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Abstract: Norovirus is the leading cause of acute viral gastroenteritis. Both human and murine
noroviruses attach to commensal bacteria belonging to the mammalian gut flora, and binding levels
are influenced by nutrients present in bacterial media. However, it is not known which nutrients
are responsible for altering viral binding or why binding is altered. Gene expression of commensal
bacteria can be changed by the external environment as well as by interaction with pathogens. For
example, growth phase and incubation conditions impact expression levels of specific bacterial genes
in Escherichia coli. We have previously shown that binding by both human and murine noroviruses
to the commensal bacterium Enterobacter cloacae induces genome-wide changes in gene expression
with a large number of differentially expressed genes associated with the surface structure of the
bacterial cell. The current study evaluated norovirus binding under nutrient-limited conditions and
assessed the expression of a select panel of these genes that are significantly altered by norovirus
binding under these conditions. The goal of this work was to determine how norovirus attachment to
Enterobacter cloacae affected the expression of these genes under varying nutrient and growth phase
conditions. We found that the presence of glucose in minimal media reduced murine norovirus
binding to E. cloacae and viral binding in the presence of glucose reduced gene expression for surface
structures previously associated with norovirus attachment. Changes in viral binding and gene
expression occurred in a growth phase-dependent manner. Collectively, these data demonstrate
that both the growth phase and nutrient availability alter viral interactions with commensal bacteria
and the subsequent changes in gene expression. Ultimately, this work advances our understanding
of norovirus-bacterium interactions and provides a foundation for elucidating the conditions and
surface structures that regulate norovirus attachment to bacteria.

Keywords: norovirus; murine norovirus; human norovirus; virus-bacterial interaction; gene expression

1. Introduction

Human norovirus (HNoV) is the leading cause of acute gastroenteritis in the United
States for people of all ages [1,2]. Infection by HNoV most commonly occurs when infected
feces, food, or fluid are ingested [3], revealing the highly contagious nature of the virus,
which can lead to life-threatening situations or prolonged infection for young, elderly, and
immunocompromised individuals [4]. Despite the impact of this disease, there is still no
approved antiviral drug or vaccine available for noroviruses [2].

Glycans play an important role in norovirus infection. Previous studies of HNoVs
have revealed that histo-blood group antigens (HBGAs), which are present on the surface
of red blood cells and mucosal epithelial cells, are likely important for viral interaction
with the host [5,6] and may increase viral infection rates within the body [1,7]. Carbohy-
drates similar to HBGAs are also found on the surface of bacterial cells [8], potentially
facilitating interaction between HNoV and commensal bacteria. Indeed, several groups
have demonstrated that HNoVs effectively bind a wide array of bacterial species with
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high efficiency [1,9,10]. For some bacterial species, this interaction with HNoV has been
linked to the expression of HBGA-like compounds on the bacterial surface [9]. Specifi-
cally, HNoV has been shown to interact with the HBGA-like compounds on the surface
of the commensal proteobacterium Enterobacter cloacae and the presence of this bacterium
enhances HNoV infection of B cells, further revealing the important role certain bacte-
rial species play in HNoV infection efficiency [7,9]. In addition to binding HBGA-like
compounds, electron microscopy has revealed that HNoV can also bind to other bacterial
surface structures, including pili, flagella, and the outer membrane [1]. Like HNoV, murine
norovirus (MNV) also binds to several commensal bacteria belonging to phyla prominent
in the intestinal microbiome [2] and the presence of commensal bacteria enhances MNV
replication in vivo [7,11].

Not only do commensal bacteria alter norovirus infection, but norovirus interactions
with these bacteria induce changes in bacterial gene expression and physiology [12]. Specif-
ically, norovirus interactions with E. cloacae significantly alter the expression of genes
associated with the bacterial membrane, leading to increased expression of bacterial ap-
pendages on the cell surface and increased membrane ruffling. Changes in the external
environment, as well as changes in the bacterial growth phase and incubation conditions,
have specific impacts on bacterial gene expression and phenotypes for many well-studied
bacterial species [13–15]. For example, incubation in minimal media reduces biofilm forma-
tion and adhesion abilities of E. coli and other bacterial species [14,16]. It has also been found
that specific components of minimal media, such as glucose, may be directly responsible
for specific reductions in gene expression within E. coli, including flagellar synthesis [17].
Glucose concentrations within the gut are known to shift based on a variety of factors such
as host nutrient intake [18] as well as gut microbiota composition [19]. Understanding how
norovirus binding responds to these specific changes in glucose concentration can therefore
allow for a better understanding of why norovirus infectivity may be enhanced within
certain host organisms. Changes in growth medium and conditions can also influence the
efficiency of norovirus binding to commensal bacteria where growth in enriched media
significantly reduced viral binding [1], but the components within these media that reduced
binding were not determined.

Based on this data and the phenotypic changes induced by norovirus interactions, we
examined how changes in the bacterial growth phase and nutrient parameters impacted
viral binding to E. cloacae and the expression of specific genes associated with bacterial
surface structures. We found that the presence of glucose reduced norovirus binding as
well as expression of flagellar and outer membrane genes that are typically upregulated
upon norovirus interactions. Gene expression in the presence of norovirus also differed
between log and stationary phase E. cloacae. Collectively, these data demonstrate that
specific nutrients, as well as the bacterial growth phase, can alter norovirus interactions
with commensal bacteria.

2. Materials and Methods
2.1. Bacteria Strains and Virus Production

Enterobacter cloacae (ATCC 13047) was used to perform the norovirus-bacteria attach-
ment assays. For all stationary phase conditions, E. cloacae cultures were grown overnight at
37 ◦C with constant agitation (200 rpm) in Luria Bertani (LB) media until cultures reached
an OD600 of 1.7 to 1.9. For mid-logarithmic (mid-log) phase conditions, bacterial cultures
were incubated at 37 ◦C in LB media with constant shaking (200 rpm) until an OD600 of 0.55
to 0.65. MNV-1 recombinant virus stocks were generated using pSPMNV-1.CW3 (gener-
ously provided by Dr. Stephanie Karst) as previously described and stored at −80 ◦C [20].
HNoV virus-like particles (VLPs) were purchased from Creative Biosciences (#CBS-V700)
and stored at −80 ◦C [20].
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2.2. Norovirus-Bacteria Attachment Assay

Attachment assays were performed as previously described [20]. Briefly, after growth
to stationary or mid-log phase, bacterial cultures were washed twice with 1X PBS. The
culture concentration was then adjusted to 3 × 108 CFU/mL using the appropriate diluent
(i.e., PBS or M9 minimal media), and 1 mL aliquots were transferred into a 1.5 mL micro-
centrifuge. The M9 minimal media had a final glucose concentration of 0.4%. For the PBS
with 2% glucose (PBS-G) diluent condition, we adjusted the concentration of bacteria to
3 × 108 CFU/mL using PBS as the initial diluent, then transferred 1 mL of culture into
2.0 mL microcentrifuge tubes, followed by the addition of either 0.25 mL, 0.5 mL, or 1 mL
of 2% glucose for a final concentration of 0.3%, 0.6%, or 1.2% glucose, respectively. For each
combination of the growth phase and media, bacterial cells were inoculated with either
HNoV VLPs (0.1 µg/mL), MNV (0.1 MOI), or mock inoculated with PBS (no virus). All
tubes were then incubated at 37 ◦C with gentle mixing for 1 h. Technical replicates (n = 3)
were included for each condition in each experiment, and each experiment was performed
three times.

2.3. RNA Extraction and DNase Treatment

RNA extraction and DNase treatment were performed to measure both levels of
bacterial gene expression and MNV attachment. After incubation, RNAlater (Ambion,
Austin, TX, USA) was added to each tube. RNA extraction was performed using the
Zymo Quick-RNATM Miniprep Kit (Zymo Research, Irvine, CA, USA) per the manufac-
turer’s instructions but included an additional wash step prior to the dry spin before
RNA elution. RNA concentrations were measured using a Nanodrop (Thermo Fisher,
Waltham, MA, USA) and remaining gDNA was removed using the Turbo DNA-free kit
(Ambion, Austin, TX, USA) per the manufacturer’s instructions. The DNase-treated RNA
was then stored at −80 ◦C.

2.4. RT-qPCR

The M-MLV Reverse Transcriptase kit (Promega, Madison, WI, USA) was used to
generate cDNA the DNase-treated RNA, and RT-negative controls were used for all samples.
PowerUp SYBR Green Master Mix (Applied Biosystems, Waltham, MA, USA) and 300 nM
of primers (Table S1) were used to amplify the cDNA on a QuantStudio 3 qPCR system
(Applied Biosystems, Waltham, MA, USA). Relative gene expression of our target genes
was calculated using the 2−∆∆Cq method by normalizing the target gene expression to
an endogenous control, rpoB, then normalizing the samples to the mock-inoculated PBS
control [21]. For MNV quantification, serial dilutions of pSPMNV-1.CW3 were included on
all MNV amplification plates and used to generate a standard curve.

2.5. Statistical Analysis

Statistical significance for Figure 1 was determined by one-way ANOVA with Tukey’s
multiple comparisons test. Statistical significance for Figures 2 and 3 was determined
using two-way ANOVA with Tukey’s multiple comparisons test. Statistical significance
for Figures 4 and 5 was determined by one-way ANOVA with Tukey’s multiple compar-
isons test. All figures and statistical analyses were made using GraphPad Prism (version
9.2.0, GraphPad Software, San Diego, CA USA, www.graphpad.com, last accessed on
8 July 2022). Statistical significance was calculated between an individual condition and its
mock inoculated PBS control.

www.graphpad.com
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Figure 1. Impact of glucose and bacterial growth phase on MNV attachment to E. cloacae. MNV
genome copies were measured using RT-qPCR after 1 h of viral attachment to E. cloacae in PBS, M9, or
PBS-G media. The attachment was assessed using E. cloacae in (A) stationary and (B) mid-log growth
phases. * designates an adjusted p-value of ≤0.05; n = 3.
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Figure 2. Growth phase results in the difference in gene expression when murine norovirus is
attached to E. cloacae. (A) Differences in gene expression measured via qPCR when MNV interacts
with E. cloacae at stationary growth phase; (B) differences in gene expression measured via qPCR
when MNV interacts with E. cloacae at mid-log growth phase. Relative expression and significance
are measured against gene expression of a mock control of E. cloacae without MNV, signified by a
dashed line at y = 1 and the mock control column. * designates an adjusted p-value of ≤0.05, ** ≤ 0.01,
*** ≤ 0.001, **** ≤ 0.0001 and the error bars show SEM; n = 3.



Viruses 2022, 14, 1596 5 of 12

Viruses 2022, 14, x FOR PEER REVIEW 5 of 13 
 

 

 

Figure 3. The bacterial growth phase and media do not significantly alter E. cloacae gene expression 

during HNoV binding. (A) Differences in gene expression measured via qPCR when HNoV inter-

acts with E. cloacae at stationary growth phase; (B) differences in gene expression measured via 

qPCR when HNoV interacts with E. cloacae at mid-log growth phase. Relative expression and sig-

nificance are measured against gene expression of a mock control of E. Cloacae without MNV, signi-

fied by a dashed line at y = 1 and the mock control column. Error bars show SEM; n = 3. 

 

Figure 4. Impact of varying glucose concentrations on MNV attachment to E. cloacae. MNV genome 

copies were measured using RT-qPCR after 1 h of viral attachment to E. cloacae in PBS only (0% 

glucose) or PBS-G mediums with 0.3%, 0.6%, or 1.2% glucose. The attachment was assessed using 

E. cloacae in the stationary phase. * designates an adjusted p-value of ≤0.05, ** designates an adjusted 

p-value of ≤0.005; n = 3. 

Figure 3. The bacterial growth phase and media do not significantly alter E. cloacae gene expression
during HNoV binding. (A) Differences in gene expression measured via qPCR when HNoV interacts
with E. cloacae at stationary growth phase; (B) differences in gene expression measured via qPCR
when HNoV interacts with E. cloacae at mid-log growth phase. Relative expression and significance
are measured against gene expression of a mock control of E. Cloacae without MNV, signified by a
dashed line at y = 1 and the mock control column. Error bars show SEM; n = 3.
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Figure 4. Impact of varying glucose concentrations on MNV attachment to E. cloacae. MNV genome
copies were measured using RT-qPCR after 1 h of viral attachment to E. cloacae in PBS only (0%
glucose) or PBS-G mediums with 0.3%, 0.6%, or 1.2% glucose. The attachment was assessed using
E. cloacae in the stationary phase. * designates an adjusted p-value of ≤0.05, ** designates an adjusted
p-value of ≤0.005; n = 3.
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Figure 5. Varying glucose concentrations do not significantly alter flgB expression in E. cloacae
following incubation with MNV. Differences in gene expression were measured via qPCR when
MNV interacts with E. cloacae in the stationary growth phase. Relative expression and significance
are measured against gene expression of a mock control of E. Cloacae without MNV, signified by a
dashed line at y = 1 and the mock control column. (* = p ≤ 0.05). The error bars show SEM; n = 3.

3. Results
3.1. Impact of Bacterial Growth Medium on MNV Binding to Enterobacter cloacae

Since it has been previously demonstrated that high nutrient media results in decreased
norovirus binding compared to low nutrient media [1], we questioned if smaller changes
in nutrient availability would alter viral interactions with bacteria. Thus, our studies
quantified MNV attachment to E. cloacae using PBS and M9 minimal media. We compared
MNV attachment in PBS versus M9 media, where PBS is a non-nutritive saline solution and
M9 is a saline-based medium with added glucose, creating a 0.4% glucose solution. Results
from these experiments showed that, although not significantly lower, when E. cloacae was
in the stationary phase, levels of MNV attachment were decreased in M9 compared to PBS
(Figure 1A). Additionally, although not statistically significant, during mid-log growth,
the viral attachment was reduced in PBS compared to stationary growth samples and is
at levels similar to those in the M9 medium condition (Figure 1B), which is different from
what we previously observed [20]. Given that the primary difference between M9 and
PBS is the presence of glucose, this indicated that glucose may be preventing interaction
between the virus and bacterium. Furthermore, HNoVs are well known to interact with
carbohydrate structures on the surface of bacterial cells [7,9]. Therefore, we wanted to
determine if high glucose concentrations would impact MNV attachment to bacteria. We
hypothesized that if glucose residues are involved in MNV attachment to bacteria, then if
glucose was present in the medium at sufficiently high concentrations, it would interact
with the virus and subsequently decrease MNV attachment to bacteria. We therefore chose
to test MNV attachment levels in a higher glucose PBS-G (0.6% glucose) solution and found,
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although not significantly lower, decreased attachment levels when compared to attachment
in M9 and significantly lower attachment levels when compared to attachment in PBS,
indicating a potential correlation between glucose and MNV attachment to E. cloacae. These
results showed that MNV attachment in PBS-G was significantly less compared to PBS and
similar to attachment in M9 media when bacteria were in the stationary phase (Figure 1A).
Interestingly, although not statistically significant, when bacteria were in mid-log phase
growth, the addition of glucose to PBS not only decreased viral attachment compared to
PBS alone but also reduced attachment to levels below what is observed in M9 media
(Figure 1B). Together, these results are consistent with previous reports demonstrating that
viral binding to bacteria is inversely related to the presence of nutrients in the medium and
indicate that glucose may be partially responsible for this difference in attachment.

3.2. Effect of Bacterial Medium, Growth Phase, and MNV Attachment on E. cloacae Gene Expression

We have previously shown that norovirus interactions with E. cloacae induce genome-
wide changes in bacterial gene expression that are linked to physiologic changes in the
architecture of the bacterial surface. These physical changes include increased membrane
ruffling, OMV productions, and the presence of surface appendages. Based on the impact
of glucose on viral binding (Figure 1), we measured the expression of five structural genes
that were previously shown to be differentially expressed by norovirus binding (Table 1).
RT-qPCR was used to quantify gene expression, then Cq values were normalized to the
internal control gene rpoB and then normalized again to expression of the target gene
in E. cloacae that was not exposed to MNV. This allows for ease in comparing the fold
change of the target gene in viral conditions to the expression of the target gene when
virus is not present. Results showed that expression of flgB was significantly higher in
PBS samples upon norovirus exposure, where expression of this gene did not change
in M9 and PBS-G when E. cloacae was in the stationary phase (Figure 2A). In addition,
rscC expression was also higher in PBS samples upon norovirus interaction, although this
increase was not significant. The expression of the remaining genes was similar among
the various media and was not significantly different from expression in mock-inoculated
E. cloacae grown to stationary phase (Figure 2A). Since the bacterial growth phase altered
viral binding, we also assessed gene expression under these conditions. When E. cloacae
was in logarithmic growth during MNV attachment, gene expression patterns differed
compared to stationary phase. Specifically, the expression of flgB was no longer upregulated
in PBS samples (Figure 2). Differences in ompA and ompX expression were also observed
during the logarithmic growth phase. Expression of both ompA and ompX was significantly
reduced in the PBS-G condition upon norovirus binding. In addition, ompX was increased
in PBS alone but not significantly (Figure 2B).

Table 1. The five target genes and their functions.

Target Gene Protein Name Function

ompA Outer membrane protein A Outer membrane protein; receptor, adhesin, and biofilm formation

ompX Outer membrane protein X Outer membrane protein; adhesion, cell defense

flgB Flagellar basal body rod protein Structural component of flagellum

ftsL Cell division protein Role in cell division

rcsC Sensor histidine kinase Sensor kinase; biofilm formation

3.3. E. cloacae Gene Expression during HNoV-VLP Attachment Is Not Altered by Incubation
Medium or Growth Phase

In addition to assessing gene expression during MNV attachment, we also evaluated
expression during HNoV interactions during stationary and mid-log E. cloacae growth.
While significant differences in gene expression were not observed, expression of all target
genes except flgB were under-expressed in the M9 condition compared to the mock control



Viruses 2022, 14, 1596 8 of 12

during E. cloacae stationary phase growth (Figure 3A). In the presence of glucose, and
specifically in the PBS-G samples, expression of ompX and rcsC were under-expressed,
while ompA, ftsL, and flgB were slightly over-expressed (Figure 3A). When E. cloacae was in
the mid-log phase growth, expression of all target genes except flgB were under-expressed
in the M9 condition when compared to the mock control, although none of the changes were
significant (Figure 3B). We saw similar results in the PBS-G media, where expression of all
target genes except flgB were under-expressed (Figure 3B). Furthermore, the expression of
ompX and rcsC were lower in media containing glucose compared to PBS alone (Figure 3B).

3.4. Stationary Phase E. cloacae MNV Attachment Levels Are Altered by Glucose While flgB
Expression Following MNV Incubation Is Not

In our previous results, we found that the presence of glucose in M9 minimal media
(0.4% glucose), as well as the PBS-G media (0.6% glucose), reduced MNV attachment
levels as well as flgB expression in stationary phase E. cloacae incubated with MNV. To
further determine if MNV attachment levels and flgB expression are influenced by glucose
concentration, we examined MNV attachment and gene expression under additional
glucose concentrations. Using stationary phase E. cloacae incubated with MNV in PBS-G
media with final concentrations of 0.3% and 1.6% glucose, we found that MNV attachment
levels in the 0.3% PBS-G condition are significantly increased when compared to attachment
levels originally observed at 0.6% PBS-G condition (Figures 1A and 4). Although not
significant, we found that the 0.6% and 1.2% PBS-G condition have similar MNV attachment
levels and that the 0.3% PBS-G condition has slightly higher levels of MNV attachment
when compared to the M9 minimal media condition with a final concentration of 0.4%
glucose (Figures 1A and 4). We additionally found that flgB expression was not significantly
impacted by increasing or decreasing the glucose concentration of the MNV incubation
medium (Figure 5).

4. Discussion

To better characterize MNV binding to commensal bacteria levels of MNV attachment
to E. cloacae were measured under varying nutrient and bacterial growth phase parameters.
We found that MNV attachment to E. cloacae in stationary phase was significantly lower
in the PBS-G and insignificantly lower in the M9 minimal media compared to the PBS
diluent condition. Upon further testing, we found that MNV attachment levels are likely
glucose concentration-dependent as reducing glucose levels from 0.6% to 0.3% significantly
increased MNV attachment levels to stationary phase E. cloacae. This trend indicates that
glucose may be hindering viral attachment to the bacterial cell. Lowered binding may be
due to glucose directly blocking binding sites on the bacterium and/or viral surfaces, or it
may be altering the expression of the bacterial surface structures to which the virus binds.
Glucose can reduce expression levels of certain bacterial outer membrane proteins during
both stationary and log phase [15,22]. Minimal media, specifically those containing glucose
such as M9, have also been found to reduce expression levels of certain outer membrane
proteins involved in biofilm formation, motility, and adhesion [14,23,24]. Furthermore,
Citrobacter freundii grown in glucose had lower levels of membrane proteins and lipids [25].
Thus, the glucose in M9 and PBS-G media may be reducing the presence of certain potential
MNV binding receptors found on the E. cloacae outer membrane, ultimately causing a
decrease in MNV attachment to E. cloacae.

To further explore this hypothesis that glucose is reducing the expression of key
bacterial surface structures, we measured the expression of genes associated with bacterial
surface structures previously associated with norovirus interactions (e.g., the flagellum and
the outer membrane) [1,20]. We have previously found that norovirus interactions with
E. cloacae significantly alters the expression of genes associated with the bacterial outer and
trans membranes [12]. We also know that MNV binding to bacteria is variable, with 10% to
20% of bacteria remaining unbound by MNV following incubation with the virus, which
may impact the consistency of gene expression data found in each replicate [20]. Additional
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research on E. coli and Shigella flexneri has found that the expression of genes involved
in cell growth is affected by the bacterial growth phase [13,26]. Therefore, we measured
the expression of select genes chosen for their involvement in E. cloacae cell structure and
growth as well as a flagellar gene since HNoV has been shown to bind to this appendage [1].
Overall, our results showed that both the growth phase and the presence of glucose altered
gene expression of these genes following viral attachment to E. cloacae. This may imply that
norovirus binding affects gene expression in E. cloacae through the activation of specific
genes involved in cell growth.

Although stationary phase and mid-log phase experiments each had individual mock
controls (no virus) in their respective growth phases, certain general statements can be
made about the impact growth phase may have on gene expression in bacteria infected with
MNV due to clear differences in up- or down-regulation as well as significance between
specific genes and their mock controls in bacteria of different growth phases. When
evaluating the impact of growth medium on gene expression during MNV attachment, we
found that both stationary and mid-log phase E. cloacae had insignificant changes in gene
expression between each target gene in M9 media and their respective controls, indicating
that nutrient presence could negate changes in gene expression normally observed between
growth phases. This trend could potentially be due to environmental stresses caused by
M9 minimal media on E. cloacae [27–29], leading it to ultimately have a greater impact on
bacterial gene expression than the impact of the growth phase [14,28,30–32]. Interestingly,
ompA gene expression in mid-log phase E. cloacae was significantly reduced in the PBS-G
condition when compared to the mock control (no virus), which is consistent with previous
research revealing that ompA expression within E. coli grown to log phase is reduced when
bacteria are grown in a glucose medium [33]. These results reveal that glucose likely has
an impact on bacterial gene expression following MNV binding, however, they do not
nullify the idea that viral attachment may be directly affecting bacterial gene expression
independent of growth medium.

While examining the impact of glucose on stationary phase bacterial gene expres-
sion, although not significant, we found lower expression of ompX, flgB, ftsL, and rcsC
in stationary phase M9 conditions compared to PBS diluent conditions. Conversely, flgB
expression in the PBS diluent condition was significantly greater than expression in M9
media and all PBS-G media. Gene expression trends in all PBS-G were very similar to
what was observed in M9 for all tested conditions when compared to the mock condition
indicating that glucose is likely responsible for the gene expression changes observed in
these media compared to PBS diluent condition. To test if flgB expression varies based on
glucose concentration, we tested gene expression in stationary phase E. cloacae following
MNV attachment in three different PBS-G conditions with varying glucose concentrations.
Changing the glucose levels in PBS-G media did not significantly impact flgB expression,
given the similar levels of expression observed among all mediums with glucose present
when compared to the mock control. However, given that all resulted in significant de-
creases in glucose expression, it is still evident that glucose may be reducing flgB expression
following MNV attachment. Given that there are no observed differences compared to
the mock (no MNV) control, these data indicate that the changes in flgB expression are
induced by the presence of glucose and not the virus. Previous studies on E. coli have
revealed that glucose can have specific impacts on the gene expression of bacteria grown in
its presence [15,22,34,35]. Previous data found that glucose reduced ompX expression in E.
coli grown to stationary phase [15], which is consistent with our results. Furthermore, it
has been previously shown that ompX expression levels reduce E. coli in minimal media
compared to a PBS medium [23], and it has also been found that biofilm formation by E.
coli is significantly lower in minimal media compared to PBS [14]. Both ompX and rcsC
are involved in biofilm formation. Therefore, although no significant differences in gene
expression were observed in ompX and rcsC following MNV attachment to stationary phase
E. cloacae, it is probable that glucose could be the cause of the lower gene expression levels in
the M9 and PBS-G conditions due to the higher gene expression levels in the PBS condition
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relative to the mock control. Minimal media with glucose has also been found to reduce
flagellar motility, biofilm formation, and adhesion [23] as well as flagellar synthesis, which
involves flgB [17,35]. Thus, it seems likely that the significant increase in flgB expression
observed in the PBS condition and the lack of significant flgB expression change in the M9
and PBS-G conditions, when compared to the mock in stationary phase E. cloacae during
MNV attachment, is impacted by the presence of glucose in the diluent medium, with
glucose hindering the ability of MNV to increase flgB expression. We also examined changes
in the expression of these bacterial genes during HNoV binding. Unlike MNV, HNoV did
not significantly alter the expression of the targeted genes, however, the trends in gene
expression were, in some cases, similar to MNV and were also consistent with previous
RNA-seq analysis [12]. The observed differential impacts on gene expression between these
viruses may be connected to the differing methods by which each type of norovirus attaches
to the bacteria. A previous study has shown that MNV primarily attaches to the bacterial
outer membrane [20], while HNoV displays more extensive binding to both the outer
membrane and bacterial appendages [1,9]. Furthermore, previous work demonstrated that,
while both viruses induce genome-wide changes in bacterial gene expression, they only
share about one-third of the differentially regulated genes in common, indicating that these
viruses alter bacterial gene expression in different manners [12]. In addition to binding
proteinaceous structures like the outer membrane and flagella, HNoVs have been shown
to bind prolifically to carbohydrate-based structures (i.e., HGBAs) on the bacterial cell
surface [1], and it may be that this virus more significantly alters the expression of genes
associated with the production of carbohydrate-based structure.

Ultimately, our data revealed that the expression of some target genes are altered in
each tested condition following norovirus attachment and indicates that glucose plays a
role in bacterial binding by MNV, which suggests that changes in gene expression alter the
efficacy of viral binding to E. cloacae. MNV utilizes terminal sialic acids on the gangliosides
of macrophages [36] and some mammalian commensal bacteria have been assumed to
express sialic acid sugars within their capsular polysaccharides as a potential form of host
mimicry [33,37]. This has led to speculation that MNV may also bind sialic acids on the
bacterial cell surface [12]. Further research is needed to define the role of glucose in MNV
attachment to commensal bacteria.

5. Conclusions

Our results reveal that the presence of glucose in minimal media has an impact on
both murine norovirus attachment levels to E. cloacae as well as E. cloacae gene expression.
Reduced MNV binding to E. cloacae occurred in the presence of a glucose medium. Addi-
tionally, the combination of MNV and glucose reduced the expression of surface structures
gene previously associated with norovirus attachment. These changes in viral binding and
gene expression due to glucose were also found to occur in a growth phase-dependent
manner. Collectively, these data demonstrate that both growth phase and nutrient availabil-
ity alter viral interactions with commensal bacteria, potentially due to changed expression
of the structures to which norovirus binds. Future studies will determine the precise role
of glucose in norovirus attachment and how the impact of nutrients may alter the impact
of commensal bacteria on murine norovirus infection in vivo. Our research ultimately
advances our understanding of norovirus–bacterium interactions and will lead to further
studies regarding how enteric viruses and commensal bacteria interact, potentially leading
to a better understanding of norovirus pathogenesis.
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