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E.coli Nissle increases transcription of flagella assembly and formate
hydrogenlyase genes in response to colitis
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ABSTRACT

Escherichia coli Nissle (EcN), a probiotic bacterium, has been employed in treating inflammatory bowel
disease, but the nature of its therapeutic effect is not fully understood. Intestinal inflammation alters the
environment, exposing the microbial population to new stresses and eliciting transcriptional responses.
We administered EcN to germ-free mice and then compared its transcriptional response between DSS-
treated and untreated conditions using RNA-seq analysis to identify 187 differentially expressed genes
(119 upregulated, 68 downregulated) and verifying a subset with qRT-PCR. The upregulated genes
included many involved in flagella biosynthesis and motility, as well as several members of the formate
hydrogenlyase complex. Despite prior evidence that these pathways are both transcriptionally regulated
by nitric oxide, in vitro tests did not establish that nitric oxide exposure alone elicited the transcriptional
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response. The results provide new information on the transcriptional response of EcN to inflammation
and establish a basis for further investigation of its anti-inflammatory activity.

Introduction

Inflammatory bowel disease (IBD), which includes
Crohn’s disease and ulcerative colitis, results in
inflammation in the human intestine. Although
the exact mechanism that initiates IBD is still
unclear, the general consensus is that it is caused
by a combination of different factors including
aberrant immune activation, the gut microbiota,
environmental triggers, and genetic traits."* In par-
ticular, dysbiosis of the gut microbiota has been
suggested to play a role in the development of the
disease.” Metagenomic analyses of intestinal
microbes have shown that patients with IBD have
significantly different microbial compositions com-
pared to their non-IBD counterparts.*> Whether
dysbiosis is a cause rather than an effect of IBD is
unknown, but significant efforts have been made
toward developing methods for altering the com-
position of the gut microbiota as a potential ther-
apeutic option. Probiotics have become a promising
treatment option for IBD patients. For example, the
bacterium Escherichia coli Nissle has been one of
the most widely studied probiotics and has been

shown to have multiple potential clinical roles for
the treatment of gastrointestinal diseases including
IBD.*’ Furthermore, administration of Escherichia
coli Nissle to a DSS-mouse model of IBD helps
reduce the severity of colitis.® Despite these promis-
ing findings, little is known about what confers the
therapeutic properties of E. coli Nissle. One key
category of missing information is the characteriza-
tion and analysis of how this probiotic transcrip-
tionally responds to its environment within the
gastrointestinal tract. Metatranscriptomic analyses
of the gut microbiota have shown that colitis
changes the transcriptional response of the residing
microbes.”'® However, these studies have generally
focussed on the community responses to colitis and
not how individual species, like E. coli Nissle, would
respond. Analyzing the transcriptional response to
inflammation in E. coli Nissle would help us under-
stand how the probiotic survives in these condi-
tions, and lay the groundwork for an
understanding of the mechanisms involved in
creating its observed health benefits. Additionally,
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transcriptional markers of inflammation within this
probiotic could be used to design whole-cell bio-
sensors to detect IBD.'""?

In this work, we have investigated the tran-
scriptional response of E. coli Nissle to inflam-
matory intestinal conditions by RNA-seq
analysis, using a DSS-mouse model of colitis.
Through differential expression analysis of RNA
recovered from stool samples, we discovered
187 differentially expressed genes within the
probiotic in response to colitis. Interestingly,
genes involved in flagella assembly and formate
oxidation were upregulated in response to coli-
tis, suggesting a role for motility and anaerobic
formate metabolism in the response to the
inflammation. We further validated the tran-
scriptional markers of inflammation by qRT-
PCR and independently confirmed 12 of 17 of
the differentially expressed genes in the RNA-
seq dataset, including flagella assembly and for-
mate hydrogenlyase genes. Finally, we tested
the possibility that the transcriptional responses
of E. coli Nissle were caused by an increase in
a known biomarker for inflammation, nitric
oxide. Despite evidence that nitric oxide does
regulate flagella assembly and formate hydro-
genlyase transcription, in-vitro treatment of
E. coli Nissle with a nitric oxide donor did
not replicate the transcriptional changes
encountered within the inflamed gut environ-
ment, leading to the possibility that other fac-
tors must be responsible for its transcriptional
response to colitis.

Materials and methods
Bacteria strain and growth conditions

The bacteria strain E. coli Nissle 1917 (EcN) was
used for all experiments. A chloramphenicol resis-
tant strain was generated by genomically integrating
the chloramphenicol-resistant marker within an
intergenic region of EcN (dps:glnH) using
Recombineering technique and protocols," and is
available upon request. Bacteria were grown in stan-
dard LB media (1% tryptone, 0.5% yeast extract, 1%
sodium chloride) with chloramphenicol (10 pug/mL)
at 37°C with shaking. EcN was grown overnight in
LB media to ODgy of 1 (8E+08 cells) and

resuspended in PBS for oral gavage. Spermine
NONOate (Sigma) was used as a nitric oxide
donor and diluted into water at the desired concen-
tration prior to use.

Germ-free mice protocol

Germ-free C57BL/6 ] mice were maintained under
standard germ-free conditions by the Division of
Comparative Medicine (DCM) at the University of
Toronto. Germ-free mice were monitored for
microbial contamination by aerobic and anaerobic
bacterial culturing and qPCR for microbial DNA.
Male and female germ-free mice were then taken
outside the isolators, administered with ~1E+09
EcN by oral gavage, then maintained under stan-
dard specific-pathogen-free conditions using out-of
-the-isolator husbandry, as previously described.'*
Briefly, the mice were housed in pre-sterilized
polyester filter-top Allentown cages with sterile
(irradiated) rodent chow and autoclaved water.
Cages were housed in racks separated from other
cages within the specific-pathogen-free facility.
Mice were handled minimally and weighed in auto-
claved weigh boxes. Originally, there were nine
mice total included in the experiment, but one
control mouse (control mouse 4) reacted negatively
to the oral gavage. Control mouse 4 lost significant
weight and was found to have higher amounts of
non-EcN taxa relative to other samples (Figure S1
(a,b)); results from this mouse were therefore
excluded from the final analysis. Mice were placed
on chloramphenicol water (10 pg/ml) for 5 days
and switched to autoclaved drinking water prior to
dextran sulfate sodium (Fisher, DSS) induced coli-
tis. Mice were given 2% DSS in autoclaved drinking
water for 5 days to induce colitis and reverted to
normal drinking water afterward. Mice were sacri-
ficed 2 days following the end of DSS treatment,
which coincided with the peak inflammatory
response while also allowing enough time to reduce
DSS contamination in the stool samples——a known
inhibitor of downstream RNA applications."”

RNA, genomic DNA extraction, and RNA-seq

Total RNA from stool samples recovered from the
distal colon section of each mice was extracted using
the RNeasy® PowerMicrobiome® kit (Qiagen). Briefly,



stool samples were resuspended in the lysis buffer into
capped tubes with 0.1 mm glass beads and vortexed
for 10 min. The soluble extracts from the homoge-
nized stool samples of both DSS-treated and
untreated mice were loaded into RNA purification
columns, washed and treated on-column with
DNAse before eluting in RNase free water and stored
at —80°C without any further purification or precipi-
tation procedures. For genomic DNA extraction, the
same procedure was used to extract the nucleic acids
but without DNasel treatment. Purified RNA samples
were submitted for library preparation (including
bacterial ribosomal RNA depletion) and Next-
Generation Sequencing at The Center for Applied
Genomics (TCAG, Toronto, Ontario, http://www.
tcag.ca/) using their Illumina HiSeq2500 platform
(125 bp paired-end reads). Raw sequencing reads are
available in the NCBI SRA archive, accession number
PRJNA695566. Quality control of raw reads was per-
formed using FastQC v0.11.9 to assess read quality of
samples. Sequence alignment of paired-end reads was
performed using the STAR pipeline v2.7.1a using
assembly GCF_003546975.1 of Escherichia coli
Nissle 1917 as a reference. R package DESeq2
v1.24.0 was used to perform differential gene expres-
sion analysis between the DSS-treated samples (DSS
mouse 1, 2, 3, 4, 5) and the control samples (control
mouse 1, 2, 3). The default settings as described by
Love et al. were used,'® which include the normal-
ization of raw counts followed by gene-wise disper-
sion estimates and fitting to a negative binomial
generalized linear model. False discovery rate of dif-
ferential expression testing was controlled at a 5%
cutoff using the Benjamini-Hochberg procedure.'”
Taxonomic classification of reads was assigned by
processing paired end FASTQ reads of each mouse
stool sample using the MetaPro pipeline under the
default settings."® Low-quality sequences were filtered,
followed by host and vector removal through BWA
alignment, then rRNA removal was completed using
Infernal. From our initial analyses, we identified con-
trol mouse 4 as being a clear outlier (Figure S1(c,d)),
which, with the previously mentioned problems, was
therefore removed from subsequent analyses. After
differential expression analysis, gene sequences of dif-
ferentially expressed genes were annotated to the
most closely aligned gene name of the E. coli K-12
strain using the National Center for Biotechnology
Information (NCBI) alignment tool Blast (https://
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blast.ncbi.nlm.nih.gov/Blast.cgi). Pathway and biolo-
gical function analyses of differentially expressed
genes were completed using DAVID bioinformatics
online tools (https://david.ncifcrf.gov)".

Quantitative PCR and RT-PCR

For RNA samples, 2 ug was reverse transcribed into
cDNA using a reverse transcriptase kit (Applied
Bioscience). For the standard curve, genomic DNA
was extracted from E. coli Nissle and serially diluted 1/
5 in water 8 times. Primers against each E. coli Nissle
gene were pre-validated for specificity and amplifica-
tion efficiency using the genomic DNA standard curve
and are listed in Supplementary file 1. NEB Luna
qPCR 2X master mix reagent was used for the gQPCR
reactions. We used 5 pL reactions of which 0.5 uL of an
appropriately diluted cDNA or genomic DNA sample
were used as template. qRT-PCR reactions were done
in 384 well plates (BioRad); within each plate included
the standard curve in technical duplicates and as many
samples as could fit in technical duplicates for each
target genes and two reference genes (16S rRNA and
cysG). Real-time PCR was completed using BioRad
Real-Time PCR machine and BioRad CFX Maestro
analysis software. For the analysis, the Ct values of
each sample were adjusted automatically to the thresh-
old set by the software using the standard curve for
each target primer pairs. The average of Ct values from
two technical replicates were normalized to the geo-
metric averages of the two reference genes: 16srRNA
and cysG. The average Ct values from two technical
replicates were normalized to the geometric averages
of the two reference genes using the Pfaffl method
[equation 3].*° Mean gene expression across biological
replicates is relative to the mean normalized Ct value
of the control samples. Raw data and qPCR analysis
are available in Supplementary file 1.

Results

Experimental overview of E. coli Nissle within a
germ-free DSS mouse model of colitis

Mice held initially in germ-free conditions were
administered a chloramphenicol resistant E. coli
Nissle strain by oral gavage before being transferred
to non-sterile facilities, as described in,'* then sepa-
rated into two groups: 1) control group (3 mice)
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and 2) DSS-treated group (five mice) (Figure S2
(a)). We confirmed that the probiotic successfully
colonized all eight mice and remained present at
roughly 1E+09 to 1E+10 CFUs per gram of stool
throughout the course of the experiment (Figure S2
(b)). We also determined the relative bacterial con-
tent of genomic DNA in stool collected from post-
DSS treated mice using primers specific toward the
16S rDNA of selected bacterial groups.*' For the
most part, the mice contained almost exclusively
16S rDNA of the Enterobacteriaceae group of bac-
teria that contains E. coli Nissle (Figure S2(c)). We
also verified that our specific E. coli Nissle strain
was present in these samples by using primers
specific toward our modified chloramphenicol-
resistant E. coli Nissle strain (data not shown).
Together with the CFU counts, this confirms that
E. coli Nissle is not only present in the mice but is
also the most abundant bacteria within their stool
content. Both the relative weight changes and lipo-
calin-2 (Lcn-2) stool levels were monitored over the
course of the experiment as positive markers for
inflammation.”> Although the relative weight
change of the DSS-treated mice (93%) was slightly
greater than the control group (96%), those differ-
ences were not statistically significant (Figure S2
(d)). However, Lcn-2 levels were much higher in
the DSS-treated mice (65 058 pg/mg) compared to
control mice (293 pg/mg) suggesting colitis had
been induced in the treatment group (Figure S2(e)).

Transcriptomic profiling of E. coli Nissle reveals that
flagella genes and formate hydrogenlyase genes are
upregulated in response to colitis

RNAs were extracted from the recovered colon
stool samples from both treatment groups, depleted
of bacterial ribosomal RNA, converted into
a cDNA library, and sequenced by RNA-seq. The
paired-end reads were trimmed and processed
before aligning them against the complete genome
sequence of E. coli Nissle (see materials and meth-
ods for details on the RNA-seq analysis). On aver-
age, there were 26 million paired end reads per
sample with an average of 24% of the reads
uniquely mapped with the E. coli Nissle genome
(Table S1). Despite only being administered with
a single bacterial strain, there were a number of
reads that did not align with E. coli Nissle.

Taxonomic classification of the sequenced reads
against a database of known bacterial references
revealed that only a small yet consistent portion of
the putative mRNA reads (8.1% on average)
belonged to bacterial families other than
Enterobacteriaceae  (including  Moraxellaceae,
Lactobacillaceae, and Erysipelotrichaceae), which
is likely the result of transferring the mice into non-
sterile facilities after the administration of the pro-
biotic (Figure S3(a), Supplementary file 2). A much
greater portion of the putative mRNA reads
remained unclassified (48.5% on average) but
a small search of a random sampling of those
reads showed that these reads mostly belong to
the host (Mus musculus) and altogether suggests
that the relative abundance of E. coli Nissle mapped
reads is appropriate given its context.

Differential expression analysis identified 187
differentially expressed genes (Log2 fold change
>1.0, FDR adjusted p-value <0.05) from a total of
4996 total genes between the samples taken from
DSS-treated mice and control mice: 119 upregu-
lated genes and 68 downregulated genes
(Figure 1). Principal component analysis confirmed
that samples from DSS-treated mice clustered sepa-
rately from the control samples, while the DSS-
treated samples clustered into two different groups
(Figure S3(b)). We suspected that these differences
would have been the result of cage effects: members
of each cluster coincided precisely with the cages
they were held in (Cage 1: DSS 1, 2, 3; Cage 2: DSS
4,5). The distribution of all identified genes showed
that most expression levels were not affected by
DSS-induced inflammation, but only a small subset
passed our thresholds for statistically significant
differential expression (Figure S3(c)). The
sequences retrieved from each of the differentially
expressed genes in E. coli Nissle were aligned
against the genome of the most studied E. coli
strain, K-12, to match with its most closely related
gene symbol. Eighty-seven percent of the upregu-
lated genes and 85% of the downregulated genes
almost  perfectly matched  against
a corresponding gene in E. coli K-12
(Supplementary file 3). Of the unmatched genes,
three genes (3/25) shared over 50% homology
with a corresponding fimbrial protein in E. coli
K-12 (imA, filM, imD) and were therefore anno-
tated as such. The remaining unmatched genes

were



GUT MICROBES €1994832-5

Heatmap of top DE genes, padj < 0.05, Log2FC > 1
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Figure 1. Differential expression analysis of Escherichia coli Nissle reveals upregulation of flagella and formate hydrogenlyase genes in
response to colitis. (a) Heatmap of the differentially expressed genes of E. coli Nissle between DSS-treated mice and untreated (control)
mice. There are 187 differentially expressed genes; 119 upregulated and 68 downregulated genes clustered based on similarity. The
cutoff set for differential expression were log2 fold change over 1.0 and FDR-adjusted p-values under 0.05. Each column represents
samples from either DSS treated mice (5 samples) or control mice (3 samples) clustered based on similarity. Red indicates relative
overexpression and blue indicates relative repression. (b) Tables highlighting results of differential expression analysis on the top
upregulated/downregulated genes in response to colitis as well as genes associated with flagella assembly and formate hydrogenlyase
activity. Functions related to gene symbol was retrieved from the BioCyc online database.”* Log2 fold change (Log2FC) and associated
p value are listed for every gene listed. Genes in bold were also validated by gRT-PCR in the subsequent section. Flagella genes (yellow)
and formate hydrogen lyase genes (red) are highlighted on the heatmap. “ Formate hydrogenlyase gene hycB is listed in the top three
upregulated genes table instead of the formate hydrogenlyase genes table.
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were either genes with predicted but unconfirmed
protein functions or hypothetical proteins and were
excluded from further analysis. Of the upregulated
genes in response to colitis with characterized func-
tions, we noted multiple genes involved in the
flagellar biosynthesis pathway (fliA, flgC, fliP, fliH,
flgB, fliL, flgH, fliZ, flgl, flgD, flgE. flgF, flg], flgA,
fliM) suggesting a role for motility in the response
to inflammation in the intestine. We also observed
several genes belonging to the formate hydrogen-
lyase complex hyc operon (hycA, hycB, hycC, hycD,
hycE, hycG), suggesting a role for formate metabo-
lism in the response to colitis. To determine if any
other groups of genes were enriched, we subjected
our differentially expressed gene lists to pathway
and biological process analysis (Table 1). As we
suspected, flagellar assembly pathway was enriched
in our differentially  upregulated  genes
(p value = 4.41E-09) as well as genes involved in
amino-acid metabolism (p value = 1.10E-02).
Biological processes were enriched for several moti-
lity terms and amino acid metabolism but also
showed enrichment for anaerobic respiration
(p value = 1.41E-02) and nitrate assimilation
(p value = 1.60E-02). However, this analysis did
not confirm an enrichment for the formate hydro-
genlyase pathway even though most of the mem-
bers of its operon are present. The downregulated
genes in response to colitis only showed enrich-
ment for genes within the ribosome pathway
(p value = 2.29E-05). The biological processes
affected also indicated a negative effect on transla-
tion but also on several peptide transport terms.

Independent validation by qRT-PCR confirms
upregulation of flagella and formate hydrogenlyase
genes in response to colitis

To validate some of the transcriptional biomarkers, we
repeated the experiment with a new set of mice (2
treatment groups, n = 4) and collected RNA from the
stool samples for qRT-PCR. Of the differentially
expressed genes, we chose the top three upregulated
and downregulated genes, in terms of their calculated
fold change compared to control mice, as well as an
additional 11 target genes, to independently verify by
qRT-PCR. Of the top three upregulated genes (hycB,
cadA, and cadB), all three were confirmed to be upre-
gulated in response to colitis by fold changes of 4.6X,

20.6X, and 18.0X, respectively (Figure 2(a)). However,
of the top three downregulated genes (gluconate-
5-dehydrogenase, ecpA, and kgdT) only one gene
(kdgT) was found to be significantly downregulated
(-5.1X) in response to colitis (Figure 2(a)). These
discrepancies were expected given the dissimilarities
between the two RNA relative quantification methods
and the use of samples from independently replicated
experiments. But, given the fact that we were still able
to confirm differential expressions for at least some of
the target genes (4 out of 6) strengthens the case that
those cross-validated genes can be considered genuine
transcriptional markers of colitis.

Next, we wanted to validate target genes that were
of interest, including genes involved in the flagellar
biosynthesis pathway (fliA, flgB, flgC, fliL, flip, fliH);
genes involved in dipeptide transport (dppA, dppB,
and dppC); and genes associated with the formate
hydrogenlyase pathway (hydN and hycA). Of the fla-
gellar genes, 5 out of 6 genes tested showed signifi-
cantly increased expression (ranging from 9.6X to
15X) in DSS-treated mice compared to the control
(Figure 2(b)). Interestingly, the transcription factor
fliA (sigma factor 28) that is responsible for the tran-
scriptional regulation of flagellar genes is upregulated
by 11.5 fold. This strongly suggests that E. coli Nissle is
responding to colitis by increasing its flagella assembly
pathway and presumably its motility. Two other genes
of interest were also independently tested by qRT-
PCR. hycA and hydN, together with hycB (one of
the top upregulated genes from the RNA-seq analysis),
are involved in formate hydrogenlyase activity and
regulated by the transcriptional activator flhA in the
response to anaerobic fermentation. Both these genes
were confirmed to be upregulated in response to colitis
(10.3X and 6.3X, respectively) (Figure 2(c)). Finally,
we were also interested in confirming the downregu-
lation of the dipeptide transport genes; however, our
independent validation of their expression levels in
DSS-treated mice did not reveal a significant down-
regulation compared to control mice (Figure 2(d)). In
fact, dppA expression was relatively increased in DSS-
treated mice compared to control mice (6.9X) as mea-
sured by qRT-PCR unlike in the RNA-seq analysis,
again suggesting some variability between the RNA-
seq experimental dataset and independent qRT-PCR
experiments. What causes differential expression of
these genes within E. coli Nissle appears to be depen-
dent on the context of the inflamed colon
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Table 1. Pathway and biological function enrichment analysis of differentially expressed genes.

ID Term p-value Genes
Upregulated genes: ec002040 Flagellar assembly 441E- AP, figl, fliM, figD, figC, figB, fliH, flgA, figH,
KEGG pathway 09 flgF, flgE
ec000260  Glycine, serine, and threonine metabolism 1.10E-  gcvP, govT, gevH, tdcB
02
ID Term p-value Genes

Upregulated genes:
Biological processes motility
G0:0071973

motility

G0:0070689 L-threonine catabolic process to propionate

G0:0044781

G0:0019464 Glycine decarboxylation via glycine cleavage

system

G0:0006567 Threonine catabolic process

G0:0009061 Anaerobic respiration

G0:0042128 Nitrate assimilation

ID Term
Downregulated genes: KEGG ec003010  Ribosome
pathway
ID Term

Downregulated genes: G0:0006412 Translation
biological processes

G0:0015031 Protein transport
G0:0042938 Dipeptide transport

G0:0015833 Peptide transport

G0:0019698 D-galacturonate catabolic process

G0:0042840 D-glucoronate catabolic process

G0:0055085 Transmembrane transport
G0:0002181 Cytoplasmic translation

G0:0006857 Oligopeptide transport

G0:0034194 D-galactonate catabolic process

G0:0071978 Bacterial-type flagellum-dependent swarming

Bacterial-type flagellum-dependent cell

Bacterial-type flagellum organization

1.14E-  fliL, figD, figC, flgB, figF, flgE
05
9.19e-  flgJ, figl, fliM, fliH, figA, figH, flgF
05
5.47E- tdcE, tdcF, tdcD, tdcB
04
1.77e-  Aflip, figD, fliH, flgA
03
3.86E- gcvP,gcvT, gevH
03
1.28E-  tdcE, tdcT, tdcB
02
1.41E-  nirB, hycB, glpB, nirD, hydN, narG
02
1.60E-  nirB, nirD, nirC, narG
02

p-value Genes

rplL, rpsT, rplV, rplF, rpIB, rplQ, rpsL, rpIN,
05 rpmF, rpIT

p-value Genes

1.04E-  rplL, rpsT, rplV, rplQ, rpsL, rpIN, rpmF, rpIT
05
431E- dppB, dtpA, dppD, dppC, dppA, oppA, oppB
05
3.29E- dppB, dppD, dppC, dppA
04
2.06E-  dppB, dppD, dppC, dppA
03
3.04E-  kdul, kduD, kdgK
03
3.04E-  kdul, kduD, kdgK
03
1.83E-  dppB, dppC, nanC, dppA, mdtA, oppA
02
2.91E-  rplF, rpIB
02
291E- dtpA, oppA
02
4.33E- dgoA, dgoK
02

environment as neither DSS alone nor the fecal super-
natants recovered from DSS-treated mice were suffi-
cient to induce the expression of the flagella and
formate hydrogenlyase genes in E. coli Nissle grown
in vitro (Figures S4 and S5). Overall, we were able to
validate 12 out of the 17 E. coli Nissle genes tested for
differential expression in response to colitis.

Nitric oxide is not solely responsible for the
transcriptional response of E. coli Nissle toward
colitis

Both the genes involved in motility and the formate
hydrogenlyase complex have been shown to have
binding sites for the nitric -oxide-dependent NsrR
transcription factor upstream of their operons in

E. coli, and nitric oxide stress has been shown to
increase the transcription of flagellin genes increas-
ing its motility.** Interestingly, nitric oxide is
a known biomarker for IBD.*® Nitric oxide, along
with reactive oxygen species, is believed to be one of
the main precursors for many other reactive oxi-
dants including peroxynitrite, released in the gut by
the innate immune system as a response to inflam-
mation and invading pathogens.”® To find that
genes involved in flagella assembly and in the for-
mate hydrogen lyase complex were both upregu-
lated in response to colitis led us to propose that
this might be the result of increased nitric oxide
levels in the gut. In order to test this hypothesis, we
compared gene expression of motility genes and
formate hydrogenlyase genes in E. coli Nissle
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Figure 2. Confirming differential expression of E. coli Nissle genes associated with flagella assembly and formate hydrogenlyase activity
in DSS-treated mouse by qRT-PCR. (a) Validation of differential expression of top three upregulated and downregulated genes, (b)
genes associated with flagella assembly, (c) genes associated with formate hydrogenlyase activity, and (d) genes involved in dipeptide
transportation. RNA was recovered from mouse stool samples colonized with E. coli Nissle of an independently replicated experiment
(N = 4 per treatment group). Extracted RNA was converted into cDNA and relative expression levels of target genes was accessed by
gRT-PCR with specific primers previously validated for specificity and amplification efficiency against genomic DNA of E. coli Nissle.
Gene expression for each target was normalized to the geometric mean of two independent housekeeping genes: 165 rRNA and cysG.
Fold increase (or fold decrease as a negative number) between DSS-treated and untreated (control) mice are indicated above each
mean as well as the result of Student t-test (* = p value<.05, n.s. = not significant).

cultures grown either with or without a nitric oxide
donor, NONOate. We initially determined an
appropriate concentration and induction needed
to initiate stress response E. coli Nissle. We deter-
mined that a concentration of 100 uM of NONOate
and 1 h induction was optimal for our experiment
as it caused a 50% growth defect compared to
untreated cells, indicating that the levels of nitric
oxide are sufficiently high enough to activate
a cellular response in E. coli Nissle’s without com-
pletely arresting growth (Figure S6). However,
transcription levels of the flagella and formate

hydrogenlyase genes between nitric oxide-treated
and untreated cells did not increase; in fact, most
of the motility genes slightly decreased in response
to nitric oxide stress (Figure 3(a,b)). This suggests
that nitric oxide cannot by itself be responsible for
the transcriptional activation of motility and for-
mate hydrogenlyase genes in our mouse model of
colitis and that there are likely other factors that
help regulate the transcriptional response of E. coli
Nissle upon induction of inflammation. Repetition
of the nitric oxide experiment under anaerobic
conditions yielded more substantial transcriptional
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Figure 3. Nitric oxide stress alone is not sufficient to increase the transcription of flagella biosynthesis genes and formate
hydrogenlyase genes in E. coli Nissle. Cultures of E. coli Nissle were grown in triplicate to their logarithmic growth phase (LB media,
37°C, 220 rpm) and subjected to nitric oxide stress by addition of 100 uM of a nitric oxide donor, spermine NONOate, for 1 h. Pellets
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decreases in all genes except fliA (results not
shown), again supporting the notion that the
in vivo results do not arise solely from nitric oxide
stress.

DISCUSSION
Summary of results

In this paper, we determined the transcriptional
response of E. coli Nissle within a DSS-mouse
model of colitis. RNA-seq analysis identified
187 differentially expressed genes within this
context, with several genes belonging to the
flagella assembly pathway and formate hydro-
genlyase complex. A subset of these genes were
also independently verified to be differentially
expressed by subsequent qRT-PCR experiments
on a completely new set of mice. In total, we
were able to confirm 12 transcriptional markers
of inflammation within E. coli Nissle.

Potential explanation for the upregulation of
flagella and formate hydrogenlyase genes within
E. coli Nissle as a response to colitis

There is evidence that flagellar biosynthesis path-
ways in the gut microbiota are affected by colitis,
but the specific response differs based on the mouse
models used for investigation. In a Toet ™ Rag2_/ -
ulcerative colitis (TRUC) and the Helicobacter hepa-
ticus models of colitis, flagella genes were found to be
enriched in the gut microbiota;'®*” whereas in the
DSS model of colitis, the presence of flagella genes
decreased.”® However, these studies focussed on the
community response of the gut microbiota toward
colitis making it hard to determine its effect of spe-
cific bacterial species. In our isolated context, a DSS-
induced colitis causes an increase in flagella asso-
ciated gene transcripts in E. coli Nissle. These mole-
cules were discovered to be the main pathogen-
associated-molecular pattern that stimulates the
activity of the toll-like receptor 5 (TLR-5) found on

the surface of intestinal epithelial cells.** Therefore,
an increased abundance of flagella transcripts in
E. coli Nissle might not only be an adaptation toward
its new environment but might also have
a significant effect on the innate immune response
of the host. Increased flagella biosynthesis could also
help E. coli Nissle maintain its niche within the
intestine. Bacterial flagellum is considered an impor-
tant factor for adherence and virulence.’ The flagel-
lin gene in E. coli Nissle (fliC) has been found to be
responsible for efficient adhesion of the bacteria
toward tissues.”’ Thus, increased flagella component
expression could lead to increased adherence within
the intestine. In this particular mouse model of coli-
tis (DSS), the treatment leads to damaged endothelial
cell wall, loss of crypt formations, mucosal edema,
and infiltration of immune cells in the mucosa.”
More flagella might allow E. coli Nissle to maintain
its niche but also increase its motility to help it escape
the host immune response. Furthermore, the com-
ponents of the flagella organelles of E. coli Nissle are
important factors for host recognition as well as its
anti-inflammatory effects. Deletion of the hypervari-
able region of the flagellin gene fliC in E. coli Nissle
inhibits its anti-inflammatory properties in a DSS-
mouse model of colitis.> This effect is mediated and
dependent on an interaction with the TLR-5 recog-
nition domain on epithelial cells. Interestingly,
administration of recombinant flagellin proteins
from E. coli Nissle but not from other non-
probiotic E. coli strains can recapitulate this anti-
inflammatory effect in mice, providing an explana-
tion for its probiotic properties.

Changes in formate metabolism in E. coli Nissle
has also been previously linked with adaptation to
the colitic environment. Increased levels of formate
originating from the gut microbiota has been
detected in the gut lumen of a DSS-mouse model
of colitis, and formate dehydrogenase genes
improve the colonization and growth of E. coli
Nissle within the inflamed gut environment.**
There are three major formate dehydrogenases in
E. coli responsible for the oxidation of formate,

were harvested and RNA was extracted for gRT-PCR. Gene expression for each target was normalized to the geometric mean of two
independent housekeeping genes: 165 rRNA and cysG. Fold increase (or fold decrease as a negative number) between NONOate-
treated and untreated (control) cells are indicated above each mean as well as the result of Student t-test (* = p value<.05, n.s. = not

significant).



each competing for the same pool of substrate and
each activated under specific conditions: FDH-N,
FDH-O, and FDH-H. FDH-N is activated under
anaerobic conditions and when nitrate is
present,” FDH-O is active under aerobic condi-
tions or when nitrate is present,35 and FDH-F,
together with the formate hydrogenlyase complex
(FHL) is activated in anaerobic conditions and in
the absence of nitrate.’® Our data show that most of
the genes encoded by hyc operon hycABCDEFGHI,
which forms part of the FHL complex, is transcrip-
tionally activated in E. coli Nissle within a DSS-
mouse model of colitis. We independently verified
the transcriptional activation of hycA and hycB as
well as another gene thought to be involved in FHL
activity, hydN, by qRT-PCR. However, it was pre-
viously demonstrated that FDH-N, not FHL, was
mostly responsible for formate oxidation in a DSS-
mouse model of colitis and was also necessary to
confer a fitness advantage for E. coli Nissle within
the inflamed gut.’* Nonetheless, these two conclu-
sions do not necessarily contradict each other.
Expression of the hyc operon is normally repressed
by nitrate and oxygen levels but can be relieved by
increased formate concentrations.”® This means
that both formate metabolic pathways could be
simultaneously activated in response to increased
formate levels. Additionally, this same study
showed that FDH-N no longer confers the same
fitness benefit to E. coli Nissle administered to
germ-free mice.* This may suggest that different
formate oxidation pathway may be taken by E. coli
Nissle when it is the only microbe present in the gut
compared to conventionally raised mice. Activation
of the FHL complex under these conditions could
potentially be used by E. coli Nissle to adapt to its
environment, helping deplete excess intracellular
formate and maintaining viability in the inflamed
gut environment.

Nitric oxide effect on the expression of flagella
assembly and formate hydrogenlyase genes in vitro

From in vitro studies, both the flagella assembly
genes and the anaerobic formate oxidation genes
are regulated by the nitric oxide sensing repressor
in E. coli. The fliAZY and fliLMNOPQR operons
have a binding site for the nitric oxide-sensing tran-
scriptional repressor NsrR and are transcriptionally

GUT MICROBES (&) 199483211

activated by addition of nitric oxide.”* Furthermore,
it has been demonstrated that nitric oxide increases
the motility and surface adherence of E. coli.** These
phenotypes could be a mechanism for E. coli to
establish a niche within the intestine. The hycA
gene belonging to the hyc operon also contains bind-
ing sites for the NsrR repressor and is transcription-
ally derepressed by the addition of nitrite.***’
Although seemingly unrelated, this fact caught our
attention because nitric oxide is a well-known bio-
marker for IBD and is found in elevated concentra-
tions in the gut lumen of patients with ulcerative
colitis.”® Detection of nitric oxide and its derivatives
like nitrate, tetrathionate, and thiosulfate have been
used to create whole-cell biosensors to detect inflam-
mation in the intestine.”*~** It made sense to try and
see if the transcriptional response of E. coli Nissle in
the context of colitis was caused by increased levels
of nitric oxide in the gut. However, our in vitro data
suggest that nitric oxide stress by itself does not lead
to the same transcriptional response within our pro-
biotic. Neither the flagella genes nor the formate
hydrogenlyase genes were derepressed by the addi-
tion of nitric oxide. Although it does not negate the
potential effect of nitric oxide on E. coli Nissle, this
does suggest that there are other factors required for
the upregulation of flagella and formate hydrogen-
lyase genes.

Potential caveats and concluding remarks

There are some limitations to our experimental
design, primarily because of the use of germ-free
mice prior to E. coli Nissle administration.
Presumably, in conventionally raised mice, there are
interactions between the resident gut microbes and
E. coli Nissle that would affect the transcriptional
behavior of the probiotic differently than when
E. coli Nissle is the only bacterium present.
However, using fully colonized mice would have pro-
ven troublesome for RNA-seq analysis. Already in the
mice used in this study, which are predominantly
colonized with E. coli Nissle, only between 48.6%
and 2.9% of the sequencing reads from our eight
different samples belonged to E. coli Nissle with
a large portion of the rest of the reads belonging to
the host. It becomes a challenge to achieve enough
sequencing coverage for our specific bacterium when
RNA from other species is also present in the stool
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sample. We believe that the information we gathered
within this specific context would still be useful for
other researchers as this is a well-used model for
studying the therapeutic potential of probiotics. It
should also be noted that the DSS-treated mice did
not significantly lose weight compared to the control
mice (Figure S2(d)). Given the fact that E. coli Nissle
confers protection against DSS-treatment in mice,® it
is possible that colonization of E. coli Nissle prevented
the DSS-treated mice from losing weight. However,
we still detected elevated Lcn-2 levels in the stool of
DSS-treated mice (Figure S2(e)) and found the pre-
sence of blood in the stool that confirmed that DSS-
treated mice had inflammation in the intestine.

In conclusion, we present the transcriptional
response of E. coli Nissle to colitis in a DSS-
model of colitis. Through an independent verifi-
cation experiment, we confirmed that part of its
response involves increasing expression of flagella
and formate hydrogenlyase genes for reasons that
remain unclear but likely reflect an adaptive
response to the prevailing inflammatory environ-
ment within the intestine. We have confirmed the
differential transcription of 12 genes, offering the
potential for these genes to be used as biomarkers
for the presence of inflammation. Further verifi-
cation of these transcriptional biomarkers should
be validated in conventionally raised mice to
determine if these effects are dependent on the
presence of other microbes. Future experiments
could also look at how increasing flagella synth-
esis and formate metabolism in E. coli Nissle,
might be helping its survival in the inflamed gut
environment and conferring health benefits to the
host whether by increasing the motile capabilities
of the bacterium, increasing host recognition and
stimulation of cell surface receptors, or shifting
metabolic pathways to respond to increased for-
mate levels.
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