + internalized bacteria were extracted by washing and aspirating
medium five times with PBS and adhered + internalized bacteria were released from wells following treat-
ment with 0.1% (vol/vol) Triton X-100 (Merck) for 5 min at 37°C to kill the HBT-9 5637 cells and release the
bacteria. Total bacteria were extracted in the same way, but the medium was also kept to account for any
planktonic (i.e., nonadhered) bacteria. Internalized only bacteria were also extracted in the same way, but
cells were treated for 1 h with 100 wg/mL gentamicin sulfate (Sigma) to remove any planktonic or adher-
ent bacteria. Bacteria were plated for either CFU counts or ScanLag as detailed above.

RNA sequencing. Cultures were grown in LB liquid medium and sampled during mid-exponential
phase (ODg,, = 1). Three biological replicates of each strain were taken and mixed with a phenol:ethanol
(1:19) solution at a ratio of 9:1 (culture:solution) before harvesting the bacteria immediately by centrifu-
gation. Bacterial pellets were sent to Vertis Biotechnologie AG for downstream processing. Briefly, RNA
was extracted from the bacterial pellets using the RNAsnap (33) protocol followed by depletion of rRNA
(rRNA) species with the bacterial Ribo-Zero rRNA removal kit (Epicentre). RNase Ill was used to fragment
the remaining RNA, followed by poly(A)-tailing of samples and tobacco acid pyrophosphatase treatment
(TAP; Epicentre). cDNA synthesis was conducted with oligonucleotide (dT)-adapter primers and M-MLV
reverse transcriptase, followed by PCR amplification using TruSeg-designed primers from lllumina guide-
lines. cDNA was sequenced with an lllumina NextSeq 500. Downstream data analysis was performed
using standard parameters on the CLC Genomics Workbench 11. RNA-seq reads for CFT073 and EDL933
genomes were mapped using Burrows-Wheeler Aligner to E. coli CFT073 (AE014075) and EDL933 (NZ
_CP008957.1) strains, respectively. Unique reads mapped and total read counts were used for data nor-
malization. Reads mapped to each gene were quantified to give a matrix of read counts, which was then
analyzed with the DESeq2 BioConductor package to identify differentially expressed genes. Genes
with =10 reads mapped were excluded. All statistical analysis for differential gene expression was con-
ducted with R version 4.1.1. Sequencing data are available in the ArrayExpress database at EMBL-EBI
(http://www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-11288.

Data availability. Data will be shared upon request to the corresponding author, Sivaramesh
Wigneshweraraj.
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