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Abstract 

The canonical function of a bacterial sigma (σ) factor is to determine the gene specificity of 

the RNA polymerase (RNAP). In several diverse bacterial species, the σ54 factor uniquely 

confers distinct functional and regulatory properties on the RNAP. A hallmark feature of the 

σ54-RNAP is the obligatory requirement for an activator ATPase to allow transcription 

initiation. The genes that rely upon σ54 for their transcription have a wide range of different 

functions suggesting that the repertoire of functions performed by genes, directly or indirectly 

affected by σ54, is not yet exhaustive. By comparing the non-planktonic growth properties of 

prototypical enteropathogenic, uropathogenic and non-pathogenic Escherichia coli strains 

devoid of σ54, we uncovered σ54 as a determinant of homogenous non-planktonic growth 

specifically in the uropathogenic strain. Notably, bacteria devoid of individual activator 

ATPases of the σ54-RNAP do not phenocopy the σ54 mutant strain. It seems that σ54’s role as 

a determinant of homogenous non-planktonic growth represents a putative non-canonical 

function of σ54 in regulating genetic information flow.  
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Introduction 

Central to bacterial gene expression is transcription; the step where RNA synthesis occurs. 

Transcription in bacteria is catalysed by the multisubunit enzyme, RNA polymerase (RNAP). 

For promoter-specific initiation of transcription, the catalytic complex of the RNAP (α2ββ'ω) 

has to associate with one of the many different sigma (σ) factor subunits. The primary 

function of σ factors is to direct the RNAP to the promoters of specific sets of genes. Many 

bacterial genomes contain multiple σ factors, which reversibly and competitively bind to the 

RNAP to execute and coordinate specific transcription programmes in order to regulate 

cellular processes to a particular growth condition. As such, σ factors can be considered as 

master regulatory factors governing bacterial gene expression. Based on functional and 

structural criteria, bacterial σ factors are grouped into two distinct classes (1). In Escherichia 

coli, six of the seven σ factors belong to the σ70 class, named after the prototypical 

housekeeping σ factor, σ70. The σ54 factor, which is historically associated with executing 

transcriptional programmes that allow bacteria to cope with the conditions of nitrogen 

adversity (2) and found in genomes of many phylogenetically diverse bacteria, exists in a 

class of its own (3,4).  

 The σ70 and σ54 classes of σ factors confer distinct regulatory properties upon the 

RNAP. The σ70 class of σ factors (hereafter referred to as σ70 for simplicity) direct the RNAP 

to promoters with conserved sequences centered at -35 and -10 base pairs (bp) upstream from 

the transcription start site (+1 site). In contrast, σ54 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 σ70-dependent promoters often occurs to either stimulate 

or antagonize RPc formation. The RPc at σ70-dependent promoters is usually short-lived and 

either dissociates or spontaneously isomerizes to the transcriptionally proficient open 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 14, 2022. ; https://doi.org/10.1101/2022.01.13.476216doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.13.476216
http://creativecommons.org/licenses/by-nc-nd/4.0/


 4

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 initiation 

of RNA synthesis. The RPc at σ54-dependent promoters rests in a ‘ready-to-respond’ state for 

RPo formation. Conversion of the RPc to RPo at σ54-dependent promoters requires a 

specialized activator ATPase. Different activator ATPases sense and couple different 

environmental and intracellular signals to activate specific sets of σ54-dependent promoters. 

The activator ATPase binds to cognate DNA sites, called enhancers, located ∼100–150 bp 

frequently upstream but sometimes downstream of σ54-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 σ54, the 

catalytic subunits of the RNAP, and the promoter DNA to allow RPo formation.  

 The reliance on different specialised activator ATPases allows the σ54-containing 

RNAP (σ54-RNAP) to rapidly activate specific transcription programmes to respond to a 

particular growth condition. As such, the products of genes that depend on σ54 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 σ54 for transcription of genes linked to virulence or virulence-

associated processes (reviewed in (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 extra-intestinal infections – both with the potential to lead to serious 

systemic disease – most of our knowledge on the involvement of σ54 in E. coli pathogenesis 

is limited to studies on the intestinal pathogen, enterohemorrhagic E. coli (EHEC). To 

establish itself in the host, EHEC bacteria must overcome the acidic gastrointestinal 
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environment and the σ54 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 the extra-intestinal pathogenic E. coli 

and are the major causative agent of urinary tract infections (UTIs) worldwide. UTIs are 

among the most common bacterial infections in humans in community and nosocomial 

settings. UPEC infections range in severity and are a healthcare problem compounded by the 

emergence of antibiotic resistant UPEC isolates (reviewed in (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 causing bacteraemia. Therefore, UPEC bacteria need to efficiently adjust 

their transcriptional programmes to adapt and survive in diverse host environments, resist 

assaults from the host’s immune system, and tolerate antibiotic therapy. Although the 

transcriptional programmes underpinning UPEC pathogenesis have been widely studied (e.g., 

(12-14)), little, if any, information exists on the role of σ54 in UPEC physiology and 

pathogenesis. We report a hitherto unknown role for σ54 in the UPEC strain CFT073, which 

was originally isolated from the blood and urine of a woman suffering from pyelonephritis 

(15).  
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Results 

The planktonic and non-planktonic growth properties of different E. coli strains lacking 

σ
54 

We generated a ΔrpoN 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. 1A). In contrast, the wild-type CFT073 colonies were more homogeneous in size. The 

difference in colony size observed with the ΔrpoN CFT073 strain was reversible when rpoN 

was exogenously supplied via a low copy number plasmid from its native promoter (pACYC-

rpoN). We did not detect any obvious difference in colony size when the ΔrpoN NCM3722 (a 

prototypic wild-type K-12 E. coli strain related to strain MG1655; (16)) or the ΔrpoN 

EDL933 (an EHEC strain) strains were plated onto LB agar plates, and the mutant colonies 

resembled those formed by the respective wild-type strains (Fig. 1B and 1C, respectively).  

 To better understand how σ54 contributes to the growth dynamics of the three different 

E. coli strains on LB agar plates, particularly the CFT073 strain, we used a method called 

ScanLag (17). This involves putting the inoculated LB agar plates onto a conventional office 

scanner, which itself is 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 (in pixels2/h; px2/h; calculated during the first six 

hours after initial appearance). To inoculate the bacteria onto LB agar plates, we sub-cultured 

overnight LB liquid cultures of the wild-type, ΔrpoN and ΔrpoN + pACYC-rpoN bacteria 

into fresh LB liquid media 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 100μl of each culture 

diluted by approximately 10-5-10-6 for the ScanLag experiment. For the ΔrpoN CFT073 

strain, we initially used a ‘big’ colony (see Fig. 1A) for the ScanLag experiments. The wild-
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type CFT037 strain had a doubling time of ~0.66 h in LB liquid media (Fig. 2A) and its 

colonies appeared ~10 h after incubation and had an apparent growth rate of ~33 px2/h (Fig. 

2B).  The ‘big’ colony of the ΔrpoN CFT073 strain had a slightly longer doubling time in LB 

liquid media compared to the wild-type strain (Fig. 2A). Notably, the appearance time of 

about half the proportion of the ΔrpoN CFT073 colonies (hereafter 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 other proportion of the ΔrpoN CFT073 colonies 

(hereafter referred to as M2) was delayed by ~20 h compared to the wild-type strain and had 

an apparent growth rate of ~6 px2/h (Fig. 2B). The colonies of the ΔrpoN CFT073 bacteria 

containing plasmid pACYC-rpoN, which exogenously produces σ54 from its native promoter, 

as expected, neither displayed a growth defect in LB liquid media (Fig. 2A) nor the biphasic 

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 media and in 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 media is reversible in LB liquid 

media. Consistent with this view, in ScanLag experiments, bacteria grown from M1 and M2 

colonies displayed an indistinguishable biphasic appearance pattern on LB agar plates (Fig. 

2D). Although the doubling time of the ΔrpoN NCM3722 was also compromised in LB 

liquid media (like the  ΔrpoN CFT073 strain) (Fig. 2E), the ΔrpoN NCM3722 strain, 

consistent with results in Fig. 1B, did not display a biphasic appearance pattern on LB agar 

plates (Fig. 2F). However, the appearance time of ΔrpoN NCM3722 colonies on LB agar 

plates was delayed by ~7 h (apparent growth rate ~20 px2/h) compared to the wild-type 

NCM3722 colonies (apparent growth rate ~63 px2/h) (Fig. 2F). The ΔrpoN EDL933 strain 

neither displayed any growth defect in LB liquid media (Fig. 2G) nor the biphasic appearance 
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pattern on LB agar plates (Fig. 2H). However, the appearance time of ΔrpoN EDL933 

colonies on LB agar plates was delayed by ~5 h (apparent growth rate ~18 px2/h) compared 

to the wild-type EDL933 colonies (apparent growth rate ~19 px2/h) (Fig. 2G).  As with the 

ΔrpoN CFT073 strain, the presence of plasmid pACYC-rpoN reverted the LB liquid growth 

defect (where applicable) and returned colony appearance time of the ΔrpoN NCM3722 and 

ΔrpoN EDL933 strains to their respective wild-type levels. Overall, (1) the absence of σ54 in 

E. coli strains NCM3722, EDL933 and CFT073 results in a notably delayed appearance of 

colonies on LB agar plates, despite only having a modest adverse effect on growth in LB 

liquid media; (2) in the case of the E. coli strain CFT073, the absence of σ54 significantly 

delays the appearance time of a subpopulation of bacteria on LB agar plates (i.e., the M2 

colonies); and (3) the delayed appearance of this subpopulation of ΔrpoN CFT073 colonies is 

a property specific to the CFT073 strain as the biphasic colony appearance pattern is not 

obviously apparent with the NCM3722 and EDL933 strains. In conclusion, it seems that σ54 

is required for homogeneous non-planktonic growth of E. coli strain CFT073.  

 

Heterogeneous non-planktonic growth is an inherent property of ΔrpoN CFT073 bacteria  

We wanted to determine how the appearance time of colonies M1 and M2 of the ΔrpoN 

CFT073 strain are affected by the growth stage and culture conditions of the bacteria used for 

the ScanLag experiments. The colony appearance time and pattern of stationary phase 

bacteria on LB agar plates (Fig. 2B) served as a reference condition (hereon shown in grey 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 
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colonies of early stationary phase bacteria (Fig. 3B). We next wanted to determine how 

bacteria grown in healthy female urine (HFU) affected the appearance time of colonies M1 

and M2 on LB agar plates. As shown in Fig. 3C, the doubling time of the ΔrpoN 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 media (Fig. 3C and Fig. 2A, respectively). In the ScanLag experiments, the biphasic 

colony appearance pattern of ΔrpoN CFT073 colonies was evident, but the apparent growth 

rates of both M1 and M2 colonies were reduced compared to those of ΔrpoN CFT073 grown 

in LB (Fig. 3D and Fig. 2B, respectively). We also conducted ScanLag experiments with 

HFU-grown bacteria plated onto agar plates containing 50% (v/v) of HFU. In this case, the 

apparent growth rates of colonies of wild-type, ΔrpoN and ΔrpoN containing plasmid 

pACYC-rpoN CFT073 strains were reduced (Figure 3E). Although the colonies of the ΔrpoN 

strain appeared in a biphasic 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 

ΔrpoN bacteria plated onto normal LB agar plates (Fig. 3D and 3E). We also note the 

presence of a small population of wild-type colonies that appear ~37-40 h after incubation, 

but like in other conditions, most of the wild-type colonies appeared ~10 h after incubation. 

In all conditions tested, as expected, the appearance time of colonies of the ΔrpoN CFT073 

bacteria containing plasmid pACYC-rpoN resembled that of the wild-type strain. Overall, it 

seems that heterogeneous non-planktonic growth is an inherent property of the CFT073 strain 

when rpoN is 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 σ54 

is a determinant for the homogeneous non-planktonic growth of E. coli CFT073.    
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Comparative analysis of the transcriptomes of wild-type and ΔrpoN CFT073 strains  

To better understand the requirement for σ54 for homogeneous non-planktonic growth of E. 

coli CFT073, we compared the transcriptomes of exponentially growing wild-type, ΔrpoN 

and ΔrpoN bacterial containing plasmid pACYC-rpoN. We defined differentially expressed 

genes as those with expression levels changed ≥2-fold with a false discovery rate-adjusted P-

value <0.05. A total of 159 genes were differentially expressed in the ΔrpoN CFT073 strain 

(Table S2 and Fig. 4A), of which 149 (2.7 % of total genes) were upregulated and 10 (0.2 % 

of total genes) were downregulated. Of the genes that were downregulated, glnHPQ, ybeJ 

and pspA are transcribed from known σ54-dependent promoters. The products of glnHPQ, 

ybeJ, and pspA are involved in nitrogen and membrane stress responses, respectively, and 

their transcription is dependent on the activator ATPases, NtrC and PspF, respectively. To the 

best of our knowledge, E. coli cells growing exponentially in LB liquid media do not 

experience any nitrogen limitation or membrane stress. Therefore, it is unlikely that the 

downregulation of glnHPQ, ybeJ and/or pspA underpins the biphasic appearance of ΔrpoN 

CFT073 colonies on LB agar plates (also see later). The unknown gene product, c0897, is 

categorized as significantly downregulated, but genomic visualization revealed that this was 

due to its overlap with the glnHPQ promoter, and the gene product itself is not differentially 

expressed, so has been omitted from downstream analysis. We next focused on the genes that 

are upregulated in the ΔrpoN CFT073 strain. As shown in Fig. 4B, we noted that the majority 

(76 out of 149) of the conserved upregulated genes in the ΔrpoN CFT073 strain either 

belonged to or are associated with the rpoS regulon (as defined in the non-pathogenic E. coli 

strain MG1655 (18,19)) and transcribed by the general stress response σ factor, σ38 (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 σ38 levels or σ38 stability in 

both enterohemorrhagic and non-pathogenic E. coli strains (7,8,20). Therefore, we considered 
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whether the biphasic non-planktonic growth property of the ΔrpoN CFT073 strain was linked 

to increased σ38 activity. To investigate this, we constructed ΔrpoS and ΔrpoNΔrpoS CFT073 

strains and compared their growth properties in LB liquid media and by Scanlag analysis. As 

shown in Fig. 4C, the doubling time of the ΔrpoNΔrpoS CFT073 strain did not differ from 

that of the ΔrpoN CFT073 strain. Further, the doubling time of the ΔrpoS CFT073 strain did 

not differ from that of the wild-type CFT073 strain. Notably, in the Scanlag experiment, the 

colonies of the ΔrpoNΔrpoS CFT073 strain appeared in a biphasic fashion and their apparent 

growth rates and appearance times resembled that of those seen with the ΔrpoN CFT073 

strain (Fig. 4D). However, we note that the M2 colonies of the ΔrpoNΔrpoS CFT073 strain 

appeared faster (by ~ 4 h) than the M2 colonies of the ΔrpoN CFT073 strain. As expected, 

the colonies of ΔrpoNΔrpoS CFT073 strain containing plasmid pACYC-rpoN resembled 

wild-type colonies (Fig. 4E). Further, the colonies of the ΔrpoS CFT073 strain did not grow 

in a biphasic fashion and resembled wild-type colonies (Fig. 4F). Overall, it seems that rpoS 

does not directly contribute to the biphasic non-planktonic growth property of the ΔrpoN 

CFT073 strain. As many of the derepressed genes have no assigned function (Fig. 4G), at this 

stage in our analysis, it is difficult to delineate the genetic pathways that contribute to the 

biphasic non-planktonic growth property of the ΔrpoN CFT073 strain in greater granularity. 

However, as shown in Fig. 2H, the ΔrpoN EDL933 strain does not display the biphasic non-

planktonic growth property. Therefore, we compared the transcriptomes of exponentially 

growing wild-type, ΔrpoN and ΔrpoN + pACYC-rpoN EDL933 bacteria and observed that a 

total of 41 genes were differentially expressed in the ΔrpoN EDL933 strain (Table S3 and 

Fig. 4H), of which 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 ΔrpoN 
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CFT073 and EDL933 strains were the same (i.e., glnH, glnP, glnQ, ybeJ and pspA). 

However, of the 15 differentially expressed genes in the ΔrpoN EDL933 strain only 1 was 

commonly upregulated between the two ΔrpoN mutant strains (Fig. 4H - inset) – gadC, 

which encodes an antiporter as part of the glutamate-dependent acid resistance system. 

Notably, while many of the σ38-dependent acid resistance system genes are upregulated in the 

ΔrpoN CFT073 strain, no other associated genes are similarly upregulated in the ΔrpoN 

EDL933 strain. Overall, it seems that, under our experimental conditions, where σ54-

dependent transcription is not known to be essential, the absence of rpoN in CFT073 and 

EDL933 E. coli strains leads to de-repression of different sets of genes. Hence, it seems that, 

under conditions where σ54-dependent transcription is not essential, σ54 has a non-canonical 

regulatory function in transcriptionally repressing gene expression. In the case of the CFT073 

E. coli, this potential non-canonical regulatory function is associated with promoting 

homogeneous non-planktonic growth of CFT073 bacteria.  

 

Activator ATPases do not appear to contribute to σ54’s role as a determinant for the 

homogeneous non-planktonic growth of E. coli CFT073  

To further establish the potential non-canonical regulatory function of σ54, we focused on the 

activator ATPases. Recall that the σ54-RNAP requires specialized activator ATPases for its 

canonical function as a promoter-specificity factor. Our rational was that, if the biphasic non-

canonical growth property of the ΔrpoN CFT073 strain was due to a canonical function of σ54 

then a CFT073 strain lacking any one of the activator ATPases would also phenocopy the  

ΔrpoN CFT073 strain in the ScanLag assay. Conversely, this would be not the case if a non-

canonical regulatory function of σ54 was responsible for the biphasic non-planktonic growth 

property of the ΔrpoN CFT073 strain.  Hence, we searched the CFT073 genome for proteins 

that have the hallmark ‘GAFTGA’ sequences of activator ATPases that is required for 
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interacting with the σ54-RNAP and identified 11 activator ATPases. As shown in Fig. 5 (inset 

graphs), the 11 activator ATPase mutant strains of CFT073 can be classified into two classes 

based on their growth properties in LB liquid media in a plate reader incubator at 37°C: The 

ΔatoC, ΔyfhA, ΔprpR, ΔglnG and Δc5040 displayed markedly compromised growth 

compared to the wild-type, ΔrpoN and other activator ATPase mutant strains. Thus, for the 

ScanLag experiment, we let each activator ATPase mutant strain reach 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 media were reflected in the 

apparent growth rate of the colonies on LB agar plates (Fig. 5).  However, we did not detect 

the characteristic biphasic appearance of colonies, as seen with the ΔrpoN CFT073 strain, for 

any of the activator ATPase mutant CFT073 strains. We note that some ΔyfhA colonies 

resembled the M2 colonies of the ΔrpoN strain but, unlike the M2 colonies of the ΔrpoN 

strain, the frequency of the M2 colonies of the ΔyfhA strain represented <10% of the total 

number of colonies on the plate. As activator ATPases confer narrow regulon specificity 

upon the σ54-RNAP, it is unlikely that more than one activator ATPases are involved in σ54’s 

role as a determinant for the homogeneous non-planktonic growth of E. coli CFT073. 

Overall, our results indicate that none of the absence of any one of the activator ATPases 

encoded by the CFT073 strain phenocopy the ΔrpoN CFT073 strain, further supporting the 

view that the biphasic non-planktonic growth phenotype of the ΔrpoN CFT073 strain is due 

to a potential non-canonical regulatory function of σ54.  in the CFT073 strain under the 

conditions used here.   

 

Fitness advantage conferred by homogeneous non-planktonic growth 
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The results thus far unambiguously indicate a potential non-canonical role for σ54 in ensuring 

homogeneous non-planktonic growth specifically of CFT073 bacteria. As it is widely 

accepted that growth heterogeneity can confer considerable fitness benefits to a bacterial 

population as a whole, we considered whether homogeneous non-planktonic growth has a 

fitness advantage under growth-restrictive conditions. As UPEC bacteria are frequently 

exposed to antibiotics, we investigated the sensitivity of M1 and M2 colonies of ΔrpoN 

CFT073 bacteria to minimum inhibitory concentration (MIC) of amikacin and nitrofurantoin 

– two frequently used antibiotics to treat UTIs caused by UPEC – against wild-type bacteria. 

We did this by conducting ScanLag analysis using LB agar plates containing MICs of 

amikacin or nitrofurantoin. As shown in Fig. 6A, we failed to detect any M2 colonies on LB 

agar plates containing MIC of amikacin; even though 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, viability of ΔrpoN 

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 killed in the presence of MIC levels of amikacin. In contrast, we 

detected the characteristic biphasic growth property of the ΔrpoN CFT073 bacteria on LB 

agar plates containing nitrofurantoin. 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. 6B). However, the overall viability of ΔrpoN CFT073 bacteria was 

comparable to wild-type CFT073 bacteria. We note that the appearance time and apparent 

growth rate of wild-type CFT073 bacteria on nitrofurantoin-containing LB agar plates are 

also compromised but not to the degree seen with the ΔrpoN CFT073 bacteria.  Collectively, 
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it seems that homogeneous non-planktonic growth, which requires rpoN, is likely to confer 

fitness advantages to the E. coli CFT073 strain under growth restrictive conditions. 

 
 
Discussion 
 
 
The σ subunits of the bacterial RNAP are central regulators of gene expression as they confer 

promoter-specificity upon the RNAP and thereby determine the expression of different 

regulons. The σ54 factor is distinct from other bacterial σ factors as it has an obligatory 

requirement for an activator ATPase to allow transcription by its RNAP and thus different 

activator ATPases determine the cognate regulon specificity of the σ54-RNAP in response to 

diverse environmental cues. This study has revealed a role for σ54 in the UPEC strain CFT073 

as a determinant for homogeneous non-planktonic growth and, consequently, the absence of 

σ
54 results in biphasic non-planktonic growth with two subpopulations appearing slower than 

the wild-type population on LB solid media. How the absence of σ54 affects the pathogenic 

capacity of UPEC bacteria remains to be investigated, but our results clearly indicate that the 

biphasic non-planktonic growth of the mutant bacteria imposes potentially adverse fitness 

consequences on the mutant population under growth restrictive conditions.  

Although we are unable to specify the genetic basis by which σ54 determines 

homogeneous non-planktonic growth of the E. coli CFT073 strain, notably, the absence of σ54 

results in the transcriptional upregulation of a subset of seemingly functionally unconnected 

genes. Intriguingly previous studies by Schaefer et al (21) and Shimada et al (22) implied that 

the σ54 or its RNAP could have a repressive effect on global transcription. It is thus possible 

that the transcriptionally attenuated RPc formed by the σ54-RNAP (see Introduction), when 

not required to be activated by the activator ATPase, could have an indirect regulatory 

function in controlling genetic information flow.  Further, a study by Bonocora et al 

identified 85 intragenic binding events by  σ54-RNAP mostly within σ54-independent genes in 
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the genome of non-pathogenic E. coli strain MG1655 under a growth condition not associated 

with the activity of any activator ATPases, suggesting that most, if not all, of these 

promiscuous binding events could contribute to the transcriptional programme differently 

(23). Our results unequivocally indicate that σ54’s role as a determinant of homogeneous non-

planktonic growth is not dependent on any of the individual activator ATPases present in the 

E. coli CFT073 strain. This is unsurprising as, to the best of our knowledge, exponential 

growth of E. coli in LB liquid media or LB solid media, does not require σ54. Hence, we 

propose that σ54’s role as a determinant of homogeneous non-planktonic growth represents a 

non-canonical function of σ54 in regulation of gene expression in bacteria. As σ54 is the only 

alternative σ factor that is abundant  in E. coli during the exponential phase of growth in LB 

liquid media (i.e., the condition used here) (24), we envisage that σ54 functions like a 

nucleoid-associated protein (NAP) and thereby represses the transcription of genes required 

for homogeneous non-planktonic growth by the E. coli CFT073 strain. The observation that 

the absence of σ54 also results in the overall transcriptional upregulation of genes in the E. 

coli EDL933 strain, albeit not resulting in any detectable effect on non-planktonic growth, 

further supports a potential NAP-like function for σ54 in transcription regulation. Notably, 

different genes become transcriptionally upregulated in the ΔrpoN CFT073 and ΔrpoN 

EDL933 bacteria, suggesting that the non-canonical regulatory capacity of σ54 varies between 

strains of the same species. This might also explain why the absence of σ54 in either the 

EDL933 or NCM3722 E. coli strains does not result in biphasic non-planktonic growth on 

LB agar plates. Finally, in support of the potential NAP-like function for σ54, the ΔrpoN 

CFT073 strain harboring the plasmid pACYC-rpoN encoding for a σ54 variant containing the 

R456A substitution, which abrogates σ54’s ability to bind DNA but not RNAP (25), 

phenocopies the ΔrpoN CFT073 strain in the ScanLag assay (Fig. S1). It is difficult to 

decipher whether the potential NAP-like function of σ54 is mediated by σ54 per se or in the 
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context of the RNAP. The former is a possibility as σ54, unlike any other six σ subunits in E. 

coli, can bind DNA independent of the RNAP (26). 

Bacterial σ factors are considered as general transcription factors. In a recent review, 

Charles Dorman and colleagues proposed assigning a transcription regulatory protein as a 

‘transcription factor’ or ‘NAP’ should be considered as ad hoc operational definitions (27).  

Hence, the potential NAP-like function of σ54 implied from our work 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 plasmid used in this study are listed in Table S1. The ΔrpoN 

mutants for all strains were made according to the λ Red recombinase method to replace the 

rpoN gene with an in-frame fusion encoding a kanamycin resistance cassette amplified from 

the pDOC-K plasmid (28). The ΔrpoNΔrpoS CFT073 mutant strain was generated using the 

same recombinase method by replacing the rpoS gene with an in-frame fusion encoding a 

kanamycin resistant cassette using the ΔrpoN CFT073 strain as the parent strain. All mutant 

strains were cured of their kanamycin resistance cassette using the pCP20 plasmid (29). The 

rpoN complementation plasmid was constructed using Gibson assembly (30) to introduce the 

rpoN gene and ~300 base pairs of the upstream native sequence (including the promoter) into 

a modified pACYC184 plasmid backbone (see supplementary Table S1 for details). 

 

Bacterial Growth  
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The planktonic growth assays were conducted in lysogeny broth (LB) liquid media or healthy 

female urine (taken from mid-stream flow) in flasks (25 ml) or 96-well plates at 37°C, 

shaking at ~180 rpm. Growth curves were produced by measuring the optical density 

(OD600nm) of bacterial 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 mid-log for growth curves was 

calculated according to Powell (31). Viability measurements were conducted by plating serial 

dilutions of cultures at relevant time points and counting colony forming units (c.f.u.) 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 10-5 to 10-6, and 

100 μl spread on either LB agar plates with or without specified antibiotics (2 μg/ml amikacin 

disulfate salt or 7 μg/ml nitrofurantoin (both Sigma-Aldrich) or 50% (v/v) healthy human 

urine containing 1.5% (w/v) agar. Plates were incubated at 33°C in a standard office scanner 

(Epson Perfection V370 photo scanner, J232D) placed in an incubator and images taken 

every 20 mins over a 48 h period. Analysis of appearance time and apparent growth rate of 

colonies was adapted from Levin-Reisman et al (17) using a modified code by Miles 

Priestman available at https://github.com/mountainpenguin/NQBMatlab. At least two 

independent experiments were conducted for each ScanLag data shown in the figures.  

 

RNA sequencing  

Cultures were grown in LB liquid media and sampled during mid-exponential phase (OD600nm 

= 1). Three biological replicates of each strain were taken and mixed with a phenol:ethanol 
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(1:19) solution at a ratio of 9:1 (culture:solution) before harvesting the bacteria immediately 

by centrifugation. Bacterial pellets were sent to Vertis Biotechnologie AG for downstream 

processing. Briefly, RNA was extracted from the bacterial pellets using the RNAsnap (32) 

protocol followed by depletion of ribosomal RNA species, cDNA synthesis and next-

generation sequencing with an Illumina NextSeq 500. Downstream data analysis was 

conducted using standard parameters on the CLC Genomics Workbench 7. 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 were used and total read counts used for data normalisation. Reads mapped to each 

gene were quantified to give a matrix of read counts, which was then analysed with the 

DESeq2 BioConductor package to identify differentially expressed genes. All statistical 

analysis for differential gene expression was conducted with R version 4.1.1. Sequencing 

data is available in the ArrayExpress database at EMBL-EBI 

(http://www.ebi.ack.uk/arrayexpress) under accession number E-MTAB-11288. 
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Figure 1. The non-planktonic growth properties of strains of E. coli lacking σ54. Images 

of colonies on LB agar plates incubated at 33 °C for 48 h containing wild-type (left), ΔrpoN 

(middle) or ΔrpoN + rpoN (right) of E. coli strains (A) CFT073, (B) NCM3722, and (C) 

EDL933. The two differently sized colonies seen on plates containing the ΔrpoN CFT073 

strain are indicated with white (big colony) and orange (small colony) arrows in the inset in 

(A).  
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Figure  2. The planktonic and non-planktonic growth properties of different strains of 

E. coli lacking σ54. A, Graph showing the growth curves of wild-type (blue), ΔrpoN (red), 

and ΔrpoN + rpoN (green) CFT073 strains grown in LB liquid media for 5 h.  B, Scanlag 

analysis of colony appearance time for CFT073 strains grown in LB liquid media for 5 h of 

wild-type (left), ΔrpoN (red), and ΔrpoN + rpoN (green). Black circles represent average 

population growth rate and appearance time with mean growth rate indicated as a value. C, 

Graph showing the growth curves in LB liquid media from colonies picked from (B) and 

colour coded as indicated. The average doubling time for each colony type is indicated in the 

table.  D, Scanlag analysis as in (B) for bacteria plated from (C). Shown in grey is data from 

(B) for reference. E, Graph showing the growth curves of wild-type (blue), ΔrpoN (red), and 

ΔrpoN + rpoN (green) NCM3722 strains grown in LB liquid media for 5 h. F, Scanlag 

analysis of colony appearance time as in (B) for NCM3722 strains. G, Graph showing the 

growth curves of wild-type (blue), ΔrpoN (red), and ΔrpoN + rpoN (green) EDL933 strains 

grown in LB liquid media for 5 h. H, Scanlag analysis of colony appearance time as in (B) for 

EDL933 strains grown in LB liquid media for 5 h. Where indicated, the error bars represent 

standard deviation (n�=�3). 
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Figure 3. Heterogeneous non-planktonic growth is an inherent property of ΔrpoN 

CFT073 bacteria. A, Scanlag analysis of colony appearance time for wild-type (left, blue), 

ΔrpoN (middle, red), and ΔrpoN + rpoN (right, green) CFT073 bacteria grown in LB liquid 

media to mid-exponential phase before plating on LB agar plates. Black circles represent 

average population growth rate and appearance time with mean growth rate indicated as a 

value. Shown in grey for comparison are the M1 and M2 colonies from bacteria grown in LB 

liquid media for 5 h before plating.  B, As in (A) but with bacteria grown for 5 days in LB 

liquid media. C, Graphs showing growth curves of wild-type (blue), ΔrpoN (red), and ΔrpoN 

+ rpoN (green) CFT073 strains grown in human female urine 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% (v/v) 

human female urine.  Where indicated, the error bars represent standard deviation (n�=�3). 
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Figure 4. Comparative analysis of the transcriptomes of wild-type and ΔrpoN CFT073 

strains. A, Volcano plot showing differentially expressed genes in ΔrpoN CFT073 strain as a 

log2 fold change from wild-type CFT073 strain extracted from LB liquid media during mid-

exponential growth. Significantly differentially expressed genes (DEGs) were defined as 

having an absolute log2 fold change ≥ 1, and a false discovery rate-adjusted P value < 0.05. 

Upregulated DEGs shown in red, downregulated DEGs show in blue, and largest log2 fold 

changes labelled with gene names. B, As in (A) but known σ38-dependent genes highlighted 

in orange. Gene names of σ38-dependent genes with the highest log2 fold change are labelled. 

C, Graph showing growth curves of wild-type (blue), ΔrpoN (red), ΔrpoNΔrpoS (purple), 

ΔrpoNΔrpoS + rpoN (turquoise), and ΔrpoS (orange) CFT073 strains grown in LB liquid 

media for 5 h. Error bars represent standard deviation (n�=�3). D-F, Scanlag analysis of 

colony appearance time of (D) ΔrpoNΔrpoS (purple), (E) ΔrpoNΔrpoS + rpoN (turquoise), 

and (F) ΔrpoS (orange) CFT073 strains grown in LB liquid media for 5 h before plating. 

Black circles represent average population growth rate and appearance time with mean 

growth rate indicated as a value. Shown in grey for comparison are the M1 and M2 colonies 

from bacteria grown in LB liquid media for 5 h before plating. G, Graph showing DEGs in 

the ΔrpoN CFT073 bacteria from (A) categorised by COG annotation. H, As in (A) but for 

DEGs in ΔrpoN EDL933 bacteria as a log2 fold change from wild-type EDL933 bacteria 

extracted from LB liquid media during mid-exponential growth. Upregulated DEGs shown in 

pale red and downregulated DEGs shown in pale blue, with DEGs also present in (A) labelled 

and shown in bright red and bright blue, respectively. The Venn diagrams (inset) show 

upregulated and downregulated DEG numbers from ΔrpoN CFT073 bacteria (blue) compared 

to ΔrpoN EDL933 bacteria (orange) with numbers in overlapping circles representing 

identical genes in both strains. 
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Figure 5. Activator ATPases do not appear to contribute to σ54’s role as a determinant 

for the homogeneous non-planktonic growth of E. coli CFT073. Scanlag analysis of 

colony appearance time following growth in LB liquid media for 5 h of known activator 

ATPase mutants of CFT073 bacteria in order from top left: ΔatoC, Δc5040, ΔfhlA, ΔglnG, 

ΔnorR, ΔprpR, ΔpspF, ΔrtcR, ΔyfhA, ΔygeV, and ΔzraR. Black circles represent average 

population growth rate and appearance time with mean growth rate indicated as a value. 

Shown in grey for comparison are the M1 and M2 colonies from bacteria grown in LB liquid 

media 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 the wild-type (blue) and 

ΔrpoN (red) CFT073 strains shown for comparison. The inset histograms for the ΔyfhA 

CFT073 strain show appearance times of ΔyfhA (top, pink) and ΔrpoN (bottom, red) for 

comparison (see text) with average population appearance time written above each peak. 

Where indicated, the error bars represent standard deviation (n�=�3). 
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Figure 6. Fitness advantage conferred by homogeneous non-planktonic growth. A, 

Scanlag analysis of colony appearance time of wild-type (blue), ΔrpoN (red), and ΔrpoN + 

rpoN (green) CFT073 bacteria following growth in LB liquid media for 5 h followed by 

plating on LB agar plates with MIC of amikacin. Black circles represent average population 

growth rate and appearance time with mean growth rate indicated as a value. Shown in grey 

for comparison are the M1 and M2 colonies from bacteria grown in LB liquid media for 5 h 

before plating on LB agar containing no antibiotics. B, As in (A) but bacteria were plated on 

LB agar plates containing MIC of nitrofurantoin. The inset images show representative 

colonies for comparison (see text). In (A) and (B), the bar graphs indicate viability as 

measured by colony forming units (c.f.u.) of wild-type (blue), ΔrpoN (red), and ΔrpoN + 

rpoN (green) CFT073 bacteria plated on LB agar plates with MIC of amikacin or 

nitrofurantoin. 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).  
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Figure S1 

 

  
Figure S1. Scanlag analysis of colony appearance time following growth in LB liquid media 

for 5 h followed by plating on LB agar plates for ΔrpoN + pACYC-rpoNR456A CFT073 

bacteria. Black circles represent average population growth rate and appearance time with 

mean growth rate indicated as a value. Shown in grey for comparison are the M1 and M2 

colonies from ΔrpoN CFT073 bacteria grown in LB liquid media for 5 h before plating.  
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Table S1 

E. coli strains and plasmids used in this study 

Strains 

Name Description Source or 
Reference 

Wild-type CFT073 UPEC O6:K2:H1 WAM4505, original patient isolate Gifted from 
Rodney 
Welch (1) 

ΔrpoN CFT073 UPEC O6:K2:H1 WAM4505, ΔrpoN This study 

ΔrpoN CFT073 + pACYC-
rpoN 

UPEC O6:K2:H1 WAM4505, ΔrpoN + pACYC-rpoN This study 

Wild-type EDL933 EHEC O157:H7 strain, EDL933 (2) 

ΔrpoN EDL933 EHEC O157:H7 strain, EDL933 ΔrpoN This study 

ΔrpoN EDL933 + pACYC-
rpoN 

EHEC O157:H7 strain, EDL933 ΔrpoN + pACYC-rpoN This study 

Wild-type NCM3722 
 

Prototrophic K-12 strain, NCM3722 (3) 

ΔrpoN NCM3722 Prototrophic K-12 strain, NCM3722 ΔrpoN This study 

ΔrpoN NCM3722 + 
pACYC-rpoN 

Prototrophic K-12 strain, NCM3722 ΔrpoN + pACYC-
rpoN 

This study 

Plasmids 

Name Description Source or 
reference 

pACYC-rpoN Modified pACYC plasmid backbone (-TcR, +MCS) 
expressing rpoN under the native rpoN promoter 

This study 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 14, 2022. ; https://doi.org/10.1101/2022.01.13.476216doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.13.476216
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35

Table S2 

Differentially expressed genes in ΔrpoN CFT073 bacteria relative to wild-type CFT073 

bacteria 

Gene c # Product name 

Log2 fold 
change 

(ΔrpoN / 
wild-type) 

Adjusted 
P-value 

Log2 
fold 

change 
(ΔrpoN 

+ 
pACYC
-rpoN / 
wild-
type) 

Adjusted 
P-value 

slp c4304 Outer membrane protein slp 
precursor   

2.92 3.22E-38 0.34 
0.4841 

ybaS c0605 Probable glutaminase ybaS   2.86 1.63E-38 0.16 NA 
xasA c1921 Amino acid antiporter   2.78 2.08E-28 0.01 NA 
gadB c1922 Glutamate decarboxylase beta   2.68 6.31E-29 0.02 0.9894 
yhiE c4323 Hypothetical protein yhiE   2.65 4.80E-29 0.52 NA 
hdeB c4320 Protein hdeB precursor   2.63 1.10E-24 0.26 0.5978 
yhiF c4306 Hypothetical transcriptional 

regulator yhiF   
2.51 1.45E-19 0.30 

NA 
c0954 c0954 Putative capsid completion 

protein   
2.46 3.25E-06 0.99 

NA 
yeaH c2189 Hypothetical protein yeaH   2.30 6.82E-21 0.64 0.2019 
hdeA c4321 Protein hdeA precursor   2.21 3.01E-21 0.18 0.6931 
c4375 c4375 Hypothetical protein yiaG   2.21 6.55E-50 0.46 0.2806 
ybgS c0829 Hypothetical protein ybgS 

precursor   
2.19 1.02E-22 0.41 

NA 
osmY c5457 Osmotically inducible protein 

Y precursor   
2.18 1.70E-42 0.78 

0.0858 
ydcT c1865 Hypothetical ABC transporter 

ATP-binding protein ydcT   
2.16 2.53E-19 0.46 

NA 
c5459 c5459 Conserved hypothetical 

protein   
2.08 7.76E-35 0.57 

0.1831 
msyB c1318 Acidic protein msyB   2.08 2.30E-12 0.45 NA 
ydcS c1864 Putative ABC transporter 

Periplasmic binding protein 
ydcS precursor   

1.98 4.20E-32 0.25 

0.6699 
ygaM c3223 Hypothetical protein ygaM   1.96 1.94E-10 0.72 NA 
hyaA c1113 Hydrogenase-1 small chain 

precursor   
1.94 8.32E-06 0.82 

NA 
c0950 c0950 Putative capsid scaffolding 

protein   
1.91 6.05E-14 0.31 

NA 
hdeD c4322 HdeD protein   1.89 3.08E-19 0.25 0.5885 
yhiU c4324 Hypothetical lipoprotein yhiU 

precursor   
1.88 1.57E-12 0.24 

NA 
yeaG c2188 Hypothetical protein yeaG   1.88 6.31E-29 0.61 0.1079 
narW c1898 Respiratory nitrate reductase 2 

delta chain   
1.87 3.51E-06 0.22 

NA 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 14, 2022. ; https://doi.org/10.1101/2022.01.13.476216doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.13.476216
http://creativecommons.org/licenses/by-nc-nd/4.0/


 36

yahO c0449 Hypothetical protein yahO 
precursor   

1.86 4.50E-36 0.25 
0.5545 

ecnB c5235 Putative toxin of osmotically 
regulated toxin-antitoxin 
system associated with 
programmed cell death   

1.84 3.39E-44 0.44 

0.3356 
yehX c2659 Hypothetical ABC transporter 

ATP-binding protein yehX   
1.84 6.81E-13 0.61 

NA 
yegP c2606 Hypothetical protein yegP   1.82 1.77E-31 0.53 0.2414 
c2623 c2623 Fructose-bisphosphate aldolase 

class I   
1.80 2.15E-28 0.48 

0.1371 
osmC c1916 Osmotically inducible protein 

C   
1.79 2.31E-19 0.46 

0.3657 
ydcV c1867 Hypothetical ABC transporter 

permease protein ydcV   
1.79 0.00038 -0.13 

NA 
ydiC c2079 SufA protein   1.79 9.09E-09 0.64 NA 
c0965 c0965 Phage baseplate assembly 

protein   
1.76 3.50E-06 0.88 

NA 
yebV c2245 Hypothetical protein yebV   1.75 3.09E-08 -0.06 NA 
c1317 c1317 Hypothetical protein c1317   1.72 4.87E-08 0.45 NA 
narU c1901 Nitrite extrusion protein 2   1.69 6.49E-16 0.18 NA 
yeaQ c2200 Hypothetical protein yeaQ   1.68 4.67E-19 0.56 0.1920 
ibpA c4607 16 kDa heat shock protein A   1.68 1.26E-16 0.35 0.5843 
narZ c1900 Respiratory nitrate reductase 2 

alpha chain   
1.67 9.58E-21 0.20 

0.7467 
ynhD c2077 Probable ATP-dependent 

transporter sufC   
1.66 1.63E-09 0.67 

NA 
ynhC c2076 SufD protein   1.64 5.25E-10 0.62 0.1202 
tktB c2990 Transketolase 2   1.64 5.15E-30 0.45 0.2301 
poxB c1004 Pyruvate dehydrogenase 

(cytochrome)   
1.63 1.97E-27 0.52 

0.2453 
ydcU c1866 Hypothetical ABC transporter 

permease protein ydcU   
1.63 1.05E-08 0.34 

NA 
yehW c2658 Hypothetical ABC transporter 

permease protein yehW   
1.61 1.89E-11 0.21 

NA 
ynhE c2078 SufB protein   1.60 1.43E-14 0.56 0.2463 
c0952 c0952 Major capsid protein   1.60 2.23E-08 0.21 NA 
ymgE c1645 Transglycosylase associated 

protein   
1.60 0.000148 0.80 

NA 
otsB c2311 Trehalose-phosphatase   1.59 6.43E-14 0.18 0.8361 
c1843 c1843 Glyceraldehyde 3-phosphate 

dehydrogenase A   
1.59 9.85E-16 0.23 

0.7420 
adhP c1911 Alcohol dehydrogenase, 

propanol-preferring   
1.57 3.51E-17 0.46 

0.3991 
ybaT c0606 Hypothetical transport protein 

ybaT   
1.56 4.67E-19 -0.16 

0.7510 
yhjY c4366 Hypothetical protein yhjY   1.55 3.02E-15 0.20 0.8322 
phnB c5112 PhnB protein   1.55 1.16E-05 0.48 NA 
narY c1899 Respiratory nitrate reductase 2 

beta chain   
1.55 1.18E-09 -0.04 

NA 
wrbA c1140 Flavoprotein wrbA   1.50 1.06E-10 0.71 0.0237 
rpsV c1913 30S ribosomal protein S22   1.50 1.26E-23 0.33 0.3327 
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ycaC c1034 Protein ycaC   1.49 5.44E-25 0.21 0.7120 
elaB c2810 ElaB protein   1.49 3.07E-22 0.30 0.3589 
fic c4136 Cell filamentation protein fic   1.48 1.78E-08 0.51 NA 
gabD c3209 Succinate-semialdehyde 

dehydrogenase (NADP+)   
1.48 9.45E-11 0.36 

NA 
blc c5237 Outer membrane lipoprotein 

blc precursor   
1.46 1.44E-24 0.49 

0.3327 
psiF c0491 Phosphate starvation-inducible 

protein psiF precursor   
1.45 8.30E-13 0.44 

0.2972 
c0936 c0936 Hypothetical protein c0936   1.44 3.14E-06 0.46 NA 
c4407 c4407 Hypothetical protein c4407   1.44 5.47E-06 0.27 NA 
yccJ c1139 Hypothetical protein yccJ   1.42 9.30E-11 0.55 0.0765 
bfr c4107 Bacterioferritin   1.41 2.07E-25 0.33 0.4663 
yehY c2660 Hypothetical ABC transporter 

permease protein yehY   
1.41 1.09E-11 0.08 

NA 
c2075 c2075 Selenocysteine lyase   1.40 1.61E-08 0.37 0.4498 
ybiM c0891 Hypothetical protein ybiM   1.39 0.000857 0.55 NA 
yjbJ c5016 Protein yjbJ   1.39 5.10E-26 0.29 0.5432 
c0941 c0941 DNA adenine methylase   1.38 0.001938 0.75 NA 
c0963 c0963 Putative Phage baseplate 

assembly protein   
1.37 0.004379 0.36 

NA 
yccT c1101 Hypothetical protein yccT 

precursor   
1.36 4.47E-07 0.29 

NA 
yhiX c4327 Transcriptional regulator gadX   1.36 8.12E-18 0.23 0.6790 
yhfL c4145 Hypothetical protein yhfL   1.35 0.031038 0.64 NA 
ycgB c1637 Hypothetical protein ycgB   1.34 3.44E-24 0.44 0.4016 
yciR c1756 Hypothetical protein yciR   1.34 2.95E-24 0.35 0.4294 
ybaY c0572 Hypothetical protein ybaY 

precursor   
1.34 9.20E-19 0.34 

0.3991 
yqjE c3857 Hypothetical protein yqjE   1.33 2.01E-18 0.42 0.1356 
yhfG c4137 Hypothetical protein yhfG   1.32 1.55E-10 0.66 0.2045 
gabT c3210 4-aminobutyrate 

aminotransferase   
1.31 4.72E-11 0.25 

NA 
ynhA c2074 SufE protein   1.30 0.007329 0.44 NA 
yhcO c3994 Hypothetical protein yhcO   1.30 1.24E-08 0.47 NA 
ybhP c0873 Hypothetical protein ybhP   1.30 7.77E-09 0.37 0.6150 
katE c2131 Catalase HPII   1.29 3.54E-10 0.29 0.6392 
ydcJ c1848 Hypothetical protein ydcJ   1.29 2.37E-09 0.09 NA 
yqjK c3858 Hypothetical protein yqjK   1.28 1.06E-23 0.30 0.2830 
yjgB c5370 Hypothetical zinc-type alcohol 

dehydrogenase-like protein 
yjgB   

1.28 4.21E-13 0.32 

0.4176 
yehE c2640 Hypothetical protein yehE 

precursor   
1.28 5.23E-13 0.25 

0.6931 
yodD c2372 Hypothetical protein yodD   1.27 4.46E-11 0.42 0.4153 
otsA c2310 Alpha,alpha-trehalose-

phosphate synthase (UDP-
forming)   

1.27 4.58E-14 0.27 

0.5653 
glpA c2782 Anaerobic glycerol-3-

phosphate dehydrogenase 
1.27 1.68E-08 0.11 

0.9861 
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subunit A   
ggt c4236 Gamma-

glutamyltranspeptidase 
precursor   

1.27 4.10E-13 0.17 

0.7758 
hyaB c1114 Hydrogenase-1 large chain   1.27 0.001385 -0.09 NA 
proP c5116 Proline/betaine transporter   1.24 8.22E-16 0.67 0.1086 
yqaE c3215 Hypothetical protein yqaE   1.24 3.35E-11 0.28 0.6699 
yehZ c2661 Hypothetical protein yehZ 

precursor   
1.24 1.34E-16 0.08 

0.9273 
gadA c4328 Glutamate decarboxylase alpha  1.24 1.29E-08 -0.22 0.6392 
glpB c2783 Anaerobic glycerol-3-

phosphate dehydrogenase 
subunit B   

1.23 5.68E-08 0.63 

0.8818 
osmE c2138 Osmotically inducible 

lipoprotein E precursor   
1.23 4.59E-13 0.35 

0.2972 
glpD c4203 Aerobic glycerol-3-phosphate 

dehydrogenase   
1.23 5.73E-09 -0.01 

0.9980 
yjdI c5133 Hypothetical protein yjdI   1.23 8.08E-05 0.45 NA 
yebF c2259 Hypothetical lipoprotein yebF 

precursor   
1.22 8.96E-18 0.32 

0.3474 
glpC c2784 Anaerobic glycerol-3-

phosphate dehydrogenase 
subunit C   

1.22 3.87E-05 0.79 

0.8114 
talA c2989 Transaldolase A   1.22 8.54E-13 0.15 0.8114 
ygaF c3208 Hypothetical protein ygaF   1.21 1.87E-08 0.13 NA 
ybdK c0667 Hypothetical protein ybdK   1.20 3.24E-11 0.51 0.2295 
yahK c0447 Hypothetical zinc-type alcohol 

dehydrogenase-like protein 
yahK   

1.19 7.00E-10 0.23 

0.6802 
ydaM c1815 Hypothetical protein ydaM   1.19 2.47E-12 0.14 0.8462 
yliH c0921 Hypothetical protein yliH   1.18 7.34E-08 0.21 NA 
amyA c2342 Cytoplasmic alpha-amylase   1.18 2.35E-13 0.31 0.5798 
tam c1942 Trans-aconitate 2-

methyltransferase   
1.18 1.10E-10 0.43 

0.4294 
coxT c0935 Putative regulator for prophage  1.17 0.003387 0.48 NA 
ygjG c3828 Probable ornithine 

aminotransferase   
1.17 2.81E-10 0.24 

0.6931 
ygaU c3213 Unknown protein from 2D-

page   
1.15 1.36E-14 0.20 

0.6932 
yqjD c3856 Hypothetical protein yqjD   1.15 2.28E-07 0.45 0.1488 
yphA c3065 Hypothetical protein yphA   1.15 8.83E-13 0.07 0.9473 
chaB c1677 Cation transport regulator 

chaB   
1.14 7.88E-06 0.19 

NA 
yjdJ c5134 Hypothetical protein yjdJ   1.13 1.92E-05 0.44 0.4115 
ynhG c2073 Hypothetical protein ynhG 

precursor   
1.13 2.19E-07 0.54 

0.1599 
yegS c2614 Hypothetical protein yegS   1.12 1.01E-08 0.02 0.9883 
cysD c3319 Sulfate adenylyltransferase 

subunit 2   
1.11 0.045981 5.22 

0.0136 
yehV c2657 MerR-like regulator A   1.11 3.98E-07 0.08 0.9597 
cysJ c3323 Sulfite reductase [NADPH] 1.10 0.006736 4.62 0.0262 
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flavoprotein alpha-component   
c3736 c3736 Putative enzyme   1.10 6.28E-05 0.03 NA 
c0971 c0971 Probable major tail sheath 

protein   
1.10 2.63E-05 0.08 

NA 
oppD c1710 Oligopeptide transport ATP-

binding protein oppD   
1.09 2.28E-07 0.54 

0.1183 
c0948 c0948 Terminase, ATPase subunit   1.09 0.005215 -0.05 NA 
ydhS c2060 Hypothetical protein ydhS   1.09 5.82E-09 0.23 0.7582 
yqjC c3855 Protein yqjC precursor   1.09 1.93E-12 0.35 0.2355 
sfaD c1240 Putative minor F1C fimbrial 

subunit precursor   
1.09 2.17E-06 0.20 

0.7005 
c4585 c4585 Conserved hypothetical 

protein   
1.08 6.98E-05 -0.19 

NA 
ygaT c3207 Hypothetical protein ygaT   1.08 0.012004 0.54 NA 
aldB c4408 Aldehyde dehydrogenase B   1.08 7.15E-06 -0.28 0.4948 
ugpA c4241 SN-glycerol-3-phosphate 

transport system permease 
protein ugpA   

1.08 0.000505 -0.07 

NA 
aidB c5275 AidB protein   1.08 1.44E-10 0.34 0.4912 
yhiW c4326 Hypothetical transcriptional 

regulator yhiW   
1.08 2.58E-11 -0.20 

0.7467 
ydiZ c2123 Hypothetical protein ydiZ   1.08 0.000261 0.28 NA 
oppF c1711 Oligopeptide transport ATP-

binding protein oppF   
1.07 7.27E-09 0.45 

0.3447 
focC c1241 F1C periplasmic chaperone   1.05 6.25E-05 0.22 0.7261 
yfcG c2845 Hypothetical GST-like protein 

yccG   
1.05 0.000316 0.19 

NA 
yhiO c4292 Universal stress protein B   1.04 2.19E-09 0.32 0.5083 
c4380 c4380 Conserved hypothetical 

protein   
1.04 0.007464 0.19 

NA 
yhiV c4325 Hypothetical protein yhiV   1.04 1.44E-08 0.00 0.9982 
ygiW c3763 Protein ygiW precursor   1.03 6.01E-13 0.21 0.6932 
ygdI c3380 Hypothetical lipoprotein ygdI 

precursor   
1.03 5.32E-05 0.09 

NA 
c1437 c1437 Putative Rz endopeptidase 

from lambdoid prophage 
DLP12   

1.02 0.008211 0.40 

NA 
dnaK c0019 Chaperone protein dnaK   1.01 1.13E-09 0.75 0.1159 
ccmH c2731 Cytochrome c-type biogenesis 

protein ccmH precursor   
-1.05 7.56E-09 -0.47 

0.1233 
tnaL c5499 Tryptophanase leader peptide   -1.06 3.21E-14 -0.56 0.1599 
fdnH c1906 Formate dehydrogenase-N 

beta subunit   
-1.11 0.001082 -0.35 

0.4294 
fdnI c1907 Formate dehydrogenase-N 

gamma subunit   
-1.32 9.01E-07 -0.46 

0.3233 
glnQ c0894 Glutamine transport ATP-

binding protein glnQ   
-3.15 2.83E-45 0.84 

0.0003 
ybeJ c0739 Glutamate/aspartate 

Periplasmic binding protein 
precursor   

-3.20 8.73E-61 0.65 

0.0596 
pspA c1774 Phage shock protein A   -3.64 1.88E-92 0.03 0.9693 
glnP c0895 Glutamine transport system -4.14 1.28E-54 0.77 0.0262 
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permease protein glnP   
glnH c0896 Glutamine-binding periplasmic 

protein precursor   
-4.15 2.83E-

144 
0.36 

0.2355 
c0897 c0897 Hypothetical protein c0897   -4.56 4.04E-

100 
0.06 

0.9306 
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Table S3 

Differentially expressed genes in ΔrpoN EDL933 bacteria relative to wild-type and ΔrpoN + 

pACYC-rpoN EDL933 bacteria 

Gene R # Product name 

Log2 
fold 

change 
(ΔrpoN / 

wild-
type) 

Adjusted 
P-value 

Log2 
fold 

change 
(ΔrpoN 

+ 
pACYC-

rpoN / 
wild-
type) 

Adjusted 
P-value 

hisG RS15120 
ATP 

phosphoribosyltransferase 
2.16 1.83E-57 0.38 0.0267 

hisD RS15125 histidinol dehydrogenase 1.87 2.87E-47 0.37 0.0266 

hisH RS15140 
imidazole glycerol 
phosphate synthase 

subunit HisH 
1.69 2.26E-21 0.51 0.0298 

hisC RS15130 
histidinol-phosphate 

aminotransferase 
1.67 1.71E-40 0.16 0.4368 

tdcD RS21295 propionate kinase 1.66 1.64E-05 1.62 0.0000 

hisA RS15145 

1-(5-phosphoribosyl)-5-
[(5- 

phosphoribosylamino)met
hylideneamino] imidazole-
4-carboxamide isomerase 

1.56 2.95E-21 0.43 0.0580 

hisF RS15150 
imidazole glycerol 
phosphate synthase 

subunit HisF 
1.56 1.58E-16 0.52 0.0121 

tdcC RS21300 
threonine/serine 
transporter TdcC 

1.48 0.000119 1.04 0.0355 

hisB RS15135 
histidine biosynthesis 

bifunctional protein HisB 
1.45 2.59E-33 0.18 0.2974 

 
RS15155 

histidine biosynthesis 
bifunctional protein HisIE 

1.33 1.87E-15 0.50 0.0203 

glnL RS25625 
PAS domain-containing 
two-component system 
sensor histidine kinase 

1.27 2.23E-28 0.41 0.0018 

tdcE RS21290 
keto-acid formate 
acetyltransferase 

1.22 0.014273 1.45 0.0000 

glnG RS25620 
nitrogen regulation protein 

NR(I) 
1.21 3.77E-24 0.52 0.0000 

gadC RS10510 
glutamate/gamma-

aminobutyrate antiporter 
1.03 1.82E-16 -0.16 0.4466 

 
RS19100 

formate hydrogenlyase 
subunit 5 

1.02 0.000143 0.19 0.6983 

sepD RS24390 
type III secretion system 

protein SepD 
-1.00 0.014864 0.21 0.6682 

queD RS19320 
6-carboxy-5,6,7,8-

tetrahydropterin synthase 
-1.02 7.05E-06 -0.88 0.0000 
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RS27010 hypothetical protein -1.02 7.22E-11 -0.94 0.0000 

eae RS24315 intimin -1.03 6.60E-08 -0.06 0.8505 

suhB RS18125 
inositol-1-

monophosphatase 
-1.03 2.25E-08 -0.69 0.0000 

 
RS12805 

 
-1.04 0.009639 -1.15 0.0004 

iprA RS02170 transcriptional regulator -1.05 0.004893 -1.01 0.0061 

 
RS21600 

 
-1.06 0.030655 -1.16 0.0002 

 
RS16350 hypothetical protein -1.08 0.005059 -1.23 0.0006 

gltK RS03545 
glutamate ABC transporter 

permease 
-1.09 6.97E-08 0.11 0.6757 

 
RS29215 

 
-1.10 8.80E-06 -0.83 0.0003 

ag43 RS05545 
 

-1.10 0.323139 -1.25 0.2217 

 
RS12690 membrane protein -1.11 0.000275 -0.94 0.0019 

gltJ RS03550 
glutamate/aspartate ABC 
transporter permease GltJ 

-1.12 3.22E-07 0.16 0.5527 

 
RS03620 

 
-1.13 0.021777 -1.01 0.0000 

escJ RS24385 
secretion system apparatus 

lipoprotein EscJ 
-1.15 0.000577 0.00 0.9967 

 
RS25240 

 
-1.19 0.035694 -1.37 0.0036 

ag43 RS07695 
 

-1.20 0.295889 -1.46 0.1506 

 
RS09430 

 
-1.23 0.051114 -0.98 0.1249 

 
RS18960 

 
-1.23 9.02E-11 -1.16 0.0000 

 
RS17255 hypothetical protein -1.38 5.76E-10 -1.14 0.0030 

 
RS17500 hypothetical protein -1.41 2.38E-07 -1.51 0.0000 

 
RS27810 

 
-1.43 0.013834 -1.32 0.0084 

cspH RS06530 cold-shock protein CspH -1.84 0.010752 -1.39 0.0550 

glnQ RS04640 
glutamine ABC transporter 

ATP-binding protein 
-2.68 1.38E-87 0.60 0.0000 

gltI RS03555 
glutamate/aspartate ABC 

transporter substrate-
binding protein 

-2.97 2.76E-61 -0.16 0.5027 

glnP RS04645 
glutamine ABC transporter 

permease 
-2.98 1.66E-92 0.73 0.0000 

pspA RS11640 phage shock protein A -3.27 4.14E-56 0.18 0.3970 

glnH RS04650 
glutamine-binding 
periplasmic protein 

-3.29 1.98E-217 -0.01 0.9755 
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