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Abstract 

LF82, an adherent-in v asiv e Esc heric hia coli (AIEC) pathobiont, is associated with Crohn’s disease, an inflammatory bo w el disease of unknown eti- 
ology. Although AIEC phenotypes differ from those of ‘commensal’ or pathogenic E. coli , work has failed to identify genetic features accounting 
for these diff erences . W e have investigated a natural, but rare, single nucleotide polymorphism (SNP) in LF82 present within the highly con- 
served rpoD gene, encoding σ70 [primary sigma factor, RNA polymerase (RNAP)]. We demonstrate that σ70 D445V results in transcriptomic and 
phenotypic changes consistent with LF82 phenotypes, including increased antibiotic resistance and biofilm formation and increased capacity 
for methionine biosynthesis. RNA-seq analyses comparing σ70 V445 versus σ70 D445 identified 24 genes upregulated by σ70 V445 in both LF82 
and the laboratory E. coli K-12 strain MG1655. Using in vitro transcription, we demonstrate that σ70 D445V directly increases transcription from 

promoters f or se v eral of the up-regulated genes and that the presence of a 16 bp spacer and -14 G:C is associated with this increase. The position 
of D445V within RNAP suggests that it could affect RNAP / spacer interaction. Our work represents the first identification of a distinguishing SNP 

for this pathobiont and suggests an underrecognized mechanism by which pathobionts and strain variants can emerge. 
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Introduction 

Inflammatory bowel diseases (IBD), such as Crohn’s disease
(CD) and ulcerative colitis (UC), are chronic, relapsing, and
immunological-mediated disorders consisting of prolonged
bouts of inflammation of the intestinal mucosa. In addition to
negatively impacting quality of life, CD patients have an ele-
vated risk of developing colorectal and small bowel cancers as
Received: June 12, 2024. Revised: August 8, 2024. Editorial Decision: August 10,
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well as complications from surgery. As multiple factors are im- 
plicated in the etiology of CD, including diet, host genetic sus- 
ceptibility, and environmental and immunologic factors, new 

insights are needed to better understand the cause of the dis- 
ease and to develop a cure ( 1 ). Several studies have identified 

associations of disease with the presence of adherent-invasive 
E. coli (AIEC) pathobionts, which have been reported to be 
 2024. Accepted: August 28, 2024 
 

ain in the US. 
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levated by 1–2 orders of magnitude in CD patients where
hey are thought to be crucial to the inflammatory processes
resent in this disease ( 2 ,3 ). 
LF82 is the prototypical AIEC strain and has received con-

iderable attention in efforts to better understand the role of
IEC in CD ( 3 ,4 ). This pathobiont is a member of the B2 phy-

ogenetic group and possesses unique phenotypes that distin-
uish it from most other Esc heric hia coli strains ( 3 ,4 ). While
F82 does not express known toxins or virulence factors

ound in frank E. coli pathogens, it can attach to and invade
ntestinal epithelial cells, survive in macrophages, and induce
ecretion of tumor necrosis factor-alpha (TNF- α) and other
ro-inflammatory cytokines ( 5–7 ). LF82 binds to CECAM6
carcinoembryonic antigen–related cell adhesion molecule 6),
hich is expressed on epithelial cells, especially in inflamed in-

estinal tissue ( 8 ). Like other AIEC strains, LF82 can also ox-
dize a variety of substrates to outcompete other members of
he gut microbiota ( 9 ). Despite these associations with CD, it
emains unclear how LF82 emerged as a gut-associated patho-
iont and which features of its genetic makeup contribute
o its unique phenotypes. Specific genetic signatures that dif-
erentiate AIEC strains from other E. coli isolates have also
ot been identified ( 10–13 ), suggesting that AIEC strains have
merged independently multiple times ( 14 ). 

To better understand the processes that contribute to the
mergence of AIEC strains, a murine host-to-host transmis-
ion model was previously used to identify genetic changes as-
ociated with adaptation to the gut across multiple hosts ( 14 ).
his effort identified AIEC variants with altered motility and
cetate metabolism that improved transmission. In contrast to
dentifying genetic changes associated with host-to-host trans-
ission, we sought to use a defined microbiota mouse model

o establish chronic, long-term colonization of LF82 without
equiring re-colonization into new hosts. For this, we intro-
uced LF82 into altered Schaedler flora (ASF) mice, which
epresent a gnotobiotic animal model where the animals are
olonized with only 8 bacterial species, excluding members
f the Proteobactericeae ( 15 ,16 ). In contrast to conventional
ice with complex microbiota, ASF mice maintain LF82 at

onsistent levels without the need for continual reacquisition
r disruptive antibiotic treatment ( 17 ). Following long term
olonization, we employed whole genome sequencing to iden-
ify single nucleotide polymorphisms (SNPs) in LF82 that oc-
urred as the AIEC pathobiont adapted to the ASF murine gut.
ere we focus on an extremely rare SNP within RNA poly-
erase (RNAP) that is present in LF82. 
Eubacterial RNAP is composed of a core of five subunits

 α2 , β, β’, ω ) that is responsible for the bulk of mRNA and
tructural RNA synthesis within the cell. However, to initi-
te transcription core RNAP requires a σ factor to form the
oloenzyme, which recognizes and binds to specific promoter
equences ( 18 ). The primary σ factor ( σ70 in E. coli ) is the
ssential ‘housekeeping’ transcription factor that is necessary
or bacterial growth. The major promoter binding sites for σ70 

re the -35 element, the extended −10 element, and the −10
lement, which are typically located from −30 to −35, from
15 to −14, and from −12 to −7, respectively, relative to

he +1 transcription start site (TSS). Additionally, the spacing
istance between the −10 and −35 promoter motifs is impor-
ant, with an acceptable spacer length of 16–18 bp. Interac-
ions of RNAP with the −35 and −10 elements has been ex-
ensively investigated. However, how the sequence and length
of the spacer affect promoter activity has been a less-explored
area of research. 

LF82 encodes a variant of σ70 in which residue V445 differs
from the highly conserved D445 found in thousands of σ70

sequences throughout Enterobacteriales . Strikingly, we show
that this unique σ70 variant ‘reverts’ back to the highly con-
served D445 after passage through ASF mice. Presumably this
represents the conversion of LF82 to a more ‘commensal-like’
existence within the gut of the ASF mouse. 

To better understand the significance of this variation in
a highly conserved housekeeping gene, we constructed the
D445V mutant within a nonpathogenic K-12 strain of E. coli
(MG1655) as well as the V445D substitution within LF82 and
performed RNA-seq analyses along with functional assays to
determine how this single substitution affects gene expression
and strain phenotypes. Our results are consistent with the idea
that σ70 V445 contributes to the lifestyle of LF82, including
increases in biofilm and antibiotic resistance. To understand
whether this substitution affects transcription directly, we pu-
rified σ70 V445 (the rare LF82 variant) and compared its ac-
tivity to σ70 D445 (the common version in E. coli ) in in vitro
transcription assays. Based on RNAP structures ( 19 ), the po-
sition of σ70 D445 posits a possible effect of RNAP interac-
tion with promoter spacer DNA. Using multiple promoters,
we show that a promoter spacer of 16 bp and a G:C bp at
position -14 correlates with increased transcription in vitro
from several promoters upstream of genes whose expression
increases in the RNA-seq analyses. Our results suggest that
the σ70 D445V substitution affects the RNAP–spacer inter-
actions, resulting in a direct increase in the expression of spe-
cific genes by altering transcription initiation. Importantly, the
work identifies the first distinguishing SNP for LF82. 

More broadly, our results further suggest that mutations
within the highly conserved rpoD housekeeping gene may rep-
resent an underexplored mechanism contributing to bacterial
adaptation to new environments and the emergence of new
pathotypes. 

Materials and methods 

Bacterial strains 

E. coli LF82, originally isolated from a chronic ileal lesion of
a patient with CD ( 20 ), is maintained in the Wannemuehler
lab. BL21(DE3) / pLysE ( 21 ) was used for transformation of
the pET σ70 rpoD D445V plasmid. 

The E. coli str. K-12 substr. MG1655 [F- lambda- ilvG -
rfb -50 rph -1] was a gift from Michael Cashel (NIH).
MG1655 

D445V (also designated as NB211) was constructed
using a scarless genome editing approach that has been
described previously ( 22 ). Briefly, this included cloning a
1 kbp synthetic DNA fragment gBlock (Integrated DNA
Technologies, Coralville, IA), including nucleotide position
1334 of rpoD from MG1655 where GTT was changed to
GAT, flanked by ∼500 bp of homology. The gBlock was
used as a template for a PCR reaction using primers de-
signed to introduce Nt.BspQI restriction enzyme recognition
sites into the ends of the amplification products ( rpoD -
BspQI.S: 5 

′ -TCGA CATTCCAA GGGGAA GA GCGCGTTGA
GCAGTGCAAA- 3 

′ and rpoD -BspQI.AS: 5 

′ - ACTCATCGA
CTA GGTGAA GA GCCGATCCGGCCTA CCGA TT A-3 

′ . 
The PCR products were digested with Nt.BspQI
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[New England Biolabs (NEB), Ipswich, MA)], which fa-
cilitated cloning into an R6K-based suicide vector con-
structed specifically for allelic exchange (pRIPR). pRIPR
imparts resistance to chloramphenicol (Cam 

R ), includes
the 18-bp recognition site for the I-SceI nuclease (5 

′ -
T AGGGA T AACAGGGT AA T-3’), and allows insertion of
DNA at Nt.BspQI sites. The recombinant pRIPR plasmid
transformed into the diaminopimelic acid (DAP) auxotroph
donor strain MFD pir ( 23 ), which was used to introduce the
R6K plasmid into MG1655 by conjugation. Cam 

R colonies
that grew in the absence of DAP were selected at 37 

◦C, yield-
ing recombinants where the suicide vector had integrated
into the E. coli chromosome at rpoD . These colonies were
subsequently transformed with the helper plasmid pSceH,
a derivative of a vector that expresses the I-SceI nuclease
under the control of the tetR promoter from a temperature-
sensitive pSC101-derivative plasmid ( 24 ). Ampicillin-resistant
(Amp 

R )transformants were selected at 30 

◦C in the presence
of anhydrotetracycline to induce synthesis of I-SceI. The
resulting colonies were then screened to identify recom-
binants that had become Cam-sensitive (Cam 

S ). Multiple
Cam 

S recombinants were tested by Sanger sequencing (Iowa
State University’s DNA Facility) for a ∼600-bp PCR product
( rpoD- PCR.S: 5 

′ -GCGAA CTTA CGTCTGGTTATT-3 

′ ; rpoD-
PCR.AS: 5 

′ -CGAA CTGTTTA CCCA CTTCTT-3 

′ ; rpoD. Seq:
5 

′ -CA GCTCGA GGGTGGT A T-3 

′ ) to identify recombinants
that had acquired rpoD V445. Whole genome sequencing
(detailed below) showed that the WT and variant strains were
identical except for this one change. 

The LF82 rpoD 445D mutant was constructed in a simi-
lar manner except we modified pRIPR by replacing the Cam 

R

gene with a gene cassette imparting kanamycin resistance
(Kan 

R ) flanked by XbaI restriction sites and inserted into
pRIPR digested with the same enzyme. Kan 

R transformants
were selected in competent EC100D cells (LGC Biosciences,
Middlesex, UK), yielding pRIPR-Kan. The region of rpoD
corresponding to nucleotide position 1334 and flanked by
∼500-bp of homology was obtained by PCR amplification
of genomic DNA from LF82 with the rpoD D445 geno-
type using primers rpoD -BspQI.S and rpoD -BspQI.AS and
inserted into pRIPR-Kan at Nt.BspQI restriction sites. The
resulting plasmid was transferred by conjugation into LF82,
essentially as described above, with exoconjugants selected
on LB plates supplemented with Kan (30 μg / ml). As LF82 is
Amp 

R , we also modified the helper plasmid pSceH by insert-
ing a spectinomycin-resistant (Spec R ) gene cassette flanked by
SmaI sites and inserting it into the plasmid digested with FspI
(New England Biolabs). Recombinants were tested by Sanger
sequencing of PCR products to identify the correct LF82
mutant. 

Genome sequencing of MG1655 and MG1655 

D445V 

strains 

DNA was extracted from cells grown in LB media at 37 

o C
in a shaking incubator at 250 rpm. The DNeasy Blood &
Tissue kit (Qiagen, Beverly, MA, USA) was used for total
DNA purification using the protocol for gram-negative bac-
teria. SMRTbell library preparation from microbial (genomic
DNA) gDNA and whole genome sequencing using the Pacific
Biosciences Sequel II platform (PacBio) were performed by
the NCI CCR Sequencing facility. Genome sequencing data
from this study are deposited with NCBI BioSample (Acces-
sion numbers: S AMN32661817-S AMN32661824) and sum- 
marized in Supplementary Table S1 . 

LF82 colonization into ASF mice 

All animal protocols were conducted following approval of 
Iowa State University’s Institutional Animal Care and Use 
and Institutional Biosafety Committees. Immunocompetent 
C3H:HeN mice harboring ASF were bred under germfree 
conditions at Iowa State University College of Veterinary 
Medicine ( 16 ). Irradiated mouse chow and sterile water were 
given ad libitum . The parent generation (G 0 ) was inoculated 

by oral gavage with 10 

8 CFUs of a ‘murine naïve’ ( i.e. freezer 
stock) LF82 at 6–8 weeks of age. A subset of the mice was 
then treated with 2% ( w / v ) dextran sodium sulfate (DSS) (five 
days on, six days off, five days on) to induce colitis ( 25 ,26 ).
After cessation of the DSS treatment, mice were paired for 
breeding, such that mice treated with DSS were bred together,
and untreated mice were bred together for multiple genera- 
tions ( i.e. up to five generations), such that LF82 was verti- 
cally transferred from dam to offspring. For each generation,
LF82 was isolated from several mice on lactose MacConkey 
agar. Isolated colonies representative of the LF82 community 
were chosen and used to inoculate overnight cultures in 5 ml 
LB broth, which were then frozen in 80% glycerol at −80 

◦C.

Genome sequencing of LF82 isolates recovered 

from ASF mice 

LF82 isolates from the G1, G3 and G5 generations, with and 

without DSS, as well as a ‘murine naïve’ control, were grown 

in LB broth to approximately mid-log phase. gDNA was iso- 
lated using the MasterPure™ Complete DNA and RNA Purifi- 
cation Kit (Epicentre / Lucigen, Middleton, WI, USA) and the 
DNA purification protocol for bacterial cell samples. gDNA 

was quantified using the Nanodrop and Qubit 2.0 or 3.0 flu- 
orometer with the broad range dsDNA kit. 

Sequencing libraries for each isolate were created using the 
Nextera XT Sample Preparation Kit (Illumina, San Diego, CA,
USA) using the standard workflow. Resulting libraries were 
then sequenced on the Illumina MiSeq at Iowa State Univer- 
sity’s DNA Facility. 

Sequences for each isolate were aligned with the Burrows- 
Wheeler Aligner ( 27 ) using the reference genome for LF82 

from NCBI (Accession No. NC_011993.1) ( 28 ). Reference se- 
quence dictionaries were created using PicardTools. Duplicate 
removal, local realignment of indels, base quality score recal- 
ibration, variant calling, and hard filtering of variants were 
completed using GATK best practices ( 29–31 ). Because we 
were only interested in variants that occurred in the mouse 
gastrointestinal tract, any SNPs identified in the naïve control 
prior to hard filtering were used as known sites for the base 
quality score recalibration for the remaining isolates. Align- 
ment statistics and quality were determined using Samstats 
( 32 ). Hard filtered SNPs were filtered further using variant 
call file (VCF). SNPs were removed if the genotype (GT) was 
classified as heterozygous or homozygous to the reference or if 
the conditional genotype quality (GQ) was < 99. Select SNPs 
that passed filtering were validated using standard end-point 
PCR methods on other isolates from the same generation. The 
resulting PCR products were sequenced at Iowa State Univer- 
sity’s DNA Facility. The sequences were mapped back to the 
reference genome and visualized using Geneious [Geneious 
version 10, www.geneious.com ( 33 )]. Select SNPs were 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
file:www.geneious.com
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ompared to other E. coli sequences using NCBI’s BLAST
ucleotide alignment suite ( 34 ). Shotgun sequence data have
een deposited under BioProject ID PRJNA912691; data are
ummarized in Supplementary Tables S2 and S3 . 

nalysis of σ70 D445 and σ70 V445 conservation 

rotein fastq sequence files of σ70 were accessed and retrieved
rom NCBI using NCBI’s EDirect tools. Protein sequences
ere blasted against WP_000437381.1 (the σ70 sequence of
F82) using the NCBI BLAST+tool. Basic command lines such
s grep or awk were used to search for sequences that had a
aline or an aspartic acid at the residue corresponding to the
osition equivalent to 445 in σ70 of LF82. 

NA 

onstruction of the pET σ70 rpoD D445V plasmid, for pro-
uction of the σ70 D445V mutant protein, was done us-
ng the Q5® Site-Directed Mutagenesis Kit (NEB), follow-
ng their protocol with recommended annealing temperature
nd pET σ70 CFI, which contains a His 6 -tagged WT rpoD
loned into pET21(+) ( 35 ). Primers were designed using NEB’s
nline primer design software, NEBaseChanger™ ( https://
ebasechanger.neb.com ), to introduce the GAT to GTT mu-
ation. After the kinase, ligase, and DpnI (KLD) Treatment
Step II, according to manufacturer’s protocol), the KLD reac-
ion mixture was transformed into BL21(DE3) / pLysE compe-
ent cells. Sanger sequencing (Macrogen, Rockville, MD, USA)
erified the mutation. 

Plasmids used for in vitro transcriptions are detailed in
upplementary Table S4 . pJN1, which contains P S17 , and
he plasmids containing LF82 promoter sequences were con-
tructed by GenScript (Piscataway, NJ, USA) by inserting the
ndicated sequences within the multi-cloning site and up-
tream of the factor-independent, early transcription termi-
ator of T7 present in the vector pTE103 ( 36 ). The ex-
ected size of the RNA from each promoter is indicated in
upplementary Table S4 . All these plasmids also expressed
NAI from the promoter P RNAI , which yields an RNA of 100–
10 nucleotides ( 37 ). 

roteins 

ore RNAP was purchased from NEB. WT σ70 and the σ70 

445V variant were purified as previously described [( 38 ) and
 39 ), respectively]. 

NA-seq analyses 

NA was isolated from cells grown in LB media at 37 

o C or at
3 

o C in a shaking water bath at 250 rpm. Initial OD 600 values
ere 0.1, and the cultures were grown until the OD 600 reached
 value between 0.5 and 0.6. The total RNA was isolated us-
ng Method II of Hinton ( 40 ). RNA was treated with DNase
 (Turbo DNase, Life Technologies, Inc., Carlsbad, C A, US A)
or 15 min at 37 

o C, and purified by phenol extraction / ethanol
recipitation. RNA quality was assessed on a Bioanalyzer us-
ng the Agilent RNA 600 Nano Kit (Santa Clara, C A, US A).
RNA subtraction was performed to deplete ribosomal RNAs
rom each sample using the Ribo-Zero rRNA Removal Kit
Agilent Technologies, Gram-Negative Bacteria; Illumina, San
iego, C A, US A), and a TruSeq Kit mRNA Library Prep Kit

Illumina) was used to prepare the strand-specific cDNA li-
rary for Illumina sequencing. The library size was verified
with a Bioanalyzer using an Agilent High Sensitivity DNA
kit (Agilent Technologies). The concentration of each library
was determined using the KAPA Library Quantification Kit
(Roche, Basel, Switzerland) for Illumina platforms. 

Sequencing was performed by the NIDDK Genomics Core
facility using a MiSeq system with the single-end 50 bp
Sequencing Kit (Illumina). Sequencing reads were quality-
trimmed and remaining adapter sequences removed with the
bbduk.sh tool from bbtools (v37.62). Next, paired reads were
mapped to the GenBank E. coli LF82 GCF_000284495.1 or
the E. coli MG1655 strain GCF_000005845.2 genome assem-
blies with STAR (v2.7.10a) ( 41 ), and quantification of frag-
ments per gene was carried out with the featureCounts tool
from Subread software (v2.0.1) ( 42 ) by counting reads falling
within gene features. Differential gene expression analysis was
performed with the R package DESeq2 (v1.42.0) ( 43 ). Esti-
mated Log 2 Fold-Change values were adjusted with the lfc-
Shrink function using the ‘ashr’ estimator ( 44 ). At least a 2.0-
fold change in gene expression with an FDR-corrected P value
of ≤0.05 was considered significant. Transcriptomic data are
available in the NCBI database (GEO numbers GSE222248
and GSE253924) and in Supplementary Tables S5 –S7 . 

RT-qPCR analyses 

RT-qPCR was used to validate some of the RNA-seq data
using the RNA isolated as described above, the ssrA gene
(MG1655, accession ID: b2621) as an internal standard, and
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Lab-
oratories, Hercules, C A, US A) as a signal reporter. Reactions
were performed in a 96-well microtiter PCR plate using 1 μl of
cDNA at 1.5 ng / μl, and sense and antisense primers (0.5 μM
each) were used to amplify each target gene in the Supermix.
Primers for RT-qPCR were designed using Primer3web [ https:
// primer3.ut.ee/ ] and purchased from Integrated DNA Tech-
nologies (Coralville, IA, USA; sequences are available upon
request). Sample analysis was performed using CFX96 Touch
Real-Time detection system (Bio-Rad). The cycling conditions
were as follows: 98 

o C for 30 s (denaturation); 95 

o C for 30 s
(amplification and quantification); 40 cycles of 95 

o C for 10 s,
52 

o C for 30 s, and 65 

◦ C for 30 s; a melting curve program of
65 

◦ C to 95 

◦ C with a heating rate of 0.5 

◦ C s −1 and contin-
uous fluorescence measurement; and a cooling step to 65 

◦ C.
The data were analyzed using the CFX manager software (Bio-
Rad). The expression level of each sample was obtained by the
standard curve for each gene and was normalized by the level
of the internal control of the ssrA gene. Relative levels of gene
expression were determined as a fold change (FC) using the
threshold cycle 2 

−��Ct . 
For the statistical analyses, the mean FC and standard de-

viation (RT-qPCR mean ± std) were calculated using the
‘mean()’ and ‘std()’ functions, (respectively) from the Pan-
das library ( https:// pandas.pydata.org/ ). The standard error
(SE) from the values for a particular gene was determined
using the ‘sem()’ function from the SciPy Stats library. The
‘ttest_1sampl()’ function from the SciPy.Stats library ( 45 ) was
used to conduct a one sample t-test to determine the t statis-
tic and the P value. 

Pathway analysis 

Visualization of the transcriptomics data into representative
categories was performed using a modified version of the Eco-
Cyc Omics Dashboard tool (ecocyc.org) as described ( 46 ).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://nebasechanger.neb.com
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://primer3.ut.ee/
https://pandas.pydata.org/
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Each dataset was imported into an individual EcoCyc ‘Smart
Table’ and the analysis was done using the Omics Dashboard
Tool ( 47 ,48 ). A list of genes from each panel in the dashboard
was downloaded and used to calculate the percentage of genes
that were affected by the σ70 V445 versus D445 in the indi-
cated strains using pandas v1.2.5 ( 49 ). Graphs were generated
using Matplotlib graphics package in Python ( 50 ). 

Growth curves 

MG1655 and MG1655 

D445V cells were streaked on 1.5%
( w / v) LB (Lennox Broth) agar (Sigma-Aldrich, St. Louis, MO,
USA) and grown overnight at 37 

o C. A single colony was col-
lected, resuspended in LB (Quality Biological, Gaithersburg,
MD, USA), and grown at 37 

o C with shaking at 250 rpm for
14–16 h overnight. Single colony stocks were stored in the
presence of 50% glycerol at –80 

◦ C. 
Overnight cultures of MG1655 and MG1655 

D445V (ob-
tained from a single colony or the stock) were diluted into
50 ml of the indicated media to a starting OD 600 of 0.1 and
then grown in a shaking (250 rpm) water bath at the indi-
cated temperature. Growth curves (OD 600 vs. time) were ob-
tained in LB, EZ Rich Defined Medium lacking B12 and with
or without 0.2 mM methionine (Teknova, Hollister, C A, US A),
or simulated colonic environment medium (SCEM) ( 51 ). 

SDS-PAGE of proteins made in EZ Rich Defined Medium
with methionine was performed after growing cells to an
OD 600 of ∼0.55. Cells (1 ml) were harvested, the pellet was
suspended in 1 × Tris-tricine load solution (Thermo Fisher Sci-
entific, Waltham, MA, USA), and the proteins were obtained
after heating to 95 

◦ C and vigorous vortexing. The 10–20%
Tris-tricine polyacrylamide gel (Thermo Fisher Scientific) was
loaded with the equivalent of 0.08 OD 600 units. 

Streaking / cold sensitive phenotypes 

To assess cold sensitive phenotypes, strains from frozen glyc-
erol stocks were streaked on LB agar and incubated at 37 

o C
for 24 h. The next day single colonies were selected, restreaked
on LB agar and incubated at the following temperatures for
the indicated time: 37 

o C (24 h), 30 

o C (24 h), 23 

o C (84 h),
16 

o C (132 h). 

Biofilm formation 

For biofilm formation, cells were incubated overnight at 37 

◦ C
with shaking (250 rpm) in 5 ml of LB. The next day 2 μl
of the overnight culture was inoculated in 198 μl of LB +
0.25% glucose in a 96-well plate (Corning, Corning, NY,
USA). Plates were incubated without shaking at either 37 

◦ C
(48 h) or at 23 

◦ C (96 h). Each well was washed once with
1 × PBS (Quality Biological), allowed to dry for 5 min, and
biofilm was stained with 200 μl of 0.1% crystal violet so-
lution (Sigma-Aldrich) for 15 min followed by 2 washes of
1 × PBS (200 μl each); after each wash wells were allowed to
dry for 5 min. Biofilms were fixed by allowing them to com-
pletely dry for more than 24 h, and 0.2 ml 30% acetic acid
(Macron Fine Chemicals / Avantor / VWR, Radnor, PA, USA)
was used to solubilize the biofilm. To quantify the amount
of biofilm, the absorbance was measured at 550 nm using
a SpectaMax M3 plate reader (Molecular Devices, San Jose,
C A, US A). 
Immunoblots 

An inoculum from an overnight culture (starting OD 600 of 
0.1) was grown in LB media at 37 

o C or at 23 

o C in a shaking
water bath at 250 rpm. Once cells reached mid-exponential 
phase (OD 600 between 0.5 and 0.6), 1 ml (for σ70 analysis) 
or 8 ml (for σs analysis) of cells were centrifuged for 10 min.
Pellets were washed 2 times in 1 × PBS. The pellet was resus- 
pended in 1 × Tricine sample buffer (2 × Tricine buffer from 

Thermo Fisher Scientific) for a final concentration of 0.008 

OD 600 (samples for σ70 ) or 0.032 OD 600 (samples for σs ) 
and heated at 95 

o C for 2 min with vigorous vortexing. A 

1 μl aliquot of dilutions from the resuspensions was spotted 

onto a PVDF membrane (Thermo Fisher Scientific) presoaked 

with methanol, and the sample was allowed to absorb into 

the membrane. Membranes were blocked by incubating with 

3% nonfat milk in 1 × PBS overnight, then incubated for 1 

h with σs or σ70 antibody (BioLegend, San Diego, C A, US A),
as indicated, diluted in 0.3% nonfat milk in PBS-T [(1 × PBS,
0.1% Tween-20 (Sigma-Aldrich)], and washed 4 times with 

1 × PBS-T. Blots were incubated for 1 h with the secondary 
antibody (HRP-Goat anti-mouse IgG, BioLegend), which was 
diluted in 0.3% nonfat milk in PBS-T. The blots were washed 

as before and then visualized using the ECL Plus Western Blot- 
ting Detection Reagent (GE Healthcare, Chicago, IL, USA) 
and detected using an OPTIMAX film processor (PROTEC,
Oberstenfeld, Germany). 

Western blot analyses 

MG1655 and MG1655 

D445V were grown to mid-log phase 
(OD 600 ∼0.5–0.6, ‘exp’) and stationary phase (OD600 

∼3.00–4.00, ‘stat’) at either 37 

◦ C or 23 

◦ C in a shaking wa- 
ter bath. Western blots were performed as detailed below us- 
ing standard methods, and protein amounts were normalized 

based on OD 600 values. For RpoD westerns, 1 ml aliquots 
were centrifuged, and pellets were resuspended in 1 × Laemmli 
sample buffer (Bio-Rad) for a final concentration of 0.008 

OD 600 . For the RpoS western blots, 8 ml aliquots were cen- 
trifuged, and the pellets were treated as follows such that 
the final concentration after the addition of Laemmli sample 
buffer was 0.032 OD 600 per μl: Cells were incubated in a so- 
lution ( ∼80 μl for exp, ∼500 μl for stat) containing 10 mM 

Tris-Cl (pH 7.5), 1 mM ED TA, 10 mM D TT and lysozyme 
at 0.25 mg / ml (Sigma-Aldrich) for 10 min at room tempera- 
ture (RT) and then lysed by 2 cycles of freeze [dry ice-ethanol 
bath) / thaw (RT water)]. A solution (3 μl for exp, 11 μl for 
stat) of 25 mM MgSO 4 , 1.7 U / μl DNase (RNase-free, Thermo 

Fisher Scientific) was added, cells were incubated at 37 

o C for 
15 min and placed on ice, and 2 × Laemmli sample buffer con- 
taining 5% 2-mercaptoethanol (Sigma) was added. All sam- 
ples were heated at 95 

◦C for 2 min and vortexed vigorously 
until no pellet remained. 

Proteins were separated by SDS-PAGE, and gels were dry 
blotted onto nitrocellulose membranes (iBlot 2 NC Min- 
istacks, Invitrogen, Carlsbad, C A, US A) by the iBlot 2 trans- 
fer system (Invitrogen) at 20 V for 7 min. The membranes 
were blocked with 3% nonfat milk or ECL PrimeTM block- 
ing agent (Cytiva, Marlborough, MA, USA) in PBS-T, washed 

three times with PBS-T (5 min each), and then incubated for 
1 h with either anti- σs or anti- σ70 antibodies (Biolegend) in 

PBS-T containing 0.3% nonfat milk or ECL Prime TM block- 
ing agent. The membrane was washed three times (5 min 
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ach) with PBS-T, then incubated with the secondary antibody
HRP-Goat anti-mouse IgG, BioLegend) in PBS-T containing
.3% nonfat milk or ECL Prime TM blocking agent for 1 h at
oom temperature. After 3 washes with PBS-T (5 min each),
he membrane was developed using the Amersham ECL Plus

estern Blotting Detection System (GE Healthcare), and the
ignal was detected using an OPTIMAX film processor (Pro-
ec, Oberstenfeld, Germany). 

otility assay 

 1 μl culture aliquot (OD 600 between 0.5 and 0.6) was dis-
ensed in the middle of a 0.3% LB agar plate. After the liquid
ad absorbed into the surface, plates were incubated in the up-
ight position at 37 

◦ C, 30 

o C, 23 

o C or 16 

o C, and the radius
f the swarm was measured. 

inimum inhibitory concentration (MIC) assay 

solated colonies from an overnight LB agar plate were resus-
ended in 1 × PBS to achieve turbidity equivalent to a 0.5 Mc-
arland standard. A sterile swab was dipped into the inocu-

um, excess liquid was removed, and the swab was streaked
ver an LB agar plate. The streaking was repeated 2 more
imes to ensure an evenly distributed lawn. After excess mois-
ure was absorbed, a MTS TM MIC strip (Liofilchem, Waltham,

A, USA) was evenly applied onto the agar surface. Plates
ere inverted and incubated at 37 

o C for 12–14 h. MIC val-
es were interpreted using The European Committee on An-
imicrobial Susceptibility Testing (EUCAST) breakpoint ta-
les and zone diameters (version 10.0, 2020) for the MIC
trips. Assays were performed with at least two biological
solates. 

n vitro transcription 

ingle round in vitro transcription reactions were performed
y first reconstituting RNAP (0.05 pmol core: 0.2 pmol of
he indicated σ) in a solution (1.9 μl) containing 1.28 × tran-
cription buffer [1 × transcription buffer: 40 mM Tris-acetate
pH 7.9), 150 mM potassium glutamate, 4 mM magnesium
cetate, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 0.1
M dithiothreitol (DTT), 100 μg / ml BSA] at the indicated

emperature for 10 min. After addition of 3.1 μl containing
.97 × transcription buffer, 0.02 pmol pJN1 plasmid DNA
nd, when indicated, another promoter plasmid (0.02–0.05
mol, as indicated in the figure), the solution was incubated
t the indicated temperature for 10 min. Single round tran-
cription reactions were initiated by the addition of a 1 μl so-
ution containing 1 mM ATP, CTP and GTP; 0.25 mM [ α-
2 P] UTP ( ∼2 × 10 

5 dpm / pmol); and 0.5 mg / ml heparin. Af-
er 10 min at the indicated temperature, reactions were col-
ected on dry ice. RNA products were electrophoresed on 4%
 / v polyacrylamide, 7 M urea denaturing gels as described

 35 ). Gels were imaged by autoradiography followed by
canning with a GS-800 Calibrated Densitometer (Bio-Rad).
uantification was performed using Quantity One software

Bio-Rad). 
Statistical analyses were performed using the number of

ndependent transcriptions given in the figure legend and a
-test for 2 independent means ( https://www.socscistatistics.
om/ tests/ studentttest/ default2.aspx ). 
Results 

LF82 undergoes mutational changes in multiple 

genes during long-term colonization of ASF mice 

LF82 fails to establish long-term colonization in mice with
a complex microbiota, i.e. conventionally reared animals
( 17 ,52 ). Consequently, to identify genetic changes that might
contribute to LF82 adaptation in a new host, we used ASF
gnotobiotic mice that have a reduced microbial complexity,
including the lack of Proteobacteria ( 53 ) since stable colo-
nization of ASF mice using other bacterial species has been
observed through multiple generations ( 16 ). As detailed in
Materials and Methods, male and female young adult ASF
mice were colonized once with a single dose of LF82 via
oral gavage, and dextran sodium sulfate (DSS, 2.0%), which
would induce inflammation and colonic epithelial cell dam-
age, was either absent or present in the drinking water. Fol-
lowing each generation ( 1–5 ), aged breeder pairs were eu-
thanized and necropsied. While no lesions or inflammation
were observed in the GI tract epithelium of animals colonized
with LF82, inflammation was observed in mice treated with
DSS, consistent with prior studies ( 16 ). Cecal contents were
plated after each mouse generation, and individual isolated
LF82 colonies were whole-genome shotgun sequenced, along
with the original WT LF82 strain, to identify SNPs that ac-
crued over five generations. 

As summarized in Supplementary Table S2 , SNPs accumu-
lated over time in both cohorts, and DSS treatment did not
contribute to an increase in sequence changes. Alterations pre-
dicted to change amino acid sequences were found in genes
associated with diverse cellular functions, including metabo-
lite transport, metabolism and gene regulation. Unexpectedly,
a sequence change in the highly conserved rpoD gene was
repeatedly observed in mouse generation 3 ( Supplementary 
Table S3 ). 

LF82 has the novel σ70 sequence variant V445 

rpoD encodes the σ70 subunit of RNAP, the primary ‘house-
keeping’ sigma factor, which is needed for the expression
of the majority of bacterial genes and for bacterial growth
and viability [reviewed in ( 54 )]. Although the σ70 sequence is
highly conserved, in WT LF82 residue 445 is a valine (codon
GTT) rather than the aspartate (codon GAT) that is found
in > 97% of primary σ’s encoded by > 20,000 Enterobacte-
riales sequences. A valine at this equivalent position is ex-
tremely rare (0.01%). It is not found in other AIEC ( 10–
13 ,55–58 ), and BLAST identified only two additional E. coli
genomes encoding σ70 V445. Both entries (HCO1463624.1
and HAM6750629.1) are nearly identical to LF82 σ70 . While
these two strains are poorly characterized, genome sequence
comparisons revealed that both appear to be distinct from
LF82 and each other. Among species other than E. coli ,
a valine was also found at the equivalent position in the
RpoD sequences of Fusobacterium ulcerans (SQJ00222.1)
and Fusobacterium varium (EES64999.2). Interestingly, pre-
vious work has found F. varium in the mucosal microbiota of
patients with UC ( 59 ). 

Strikingly, after mouse colonization, the LF82 σ70 ‘reverted’
from the unusual V445 to the highly conserved D445. This
occurred by a transversion at rpoD position 1334 convert-
ing the GTT codon to GAT (highlighted in light yellow
in Supplementary Table S3 ). We speculate that the rever-
sion to the conserved residue may have arisen because sta-

https://www.socscistatistics.com/tests/studentttest/default2.aspx
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
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Table 1. Summary of RNA-Seq analyses 

Comparison a Temperature 
Genes 

up Shared 
Genes 
down Shared 

MG1655 D445V vs. 
MG1655 

37 ◦ C 73 33 

23 ◦ C 192 51 306 18 
LF82 vs. LF82 V445D 37 ◦ C 69 24 76 4 
a RNA-seq analyses ( Supplementary Tables S5 –S7 ) were performed using 
RNA isolated from the indicated strains grown at the indicated tempera- 
ture. Genes up and genes down had increased or decreased FCs ≥2, respec- 
tively, with an adjusted p-value of ≤0.05. Shared genes represent the number 
of genes in common with those in the MG1655 D445V vs. MG1655 at 37 ◦ C 

dataset. 

 

 

 

 

ble colonization of LF82 in the ASF gut allowed for a more
‘commensal-like’ existence for the human pathobiont. 

σ70 V445 imparts new growth phenotypes to E. coli 

To determine whether an aspartate or valine at σ70 residue
445 has any substantive effect on E. coli , we first introduced
the rpoD D445V allele into the well-characterized E. coli
MG1655 chromosome (generating MG1655 

D445V ). Whole
genome sequencing indicated that this was the only difference
between WT and the mutant allele ( Supplementary Table S1 ).
Growth comparisons of MG1655 versus MG1655 

D445V in LB
broth revealed similar exponential growth at 37 

o C, 30 

o C,
23 

o C, or 16 

o C ( Supplementary Figure S1 A). Similar growth
kinetics were also observed using simulated colonic envi-
ronment media (SCEM) ( 51 ) ( Supplementary Figure S1 B).
Furthermore, the protein pattern observed by SDS-PAGE
in exponentially growing cells at 37 

◦C was similar in ei-
ther strain ( Supplementary Figure S1 C). However, a mod-
est growth defect at late exponential / stationary phase was
seen with MG1655 

D445V ( Supplementary Figure S1 A), and on
plates MG1655 

D445V was cold sensitive, with colonies display-
ing a distinctive mucoid phenotype as temperatures decreased
( Supplementary Figure S1 D). 

Growth differences observed with σ70 V445 at 37 

◦C 

are not attributable to changes in σ70 protein levels 

In addition to σ70 , E. coli encodes 6 alternative σfactors
( 60 ). Thus, the growth change for MG1655 

D445V at late
exponential / stationary phase might arise from a difference
in the steady-state levels of σ70 in the strains, which could af-
fect sigma competition. Consequently, we performed western
blots with σ70 antibody using cell lysates prepared from ex-
ponential and stationary phase cultures grown at 37 

◦C. We
found similar amounts of σ70 in MG1655 and MG1655 

D445V

( Supplementary Figure S2 A; Supplementary Figure S3 ), indi-
cating that the altered growth phenotype of MG1655 

D445V

does not result from altered cellular levels of σ70 at this tem-
perature, and suggesting that it arises instead from altered
function. 

σ70 V445 affects expression of specific genes 

To obtain insight into the effect σ70 D445 versus σ70 V445 on
gene expression, we introduced the rpoD V445D allele into
LF82, generating LF82 

V445D and performed RNA-seq analy-
ses using triplicate cultures of MG1655, MG1655 

D445V , LF82,
and LF82 

V445D grown at 37 

o C ( Supplementary Tables S5
and S6 ). Using a FC ≥2 and an adjusted P -value ≤0.05, we
identified numerous genes whose RNA levels significantly in-
creased or decreased in the presence of σ70 V445 (Table 1 ;
Supplementary Tables S5 and S6 ). RT-qPCR analyses con-
firmed the results for selected genes in the MG1655 

D445V vs.
MG1655 datasets ( Supplementary Table S5 ). 

As an initial investigation of the transcriptomic data, we
assigned cellular functions to the differentially expressed
genes and looked for pathways where > 50% of associated
genes showed either increased or decreased FCs in either
the MG1655 or LF82 backgrounds using the EcoCyc Omics
Dashboard tool (ecocyc.org) ( 46 ) ( Supplementary Figure S4 ).
None of these pathways were affected except for one sub-
pathway (toxin formation), which was down in WT LF82 ver-
sus LF82 V445D. This sub-pathway has only one gene, cvpA ,
which is required for colicin V production. 
MG1655 and LF82 are genetically disparate E. coli with 

dozens of SNPs between them ( 56 ). Thus, to identify genes 
whose expression might be directly related to σ70 V445, we 
looked for genes whose expression changed with σ70 V445 in 

both the MG1655 and LF82 backgrounds (Tables 2 and 3 ; 
Figure 1 ). We found 24 shared genes with FC increases, which 

represented a significant fraction ( ∼1 / 3) of the up genes in 

either dataset individually. Among these genes were those 
whose products were involved in specific cellular processes,
such as methionine biosynthesis ( metE ), antibiotic resistance 
( ampC , encoding β-lactamase and the multi-drug efflux pumps 
acrZ and bcr ), and degradation of l -fucose ( fucI ), as well as 
several genes with membrane-associated functions, such as 
transporters and pumps ( shiA , mlaA , cysZ and sppA ). We 
also found genes within the operon lptM-dapF-yigA-xerC- 
yigB , which encodes products of diverse functions. Finally,
yobH was identified in both datasets. Although the function 

of YobH has not been characterized in E. coli , in Salmonella it 
has been shown to be involved in the invasion of macrophages 
( 61 ). 

Eight of the top 10 genes with increased expression in the 
LF82 dataset were exclusive to the σ70 V445 LF82 background 

(Table 2 ). One of these, the gene with the highest expression,
was RS00415 , annotated to encode a putative small protein,
FruL. However, in the MG1655 genome the annotation has 
been removed and fruL has been classified as a ‘phantom’ gene 
that does not exist ( 62 ). Consequently, to investigate whether 
expression of this region also changes in MG1655, we man- 
ually annotated the gene in the MG1655 

D445V vs. MG1655 

analysis (Table S5). We did not find an increase, indicating 
that the RS00415 FC is specific to LF82. 

Unlike the significant overlap of genes found with in- 
creased expression, only 4 genes with decreased expression 

were shared between the datasets, representing 12% of the 
MG1655 

D445V genes and 5% of the LF82 genes with lowered 

FCs, respectively (Tables 1 and 3 ). 

σ70 V445 results in a different antibiotic resistance 

pattern 

Ampicillin resistance is afforded by ampC , encoding β- 
lactamase. Although ampC is present on the chromosome of 
LF82 and other strains of E. coli , including MG1655, LF82 

is known to be ampicillin resistant (Amp 

R ), while MG1655 is 
amp sensitive (Amp 

S ) (Table 4 ). Previous work has ascribed 

the Amp 

R of LF82 to a mutation within the promoter for 
ampC , which increases promoter activity, together with a mu- 
tation within the downstream attenuator located in the 5 

′ un- 
translated ampC region, which decreases termination [( 63 ); 
(DeWolf, et al ., manuscript in preparation)]. However, since 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
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Table 2. Genes with increased FCs for σ70 V445 

MG1655 D445V vs. MG1655 LF82 vs. LF82 V445D 

Gene Function Rank a FC 

b RT-qPCR 

c Rank a FC 

b 

Genes observed in both MG1655 D445V vs. MG1655 and LF82 vs. LF82 V445D datasets: 
metE methionine biosynthesis 1 8.94 8.4 ± 1.2 46 2.28 
yobH 

d uncharacterized protein 3 4.32 12 3.46 
lptM 

e oxidative maturation associated lipoprotein 5 3.84 6 4.08 
yigA putative protein 8 3.27 7 3.97 
xerC recombinase 7 3.29 23 2.95 
yigB riboflavin biosynthesis 10 3.05 27 2.77 
ampC β-lactamase 6 3.32 3.4 ± 0.6 20 3.07 
yciY uncharacterized protein 9 3.27 13 3.46 
shiA shikimate:H+symporter 13 2.99 30 2.66 
acrZ efflux pump accessory 14 2.89 17 3.27 
slt murein transglycosylase 18 2.79 41 2.35 
fucI l -fucose isomerase 19 2.77 2.0 ± 0.2 43 2.31 
ybdG mechanosensitive channel 22 2.66 15 3.43 
mlaA outer membrane lipoprotein 30 2.51 31 2.60 
cysZ sulfate:H+symporter 31 2.48 52 2.16 
dpaA peptidoglycan meso-diamino acid amidase A 33 2.46 28 2.73 
xseA exoDNase VII subunit 35 2.43 21 3.05 
mepK peptidoglycan endopeptidase 47 2.33 35 2.53 
aroP aromatic aa:H 

+ symporter 54 2.22 14 3.43 
mnmC tRNA 5-aminomethyl-2-thiouridylate 

synthase 
60 2.14 33 2.58 

rsuA 

e pseudouridine synthase 61 2.10 25 2.87 
bcr multidrug efflux pump 66 2.06 65 2.03 
csrD regulator of CsrB / CsrC 72 2.00 47 2.28 
sppA signal peptide protease 73 2.00 37 2.43 

Top increased genes observed exclusi vel y in MG1655 D445V vs. MG1655 
ymgG PF13436 family protein 2 4.99 
RprA sRNA, σ s regulation 4 4.20 
yggE ROS response 11 3.03 
hdeA acid resistance 12 2.99 4.1 ± 0.7 
hdeB acid resistance 15 2.85 4.5 ± 0.9 
nanA degradation of sialic acid 16 2.85 
slp starvation lipoprotein 17 2.81 
AceK-int sRNA 20 2.75 
Top increased genes observed exclusi vel y in LF82 vs. LF82 V445D 

RS00415 phantom gene fruL 1 7.94 
ygbJ putative l -threonate dehydrogenase 2 4.20 
nhoA arylamine N -acetyltransferase 3 4.17 
ygbL putative decarboxylase 4 4.17 
lacZ β-galactosidase 5 4.11 
xdhC putative xanthine dehydrogenase 8 3.86 
deoA thymidine phosphorylase 9 3.84 
deoC deoxyribose-phosphate aldolase 10 3.76 
ygbK putative 3-oxo-tetronate kinase 11 3.61 
tsx nucleoside-specific channel forming protein 16 3.29 
betI DNA-binding transcriptional repressor 18 3.25 
dapF diaminopimelate epimerase 19 3.18 
a Ranked according to fold change in list of up-regulated genes in Supplementary Tables S5 and S6 . 
b Fold change in RNA-seq analyses. 
c Where a value is indicated; fold change was determined using the threshold cycle 2 −��C t . 
d Genes in bold have a promoter whose activity increased when using σ70 V445 versus σ70 D445 in in vitro transcription (Figure 4 ). 
e lptM to yigB compose the operon lptM-dapF-yigA-xerC-yigB; rsuA and bcr compose the operon rsuA-bcr. 
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he FC for ampC was elevated in both the MG1655 

D445V 

ersus MG1655 and the LF82 v er sus LF82 

V445D datasets
Table 1 ; Supplementary Tables S5 and S6 ), the potential
hat σ70 V445 might also contribute to the Amp 

R phenotype of
F82 was tested. For this, we performed minimum inhibitory
oncentration (MIC) analyses for various β-lactam antibiotics
Table 4 ). MG1655 

D445V exhibited significantly increased re-
istance relative to MG1655 for all five β-lactam antibiotics
ested. For example, the MIC for ampicillin was 4 μg / ml for

G1655 and 12 μg / ml for MG1655 

D445V . Given that E. coli
with an MIC greater than 8 μg / ml is considered Amp 

R ( 64 ),
we conclude that the σ70 D445V mutation imparts Amp 

R to
MG1655. 

Both LF82 and LF82 

V445D were highly resistant to ampi-
cillin, showing no sensitivity even at the highest con-
centration (Table 4 ). Given the presence of the mutated
promoter / attenuator region in the LF82 genome, this was
not particularly surprising. Consequently, we tested LF82 and
LF82 

V445D with another β-lactam antibiotic, cefoxitin, which
was more potent with MG1655. In this case, we observed a

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
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Table 3. Genes with significant decreased FCs in both MG1655 and LF82 
datasets 

MG1655 D445V 

versus MG1655 
LF82 versus 
LF82 V445D 

Gene Function Rank a FC 

b Rank a FC 

b 

gltP glutamate / aspartate : 
H+symporter 

12 −2.28 53 −2.23 

folD Methylenetetrahydrofolate 
de / cyclo hydrogenase 

22 −2.10 70 −2.08 

ruvA Holliday junction binding 
subunit 

23 −2.08 65 −2.11 

yacC putative lipoprotein 32 −2.01 66 −2.10 
a Ranked according to fold change in list of down-regulated genes in 
Supplementary Tables S5 and S6 . 
b Fold change in RNA-seq analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

decrease in LF82 resistance with σ70 D445, consistent with the
results seen with MG1655 vs. MG1655 

D445V (Table 4 ). 
Susceptibility to antibiotics is also affected by various

multi-drug efflux pumps, such as those encoded by acrZ ,
bcr , and mdtk ( 65 ,66 ), whose expression increased with σ70

V445 in the MG1655 background (Table 2 , Supplementary 
Table S5 ). In addition, increased expression of acrZ and
bcr was also seen with σ70 V445 in the LF82 background
(Table 2 ; Supplementary Table S6 ). Consequently, we tested
MG1655 and MG1655 

D445V in MIC assays for resis-
tance to additional antibiotics, including known substrates
for these pumps ( 65 ,66 ) [chloramphenicol and norfloxacin
(AcrZ, MdtK), kanamycin (Bcr), tetracycline (AcrZ, Bcr) and
ciprofloxacin (MdtK)] along with gentamicin and strepto-
mycin. MG1655 

D445V showed increased resistance to strep-
tomycin, kanamycin, gentamicin and ciprofloxacin, reduced
resistance to chloramphenicol and tetracycline, and no differ-
ence for norfloxacin (Table 4 ), indicating that σ70 V445 im-
parts an overall change in the antibiotic resistance pattern. 

σ70 V445 results in better growth in the absence of 
methionine 

MetE catalyzes the final step of methionine biosynthesis in
the absence of cobalamin (vitamin B12) [reviewed in ( 67 )].
In both the MG1655 and the LF82 analyses, the level of
metE RNA increased by the presence of σ70 V445 (Table 2 ;
Supplementary Tables S5 , S6 ). In fact, among the MG1655
genes, metE showed the highest FC increase in the entire
37 

o C dataset. Consequently, we investigated the growth
kinetics of MG1655 and MG1655 

D445V in a defined rich
medium (EZ Rich) lacking B12 with and without methion-
ine. While MG1655 grew better in the presence of methion-
ine, MG1655 

D445V grew better in the absence of methionine
(Figure 2 , grey vs. blue lines, respectively). Although the differ-
ence was modest, this result suggests that σ70 V445 increases
the ability to synthesize methionine, imparting a growth ad-
vantage when exogenous methionine is limited. 

σ70 V445 results in increased biofilm and a 

dysregulation of σs 

LF82 is known to produce more biofilm than commensal E.
coli , and this ability has been shown to be a phenotype that
distinguishes AIEC from other E. coli strains ( 68 ). To inves-
tigate whether MG1655 

D445V acquired this characteristic, we
performed crystal violet staining assays. We found that biofilm
formation was significantly higher in the MG1655 

D445V strain
compared to MG1655 at both 37 

o C and 23 

o C (Figure 3 ). 
Alterations in the level of σs , the alternative sigma fac- 
tor used during stationary phase and during certain times of 
stress ( 60 ), are known to affect the level of biofilm ( 69 ). Reg-
ulation of σs is complex, involving multiple transcriptional 
and post-transcriptional controls ( 60 ,70 ). No significant FC 

differences in rpoS RNA were observed for σ70 V445 in ei- 
ther the MG1655 or LF82 backgrounds. However, growth 

of MG1655 

D445V in broth was modestly impaired relative to 

MG1655 at higher cell density ( Supplementary Figure S1 A), a 
result that could arise from a decrease in σs amount or activ- 
ity. Western and dot blots confirmed that the steady-state lev- 
els of σs in exponential and stationary MG1655 

D445V cultures 
at 37 

◦ C were ∼2-fold lower relative to MG1655 cultures 
( Supplementary Figure S2 B, Supplementary Figure S3 B). As 
expected, extensive σs proteolysis was observed in exponen- 
tial cultures, where various factors are known to promote σs 

degradation ( 70 ). This result suggests that σ70 V445 indirectly 
affects the amount of σs through one or more of the post- 
transcriptional pathways. 

Dysregulation of σs is not responsible for the gene 

expression differences observed with σ70 V445 

Hundreds of genes are differentially regulated by σs , either di- 
rectly or indirectly ( 71 ). Thus, the FCs we observed in our 
RNA-seq analyses might be an indirect consequence of σs 

dysregulation. However, there was practically no correla- 
tion between the affected genes in our RNA-seq analyses 
( Supplementary Tables S5 , S6 ) and a previous RNA-seq anal- 
ysis of the rpoS regulon ( 71 ). Of the 24 genes, whose FCs in- 
creased with σ70 V445 in both the MG1655 and LF82 back- 
grounds (Table 2 ), only one, fucI , which is negatively regu- 
lated by RpoS, could potentially have increased because of a 
decrease in the level of σs . Of the 4 genes with decreased FCs 
with σ70 V445 in both the datasets, none were positively reg- 
ulated by σs . 

RNAP containing σ70 V445 is more active at specific 

promoters in vitro 

To investigate whether the σ70 D445V variant directly changes 
the ability of RNAP to initiate transcription at particular pro- 
moters, we performed in vitro transcriptions using RNAP con- 
taining σ70 D445 or σ70 V445. We first used a σ70 -dependent 
promoter (P S17 ) that has high sequence similarity to the con- 
sensus -10 and -35 sequence motifs and an ideal spacer length 

of 17 bp at 37 

◦ C (Figure 4 ). Single round transcription 

was used to observe changes specifically during transcription 

initiation. 
We found no significant difference between RNAP contain- 

ing σ70 D445 or σ70 V445. Using P S17 , we also separated the 
process of RNAP reconstitution from transcription by recon- 
stituting σ70 with core at either 30 

◦ C or 37 

◦ C and then in- 
cubating RNAP with the supercoiled DNA at either 30 

◦ C 

or 37 

◦ C before the start of transcription ( Supplementary 
Figure S5 ). We chose different temperatures since MG1655 

and MG1655 

D445V exhibit different growth characteristics on 

plates at 30 

◦ C versus 37 

◦ C ( Supplementary Figure S1 D).
Again, we observed similar activities for σ70 D445 and σ70 

V445. 
To investigate if the σ70 mutation affected transcription 

from specific genes, we used the Ecocyc Genome Database 
( 47 ) to inspect the genomic organization of the genes whose 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
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Figure 1. Comparative analysis of the impact of σ70 V445 on the transcriptomes of LF82 and MG1655. The two axes depict the Log 2 fold change in gene 
e xpression betw een LF82 and LF82 V445D (X-axis) and betw een MG1 655 D445V and MG1 655 (Y-axis). Orange indicates genes significantly perturbed in 
both strains; those genes with an adjusted p-value ≤0.05 and |Log 2 fold change| ≥1 are larger represented by the larger, labeled circles. Genes that only 
change in either the MG1655 or LF82 backgrounds are highlighted in yellow or green respectively, while grey represents genes that are not affected 
by σ70 V445. 

t  

a  

o  

p  

b  

d  

w  

s  

g  

c  

M  

a  

i  

t  

f  

d  

e  

i  

(

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ranscripts increased with σ70 V445 in both the MG1655
nd the LF82 backgrounds (Table 2 ). We found that most
f these genes were either ‘stand alone’, i.e. a single gene, or
resent within operons ( lptM-dapF-yigA-xerC-yigB or rsuA-
cr ) immediately downstream of a predicted or identified σ70 -
ependent promoter ( Supplementary Table S4 ). Consequently,
e investigated some of these promoters in the in vitro tran-

cription assay. We used supercoiled templates containing re-
ions of LF82 DNA upstream of yobH , ampC , yciY , xseA ,
srD , sppA and lptM , genes whose RNA increased in both the
G1655 and LF82 backgrounds (shown in bold in Table 2 )

s well as RS00415 and betI , genes whose RNA increased only
n the LF82 background (Figure 4 A). Our transcription reac-
ions also contained P S17 , as a control, as well as the promoter
or RNAI, P RNAI ( 37 ), which was present on the plasmids. We
etermined the expected transcript sizes for the tested promot-
rs based on previous promoter identifications or by predict-
ng possible promoter(s) within the inserted DNA sequence
 Supplementary Table S4 ). 
P S17 , P RNAI , P RS00415 and P betI were similarly active with ei-
ther σ70 D445 or σ70 V445 (Figure 4 B, C), indicating that σ70

V445 did not affect transcription at these promoters. In con-
trast, all of the tested promoters for genes whose expression
increased in both the MG1655 and LF82 backgrounds (P ampC 

,
P lptM 

, P yobH 

, P xseA 

, P yciY , P csrD 

and P sppA 

) were ∼2- to 3-fold
more active with σ70 V445 than with σ70 D445. It should be
noted that the activities of the tested promoters varied rela-
tive to P S17 , from stronger (P xseA 

) to weaker (P yobH 

and P RNAI ).
Thus, promoter activity per se did not correlate with a prefer-
ence for RNAP with σ70 V445. 

Since these reactions were performed as single-round tran-
scriptions, the increase in transcription must reflect an increase
in transcription initiation, rather than elongation or termina-
tion. Thus, we conclude that for ampC , yobH , xseA , yciY ,
csrD , sppA and the lptM operon, σ70 V445 is, at least in
part, directly responsible for the FC increases seen at these
genes in vivo , by affecting a step(s) during the initiation of
transcription. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
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Table 4. Minimum Inhibitory Concentration (MIC) for MG1655 and 
MG1655 D445V with various antibiotics 

MIC ( μg / ml) 

Antibiotic Type MG1655 MG1655 D445V 

β-lactam 

Amoxicillin 4 14 a 

Ampicillin 4 12 
Cefoxitin 2.3 3.3 
Cephalothin 10 28 
Penicillin G 52 > 256 

Protein synthesis inhibitor 
Chloramphenicol Aminoglycoside 8 5 
Gentamicin Aminoglycoside 0.25 0.5 
Kanamycin Aminoglycoside 0.625 2 
Streptomycin Aminoglycoside 0.5 1.5 
Tetracycline Tetracycline 0.625 0.44 

Replication inhibitor 
Ciprofloxacin Quinolone 0.016 0.0195 

Topoisomerase inhibitor 
Norfloxacin Fluoroquinolone 0.064 0.064 

Antibiotic Type LF82 V445D LF82 
β-lactam 

Ampicillin > 256 > 256 
Cefoxitin 16 96 
a Numbers in bold are for those cases in which the presence of σ70 V445 resulted 
in more resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 16 bp spacer and a G:C at promoter position −14 

correlate with increased transcription by RNAP 

containing σ70 V445 

In the absence of an activator, recognition of the −10 and −35
elements by σ70 -RNAP requires a spacer length of 16–18 bp,
with 17 bp being ideal [reviewed in ( 18 )]. Since by conven-
tion the −10 element is located from positions −12 to −7,
this places the spacer from position −13 to position −29 ( ±1
bp). Sequence analysis of the promoters with increased in vitro
transcription when using RNAP with σ70 V445 vs. σ70 D445
indicated that 5 out of 7 of the promoters with increased ac-
tivity shared a 16 bp spacer with a G:C at position −14 (Fig-
ure 4 A), suggesting that this property might be related to the
ability of σ70 V445 to increase initiation at these promoters.
However, this property was not absolute as both P crsD 

(16 bp
spacer) and P s p pA 

(17 bp spacer) had a −14 A:T, yet demon-
strated 2.6- and 2.3-fold increases, respectively. 

To investigate this correlation further, we inspected the
promoters used in our in vitro transcription together with
the σ70 -dependent promoters listed within the Ecocyc Genome
Database ( 47 ) for all of the genes that exhibited a significant
increase with σ70 V445 in both the MG1655 and LF82 back-
grounds (Table 2 ). As listed in Supplementary Table S4 , we
found 17 promoters. We excluded the shiA promoter PM0-
46179 since shiA is also expressed by PM0-46175, which,
unlike PM0-46179, has been validated by experimental evi-
dence. We also excluded the P aroP promoters since their se-
quences are not conserved in LF82. The total list (marked
in green in Supplementary Table S4 ) had 14 promoters, in-
cluding the 7 that were tested in vitro (Figure 4 ). Among the
14 promoters, nine had a predicted 16 bp spacer (64%), ten
had a predicted -14G:C (71%), and eight had both features
(57%). Previous analyses of hundreds of E. coli promoter se-
quences ( 72 ,73 ) found that 20–25% have a G:C at position
−14, ∼20% have a 16 bp spacer, and ∼5% have both. Thus,
our finding that > 50% of the promoters associated with in-
creased expression have the 16 bp spacer / −14G:C combina-

tion far exceeds random chance. 
To investigate how the bp at −14 and the 16 bp spacer 
affected transcription of one of these promoters in vitro , we 
tested P ampC 

with various mutations (Figure 5 ). We found that 
replacing the P ampC 

spacer with that of P S17 (P ampC 

, S17 ), a 17 

bp spacer with a T:A at -14, eliminated the preference by σ70 

V445-RNAP, indicating that at this promoter, the spacer im- 
parted the preference. We also tested the effect of each possible 
bp at −14 (P -14T , P -14A 

, P -14C 

). Each of these was still more ac-
tive when using σ70 V445 vs. σ70 D445, indicating that for 
P ampC 

it is the presence of a 16 bp spacer, rather than the bp 

at position −14, that is responsible for σ70 V445 preference. 
We then tested a set of mutations that increased the spacer 

length to 17 bp, by inserting a bp at −14, −16 or −18 (P +14T ,
P +16G 

, P +18A 

, respectively), or by both changing the −14 G:C to 

T:A and increasing the spacer to 17 bp (P +18A / -14T , P +16G / -14T ).
All of these mutations resulted in a higher overall activity for 
the promoter. This is expected since 17 bp is the ideal spacer 
length. Importantly, each promoter was now similarly active 
using either σ70 V445 or σ70 D445. Taken together these re- 
sults suggest that in the case of P ampC 

, it is the 16 bp spacer, re-
gardless of the bp at −14, that increases the activity of the pro- 
moter with RNAP containing σ70 V445. However, it should 

be noted that we estimate that we would need at least a 50% 

effect in this assay in order to reproducibly observe a change.
Consequently, we are not able to quantify subtle effects. 

σ70 V445 results in a wider range of effects at 23 

◦ C 

than at 37 

◦ C 

Although MG1655 and MG1655 

D445V grew similarly in ex- 
ponential liquid cultures and on plates at 37 

◦ C, more dis- 
tinct differences in growth were observed on plates at lower 
temperatures ( Supplementary Figure S1 D). To further charac- 
terize the cold-sensitive growth phenotype of MG1655 

D445V 

and to gain insights into how the bacteria might respond to 

lower temperatures as cells are shed from the mammalian gut,
we also performed RNA-seq analyses comparing MG1655 vs.
MG1655 

D445V at 23 

◦ C. We found that ∼27% of the genes 
with increased FCs at 23 

◦ C were also observed at 37 

◦ C (Ta- 
ble 1 ; Supplementary Tables S5 , S7 ). Of the 24 genes with 

increased expression in both the MG1655 37 

◦ C and LF82 

datasets (Table 2 ), only 2 ( shiA and mepK ) were not seen in the 
MG1655 background at 23 

o C ( Supplementary Table S7 ). The 
up genes included those related to changes in antibiotic resis- 
tance patterns ( ampC , acrZ and bcr ) and methionine biosyn- 
thesis ( metE ). In addition, though, a large number of genes 
with increased expression at 23 

◦ C were exclusive to that tem- 
perature. These included the most increased genes, the fruB- 
fruK-fruA operon, which is important for fructose utilization,
and all 8 genes within the pathway for ATP synthesis ( atpA-H ) 
( Supplementary Table S7 ; Supplementary Figure S4 ). 

About half of the genes with decreased FCs at 37 

◦ C were 
also seen at 23 

o C. However, there were 288 genes exclusive to 

the lower temperature. These included > 50 genes involved in 

flagella formation, chemotaxis, and motility ( Supplementary 
Table S7 ). Consequently, > 95% of flagellar genes were signif- 
icantly down with MG1655 

D445V versus MG1655 at 23 

◦ C 

( Supplementary Figure S4 ). In contrast, at 37 

◦ C only flhA ,
which is necessary for flagellin export, decreased significantly.

To investigate whether the decreased FCs observed in mul- 
tiple motility genes at 23 

◦ C and in flhA at 37 

◦ C were conse- 
quential, we performed plate-swarming mobility assays. Con- 
sistent with the gene expression results, MG1655 

D445V was 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data


Nucleic Acids Research , 2024, Vol. 52, No. 19 11563 

Figure 2. MG1655 D445V grows better than MG1655 in the absence of methionine. Growth curves (representative of two independent experiments) 
show OD 600 (in log plot) vs. time for MG1655 (solid line) or MG1655 D445V (dotted line) grown in EZ Rich Defined Media lacking B12 and without (grey 
lines) or with (blue lines) 0.2 mM methionine (met). 

Figure 3. L e v el of biofilm observ ed at OD 550 after cry st al violet st aining 
of MG1655 or MG1655 D445V cultures grown in LB at 37 o C (left) or 23 o C 

(right). Means, standard deviations, and two sample t -tests performed in 
R were generated from values obtained in a 96-well plate with 24 
replicates for each strain (**** P -value < 10 −8 ). 
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ess motile than MG1655 as temperatures decreased from
7 

◦ C to 23 

◦ C to 16 

◦ C ( Supplementary Figure S6 ). Given that
G1655 

D445V and MG1655 form similar sized colonies on
lates at 37 

◦ C ( Supplementary Figure S1 D), we conclude that
he σ70 V445 variant impairs motility at 37 

◦ C. At the lower
emperatures, motility is impaired either directly or it occurs
ndirectly by the decreased growth rate of MG1655 

D445V rel-
tive to MG1655. 

We also performed western blot analyses to investigate
hether σ70 or σs levels were affected by σ70 V445 at 23 

◦ C.
hile σ70 increased 1.5- to 2-fold, σs decreased ∼2-fold when

omparing MG1655 

D445V to MG1655 at this temperature
 Supplementary Figure S2 , S3 ). These changes in the steady
tate levels of σ70 and σs may be at least partly responsible
or the increased number of affected genes at 23 

◦ C vs. 37 

◦ C.
owever, as was seen with the affected genes at 37 

◦ C, there
as very little overlap between the 23 

◦ C σ70 D445V regulon
nd the rpoS regulon ( Supplementary Table S7 ). 

Taken together these results indicated that at 23 

◦ C, σ70 

445 results in a wider range of gene expression changes than
een at 37 

◦ C. Given the effect on σ70 levels, it is likely that
both the σ70 function and the amount of σ70 V445 play a role
in the various expression changes. 

Discussion 

The single D445V substitution within σ70 affects the 

expression of specific genes and leads to altered 

phenotypes 

How E. coli evolved to occupy host-specific niches is highly
relevant to inflammatory diseases of the gut, where E. coli
pathobionts are associated with the emergence and severity
of disease ( 3 ). Studies in E. coli reveal the importance of
the host gut environment in promoting genetic diversity and
the emergence of new phenotypes within the species ( 14 ,74 ),
where even relatively few differences in genetic composition
can result in phenotypic differences that contribute to selec-
tive advantages ( 75–77 ). However, despite extensive efforts,
including whole genome and metagenomic sequencing, un-
til this work no genetic features have been identified within
AIEC strains, such as LF82, that can account for their phe-
notypic differences from ‘commensal’ or pathogenic E. coli
( 11 , 12 , 55 , 78 ). 

Efforts to identify genetic factors that contribute to host
adaptation have been hampered by the lack of robust mouse
models that can establish long-term colonization of AIEC
strains ( 17 ,52 ). Consequently, we colonized defined micro-
biota ASF mice with LF82 since with this model we could
identify genotypic changes that occurred over five generations.

Unexpectedly, our SNP analysis revealed that during LF82
transmission through ASF mice, a rare substitution within the
highly conserved σ70 subunit of RNAP ‘reverted back’ to the
conserved D445. We hypothesize that the unique environmen-
tal conditions in the gut of CD patients ( 20 ) originally se-
lected for the emergence of the rpoD variant, while adapta-
tion within the ASF gut, which lacks other proteobacteria, al-
lowed for a more ‘commensal-like’ existence, resulting in the
reversion. 

Our investigation of RpoD D445 versus V445 indicated
that this one single change alters the activity of RNAP con-
taining σ70 V445 at specific promoters, which in turn affects

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae773#supplementary-data
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Figure 4. Specific promoters are more active with σ70 V445-RNAP than with σ70 D445-RNAP in in vitro transcriptions. ( A ) Sequences of tested promoters 
from the -35 region to the determined or predicted+1 TSS. The -35 element and the -10 element are shown in bold and the spacer length is indicated. A 

spacer length of 16 bp or a G at position -14 is shown in red. ( B ) L e v els of RNA (a v erage ±standard de viation) from v arious promoters relativ e to the le v el 
observ ed f or P S17 with σ70 D445 (black) or σ70 V445 (gre y). RNAP w as reconstituted and the reactions w ere perf ormed at 37 o C using 0.02 pmol of P S17 

and P ampC and 0.05 pmol for all other DNAs. The number of independent transcriptions (n) were: P S17 (D445, n = 28; V445, n = 39), P RNAI ( n = 6), P betI 

( n = 6), P RS00415 ( n = 4), P xseA ( n = 3), P ampC ( n = 10), P lptM 

( n = 3), P sppA ( n = 3), P yciY ( n = 3), P csrD ( n = 3), P yobH ( n = 4). P-values were generated by a 
t -test for two independent means; NS, not significant with P -value > 0.05; *, P -value < 0.05; **, P -value < 0.01; ***, P -value < 0.001; ****, P -value 
< 0.0 0 01. The fold difference for the level of RNA from the tested promoter versus the level from P S17 is given below the graph. ( C ) Representative gel 
slices showing the labeled RNA products. Expected sizes of the RNAs from the various promoters are indicated, and the positions of the RNAs from the 
tested promoters are denoted with arrows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
several properties that are associated with the LF82 lifestyle.
For example, changes in antibiotic resistance profiles have
been observed among E. coli associated with CD ( 79 ), and
LF82 is known to be Amp 

R ( 63 ). Similarly, a dramatic change
afforded by σ70 V445 is the reprogramming of the overall an-
tibiotic resistance pattern (Table 4 ), including resistance to β-
lactams from the elevated expression of ampC , and other
changes in antibiotic resistance presumably from the increased
expression of multi-drug resistance efflux pumps. 

LF82 is also known to have increased biofilm formation
relative to commensal E. coli ( 68 ), a property that may con-
tribute to survival within macrophages ( 80 ). Accordingly,
MG1655 

D445V showed increased biofilm relative to MG1655
and a mucoid phenotype at lower temperatures. Biofilm pro-
duction and mucoidy involve multiple, common genes within
several operons ( 69 ,81 ). The alternative σ factor σs is thought
to regulate both processes ( 69 ), but the mechanism of σs ac-
tion is unclear as σs positively or negatively affects biofilm
formation, depending on the specific conditions ( 69 ,82 ). In
addition, the regulation of σs is complex, involving multiple
factors that influence transcription, translation, and proteol-
ysis ( 70 ). While the rpoS RNA levels were similar in both
the MG1655 and LF82 RNA-seq datasets, we found lower
amounts of σs protein in MG1655 

D445V relative to MG1655,
indicating that σ70 V445 affects the post-transcriptional
regulation of σs . Dysregulation of σs could then lead to 

downstream effects on biofilm formation and the mucoid 

phenotype. 
Studies have found a connection between an increase in me- 

thionine and CD ( 83 ), including elevated levels of methionine 
and methionine metabolites in fecal material from CD patients 
and improved colitis symptoms when DSS-treated mice were 
placed on a methionine-restricted diet ( 84 ). Our analyses re- 
vealed that the presence of σ70 445V both increases the level 
of metE , whose product catalyzes the final step in methion- 
ine biosynthesis in the absence of B12 [reviewed in ( 67 )], and 

improves the ability of MG1655 to grow in the absence of me- 
thionine. Thus, with σ70 V445 the ability of E. coli to respond 

to conditions of methionine limitation is altered. 
Flagellar assembly is vital to the LF82 lifestyle since LF82 

uses type 1 pili, encoded by the fim genes, to adhere to the 
CEACAM 6 receptor on the intestinal epithelial cell surface 
( 3 ,85 ). Thus, deletion of flhDC or fliA , which are needed for 
the expression of the fim operon, results in a decrease in ad- 
hesion and invasion ( 86 ), and deletion of fliC , encoding flag- 
ellin, renders LF82 unable to adhere to or invade Hep-2 ep- 
ithelial cells ( 87 ). However, while motility is an asset in host- 
to-host transmission in mice ( 14 ), the ability to regulate flag- 
ella formation during chronic colonization is also important 
( 85 ), since flagella are targeted by the host immune system.
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Figure 5. Increasing the spacer length of P ampC from 16 to 17 bp eliminates the preference by σ70 V445-RNAP. ( A ) Sequences of P ampC mutant 
promoters from the -35 region to the+1 TSS. The −35 element, the −10 element, and a G at −14 are shown in black bold and the spacer length is 
indicated. Sequences or spacer length that deviate from that of P ampC are shown in red. The fold difference in the relative level of RNA (level compared to 
that from P S17 ) from each promoter for σ70 V445-RNAP vs. σ70 D445-RNAP is indicated. ( B ) L e v els of RNA (a v erage ±standard de viation) from the v arious 
promoters relative to the level observed for P S17 with σ70 D445-RNAP (black) or σ70 V445-RNAP (grey). RNAP was reconstituted and the reactions were 
performed at 37 o C using 0.02 pmol of P S17 and 0.05 pmol for all other DNAs. The number of independent transcriptions ( n ) were P ampC ( n = 4), P ampc, S17 

( n = 4), P -14T ( n = 3), P -14A ( n = 3), P -14C ( n = 3), P +14T ( n = 4), P +18A ( n = 3), P +16G ( n = 4), P +18A,-14T ( n = 3), P +1 6G,-1 4T ( n = 4). P-values were generated by 
a t -test for two independent means; NS, not significant with P -value > 0.05; *, P -value < 0.05; ***, P -value < 0.001; the P -value for P -15C is given (0.065). 
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he alteration in the expression of multiple flagella and motil-
ty genes at 23 

◦ C and of flhA , which is required for flag-
llin export, at 37 

◦ C suggest that σ70 V445 may provide a
ay to regulate the levels of the highly immunogenic flagellar

ntigens. 
The increased expression of three other genes, which are

bserved in both the MG1655 and LF82 backgrounds ( shiA ,
roP , and yobH ), may also aid LF82 in its lifestyle. ShiA and
roP are involved in the transport of aromatic intermediates
or tryptophan, respectively. Tryptophan levels are low in CD
patients ( 88 ), suggesting a possible need for increased trypto-
phan import into the LF82 cell. YobH is an uncharacterized
protein in E. coli but is required for Salmonella entrica to in-
vade macrophages ( 61 ). Macrophage invasion is a property
that distinguishes LF82 and other AIEC from commensal and
laboratory E. coli . 

Finally, our analyses also indicate that an even larger num-
ber of genes and 2 pathways, flagella / motility and ATP syn-
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Figure 6. Regions of σ70 and position of D445 within the σ70 -RNAP 
str uct ure. ( A ) Schematic of σ70 from the C-terminus (COOH) to the 
N-terminus (NH 3 ), showing the positions of σ70 regions (R). Residues 
within R4.2 interact with the -35 element, within R3.0 / R2.4 interact with 
the extended -10 element, within R2.4 / R2.3 interact with the -10 
element, and within R2.2 / R2.1 interact with core RNAP. R4.2 and R2.4 
are indicated as light and dark brown, respectively. ( B ) Close up of the 
cryo-EM str uct ure of E. coli RNAP with promoter DNA having a 17 bp 
spacer and showing promoter positions from the −35 element to the 
−10 element [PDB 6CA0 ( 19 )]. Top (nontemplate) strand of the DNA is in 
blac k, bot tom (template) strand is in gre y e x cept f or the −35 and −10 
elements, which are in green. Base positions at -14 (nontemplate black, 
template grey) and −16 (nontemplate black) are shown as spheres. σ70 

colors correspond to those shown in (A) e x cept f or D445, which is shown 
as a red sphere; β’ is in cobalt blue and βis in cyan. The β’ residue E42 
and the σ70 residues R441 and R451 are shown as spheres. (The RNAP 
subunits α1 , α2 , and ω cannot be seen in this closeup.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

thesis, are affected by the σ70 D445V substitution in MG1655
at 23 

◦C. These results predict that σ70 V445 imparts additional
changes that may aid the pathobiont outside the gut. 

σ70 V445 alters the interaction of RNAP with 

specific promoters 

Although σ70 is a highly conserved protein throughout eubac-
teria, certain regions (R) of σ70 that interact directly with core
RNAP or with DNA promoter elements are nearly identical
[reviewed in ( 18 )]. These include residues within R2.1 and
R2.2, which interact with the core polymerase; within R2.3
and R2.4, where specific residues contact the −10 sequence
motif; and within R4.2, which interacts with the −35 ele-
ment (Figure 6 A). The -10 motif is typically located from
−12 to −7. In addition, an upstream ‘extended −10 motif’
( −15 TG 

−14 ), when present, can provide an additional contact
with highly conserved residues in R2.4 and in R3.0. In par-
ticular, R2.4 residue R441 directly contacts the nontemplate
(top) strand at position -14, with G being the consensus base
(Figure 6 B) ( 19 ,90 ). Finally, the distance between the −10 and
−35 elements is crucial, with a spacer of 17 bp being opti-
mal, but either 1 bp shorter (16 bp spacer) or 1 bp longer (18
bp) is still acceptable. This distance is imposed by the distance
between σ70 R2.4 and σ70 R4.2, when they are present within

RNAP. 
Inspection of the cryo-EM structure of E. coli RNAP with 

promoter DNA [PDB 6CA0, ( 19 )] and an x-ray crystallo- 
graphic structure of Thermus aquaticus RNAP with promoter 
DNA [PDB 4XLN, ( 90 )] reveals that D445 (red sphere in Fig- 
ure 6 B) is located within R2.4, but lies > 15 Å from any bases 
within the −10 or extended −10 elements, a distance too far 
for the amino acid to directly interact with the DNA. D445 

is, however, close enough ( < 5 Å) to interact with σ70 residues 
R441 and R451, which in the crystal structure ( 90 ) contact 
the nontemplate position −14 G and the nontemplate position 

-16, respectively. In addition, other biochemical work has sug- 
gested that R451 may affect the activity of certain promoters 
based on the nontemplate base at position −18 ( 91 ). D445 

is also < 5 Å from E42 within the β’ subunit of RNAP (blue 
sphere in Figure 6 B), which lies within the β’ zipper, a region 

shown to interact with the promoter spacer region ( 90 ,92 ). 
A crucial step in transcription initiation is the entry of the 

promoter DNA into the RNAP catalytic pocket where the 
double-stranded DNA from −11 to ∼+3 must unwind to form 

the transcription bubble. Since σresidues R441 and R451 can 

contact both D445 and the spacer DNA, we hypothesize that 
during this entry the negatively charged DNA and D445 com- 
pete for these positively-charged residues. As the sequence of 
the spacer sets the trajectory of the DNA entering the pocket 
( 89 , 91 , 93 ), the spacer sequence can mediate this competition.
In LF82 the rare nonpolar valine substitution at D445 elimi- 
nates this competition, which means that certain less favored 

trajectories are now more acceptable. Given that most of the 
preferred promoters had the 16 bp spacer / −14 G:C combi- 
nation, it seems that the shorter spacer together with a strong 
contact at −14, provides a particular combination that is im- 
proved when using σ70 V445-RNAP. However, other combi- 
nations are also beneficial, as seen with P csrD 

and P sppA, and at 
P ampC 

, the specific bp at −14 is not the deciding factor. 
Our work adds to several studies indicating that the spacer 

sequence has a substantial impact on determining the ac- 
tivity of a promoter. Early work reported correlations be- 
tween spacer sequence and activity for P lac ( 94 ) and P1 of 
gapA ( 95 ). More recent work has shown that RNAP-spacer 
contacts are essential for initiation ( 96 ) and that D451 to- 
gether with AT-richness between −17 and −23 can substan- 
tially increase promoter activity ( 97 ). Interestingly, having AT- 
richness from −17 to −23 does not correlate with the in- 
creased expression from the promoters with σ70 V445-RNAP 

(Figure 4 ). Nonetheless, in all of these cases, it is likely that 
the spacer sequence is affecting how the −10 element en- 
ters the transcription pocket and consequently, the process of 
initiation. 

In conclusion, the discovery of a unique variant of the 
housekeeping σ70 factor of LF82 that imparts phenotypes con- 
sistent with the LF82 lifestyle suggests that the rpoD D445V 

allele aids in the emergence of a pathobiont strain that is 
uniquely suited to its role in the gut environment. These results 
suggest that the highly conserved housekeeping genes repre- 
sent a target for genetic adaptation, leading to the acquisition 

of multiple phenotypes via a single base pair change. This may 
represent an under-studied mechanism for the emergence of 
new strain variants in nature. 

Data availability 

Genomic sequencing data for MG1655 and MG1655 

D445V 

are deposited with NCBI BioSample (Accession numbers: 
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 AMN32661817-S AMN32661824). RNA-seq analyses of
G1655 

D445V vs. MG1655 grown at 37 

◦C and at 23 

◦C and
f LF82 vs. LF82 

V445D grown in culture at 37 

◦C are de-
osited in the NCBI database (GEO numbers GSE222248 and
SE253924, respectively). All other data are available in the
ain text or the supplementary materials. 

upplementary data 

upplementary Data are available at NAR Online. 
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