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Abstract

Background The COVID-19 pandemic, caused by SARS-CoV-2, has led to the emergence of viral variants with distinct
characteristics. Understanding the differential impacts of SARS-CoV-2 variants is crucial for effective public health
response and treatment development. We investigated the differential effects of the original Wuhan strain and the
emergent Omicron variant of SARS-CoV-2 using a K18-hACE2 transgenic mouse model. We compared the mortality
rates, viral loads, and histopathological changes in lung and tracheal tissues, as well as alterations in the lung and
intestinal microbiota following infection.

Results Our findings revealed significant differences between the variants, with the Wuhan strain causing higher
mortality rates, severe lung pathology, and elevated viral loads compared to the Omicron variant. Microbiome
analyses uncovered novel and distinct shifts in the lung and intestinal microbiota associated with each variant,
providing evidence for variant-specific microbiome alterations. These changes suggest microbiome-related
mechanisms that might modulate disease severity and host responses to SARS-CoV-2 infection.

Conclusions This study highlights critical differences between the Wuhan strain and Omicron variant in terms of
mortality, lung pathology, and microbiota changes, emphasizing the role of the microbiome in influencing disease
outcomes. Novel findings include the identification of variant-specific microbiota shifts, which underscore potential
microbiome-related mechanisms underlying differences in disease severity. These insights pave the way for future
research exploring microbiome-targeted interventions to mitigate the impacts of SARS-CoV-2 and other viral
infections.
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Background

SARS-CoV-2 has led to an unprecedented global health
crisis, with various strains exhibiting varying levels of vir-
ulence and transmission [1, 2]. Since the initial outbreak
in Wuhan, China, the virus has evolved, resulting in the
emergence of variants with distinct characteristics and
health impacts [3-5]. Among these, the original Wuhan
strain (SARS-CoV-2 Wuhan) and the emergent Omicron
variant (SARS-CoV-2 Omicron) are particularly notable
for their differences in virulence, transmissibility, and
clinical outcomes [6]. The Wuhan strain, which is known
for its high mortality rate, causes severe respiratory and
systemic complications [7, 8]. In contrast, the Omicron
variant, despite its higher transmissibility, is often associ-
ated with milder symptoms and lower mortality rates [6,
9l.

Understanding the differential effects of these strains
on disease outcomes and host microbiota is critical for
developing public health strategies and interventions
[10]. Changes in gut microbiota have been suggested to
influence lung diseases [11-13], and this topic has gar-
nered increased interest in the context of SARS-CoV-2
infection [14, 15]. As a result, SARS-CoV-2 was found
to infect and affect the gut tissues that have the virus-
specific entry receptor angiotensin-converting enzyme 2
(ACE2) [16, 17]. SARS-CoV-2 infection was also found to
be accompanied by dysbiosis of respiratory tract micro-
biota [18]; however, there are practical limitations to ana-
lyzing lung microbiota in human patients.

The K18-human ACE2 transgenic (tg) mouse model,
which expresses the human ACE2 receptor, has been
widely used to study SARS-CoV-2 because of its suscep-
tibility to infection and ability to produce human-like dis-
ease symptoms [19]. Several studies have used this model
to analyze microbiota in the lungs and gut [20, 21]. It is
still necessary, however, to comprehensively investigate
microbiota changes in the lungs and intestine following
infection with different SARS-CoV-2 strains.

By comparing the microbiota in the lungs and intes-
tines of mice infected with SARS-CoV-2 Wuhan and
SARS-CoV-2 Omicron, we aimed to uncover strain-
specific differences in how SARS-CoV-2 affects the host
microbiota. Additionally, we sought to identify microbial
signatures associated with each viral strain and explore
how differences in microbiota correlate with variations
in disease severity and immune response. Understand-
ing these distinctions will provide valuable insights into
the pathogenesis of different SARS-CoV-2 variants and
inform the development of targeted microbiota-based
therapeutic strategies.
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Method

Cell lines and viruses

Vero cells (CCL-81) were purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA,
USA) and maintained at 37 °C with 5% CO, in Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco, Waltham,
MA, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Gibco) and 1% penicillin-streptomy-
cin (Gibco). SARS-CoV-2 Wuhan-Hu-1 (hCoV/Korea/
KCDC03/2020) and SARS-CoV-2 Omicron B.1.1.529
(hCoV-19/Korea/KDCA447321/2021) were provided by
the National Culture Collection for Pathogens (Cheon-
gju-si, Korea). Viral stock propagation and titers were
measured by plaque assay on Vero cells.

Mice

Animal studies were conducted in accordance with the
guidelines outlined in the Guide for the Care and Use
of Laboratory Animals of the KAIST and KRICT. Male
K18-hACE2 transgenic mice (strain #034860: B6.Cg-
Tg(K18-ACE-2)2Prlmn/J) aged 6—8 weeks were obtained
from The Jackson Laboratory and housed under specific
pathogen-free conditions at the KAIST Laboratory Ani-
mal Resource Center. The infection study was conducted
at the KRICT-BL3 facility. Intranasal virus inoculation
was performed using 5 x 10* PFU of SARS-CoV-2 Wuhan
or SARS-CoV-2 Omicron, with each group consisting of
four mice. To minimize animal suffering, anesthesia was
induced and maintained with isoflurane during virus
inoculation and minor treatments.

Bacterial DNA isolation from mouse stool

For gut microbiome analysis, fecal samples were collected
at 5 dpi and 10 dpi and immediately stored at -80 °C for
total DNA extraction. DNA extraction was performed
using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
Briefly, a 200 mg fecal sample from each mouse was
homogenized using a vortex mixer. The sample was then
lysed at 95 °C for 5 min, and the debris was pelleted by
centrifugation at 12,000 rpm for 1 min. The supernatant
was mixed with proteinase K in a new tube, and 200 pL
Buffer AL was subsequently added and mixed by vortex-
ing. The mixture was incubated at 70 °C for 10 min, and
200 pL molecular-grade pure ethanol was then added to
the lysate. The lysate was applied to a QIAamp spin col-
umn and centrifuged at 12,000 rpm for 1 min. The col-
umn was washed twice with washing buffers (Buffers
AW1 and AW2), and 100 pL elution buffer (Buffer ATE)
was finally added. The column was centrifuged at maxi-
mum speed for 1 min to extract the DNA for sequencing
and analysis.
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Bacterial DNA isolation from mouse lungs

Simultaneously with the gut microbiome analysis, total
lung tissues were collected at 5 dpi and 10 dpi. The
infected mice were euthanized, and approximately 25 mg
lung tissue was lysed in 180 pL enzymatic lysis buffer (10
mM Tris-HCl, pH 8.0; 2 mM EDTA, pH 8.0; and 1.2%
Triton X-100) containing lysozyme (20 mg/mL). The
lysate was incubated at 37 °C for 30 min and then at 56 °C
for another 30 min after addition of proteinase K (0.2 mg/
mL). Subsequently, DNA extraction was performed using
the DNeasy Blood & Tissue Kit (Qiagen) following the
manufacturer’s instructions.

Viral load quantification

Total RNA was extracted from the right lung using the
Qiagen RNeasy Mini kit (Qiagen, Germantown, MD,
USA) following the manufacturer’s protocol. Purified
total RNA was used for quantification of viral RNA with
one-step PrimeScript III RT-qPCR mix (RR600A, Takara,
Kyoto, Japan) and a CFX96 Real-Time PCR system (Bio-
Rad, Hercules, CA, USA). The viral nucleoprotein (NP)
RNA was detected and analyzed using a 2019-nCoV-
N1 probe (10006770, Integrated DNA Technologies,
Coralville, IA, USA).

Lung sectioning and histology

To examine the pathological changes in the respiratory
tracts of infected mice, mice were euthanized by CO,
inhalation. The left lung lobes and trachea were then
fixed in 10% neutral-buffered formalin. The fixed tissues
were embedded in paraffin and sectioned at a thickness
of 5 um for hematoxylin and eosin (H&E; BBC Biochemi-
cal, Mount Vernon, WA, USA) staining. The lung and tra-
cheal tissue sections were examined using a digital slide
scanner (3D Histech, Budapest, Hungary), and the sever-
ity of tissue damage was assessed across all lung lobes
and the trachea. Histopathological images from each
mouse in the infected groups were evaluated accord-
ing to specific parameters. Lung histopathology scores
included assessments of alveolar and interstitial thicken-
ing, pulmonary and alveolar hemorrhage, fibrin depo-
sition, inflammatory cell infiltration, and perivascular
edema. Tracheal lesions were scored based on inflamma-
tion, epithelial degeneration and necrosis, and intralumi-
nal cell debris. Each feature was assigned a score ranging
from 0 (none) to 5 (severe).

16S rRNA sequencing

Bacterial DNA amplification was conducted using PCR
targeting the V3-V4 regions of the 16S rRNA gene under
the following conditions: initial denaturation at 95 °C for
3 min, followed by 30 cycles at 95 °C for 30 s, 55 °C for
30 s, and 72 °C for 30 s, and final elongation at 72 °C for
5 min. Low-quality reads with average quality scores <25
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were removed using Trimmomatic v.0.32. Quality-con-
trolled paired-end sequence data were merged using
VSERACH version 2.13.4, and primer sequences were
trimmed using an alignment algorithm. Non-specific
amplicons that did not encode 16S rRNA were identified
using the HMMER software package ver.3.2.1. Unique
reads were extracted, and redundant reads were clustered
with unique reads using the derep_fulllength command
of VSEARCH. Taxonomic assignment was performed
using the EzBioCloud 16S rRNA database with precise
pairwise alignment [22]. Chimeric reads were filtered
using the UCHIME algorithm and non-chimeric 16S
rRNA database from EzBioCloud, removing reads with
<97% similarity. After chimeric filtering, reads that could
not be identified at the species level with <97% similar-
ity in the EzBioCloud rRNA database were compiled, and
de novo clustering was performed using the cluster_fast
command to generate additional operational taxonomic
units (OTUs). OTUs consisting of single reads (single-
tons) were excluded from further analysis.

Secondary analyses, including diversity calculations
and biomarker discovery, were conducted using in-house
programs from CJ Bioscience Inc. (Seoul, South Korea).
The alpha diversity ACE and Shannon indices were esti-
mated, and beta diversity distances were calculated using
the Jensen-Shannon method to visualize sample differ-
ences. Taxonomic and functional biomarkers were iden-
tified using statistical comparison algorithms (LDA Effect
Size, LefSe) with the functional profiles predicted by
PICRUSt. All analyses were performed using EzBioCloud
16S-based MTP and CJ Bioscience’s bioinformatics cloud
platform.

Statistical analysis

Viral loads were compared using the one-way ANOVA
function of GraphPad Prism version 10 (GraphPad Soft-
ware, Inc., San Diego, CA, USA). The Wilcoxon rank-sum
test in EzBioCloud (CJ Bioscience) was used to compare
values, including ACE index, Shannon index, F/B ratio,
and abundance, between groups. PCoA data were ana-
lyzed using PERMANOVA. Data are presented as Min to
Max using GraphPad Prism version 10.

Results

Differential disease outcomes and microbiota changes
induced by SARS-CoV-2 Wuhan and SARS-CoV-2 Omicron
in K18-hACE2-tg mice

To evaluate disease outcomes after infection with SARS-
CoV-2 Wuhan or SARS-CoV-2 Omicron, we infected
K18-hACE2-tg mice with each strain and monitored
them for 15 days (Fig. 1la). Mice infected with SARS-
CoV-2 Wuhan survived for approximately 6 days and
showed 100% mortality by the end of the observa-
tion period, whereas mice infected with SARS-CoV-2
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Fig. 1 Disease outcomes and beta diversity of lung and intestinal microbiota following infection with SARS-CoV-2 Wuhan or SARS-CoV-2 Omicron. (a)
Schematic representation of the timeline of the murine experiments. Six-week-old K18-hACE2-tg mice were intranasally exposed to phosphate-buffered
saline (PBS, non-infection), SARS-CoV-2 Wuhan, or SARS-CoV-2 Omicron (n=4 mice each group). (b) Survival rates of the experimental mice. (c) RNA cop-
ies of viral N1in 1 ug of lung tissues total RNA from experimental mice were measured using gPCR. (d, €) Lung and tracheal tissues from experimental
mice were harvested at 5 dpi or 10 dpi for histological analysis. Representative images are shown of the lungs (d) and trachea (e). Scale bars in the lung
images indicate 50 um in the first line and 10 um in the magnified images in the second line. Scale bars in the tracheal images indicate 5 um. (f) Schematic
of the timeline used for sample collection. Six-week-old K18-hACE2-tg mice were intranasally exposed to PBS (non-infection), SARS-CoV-2 Wuhan, or
SARS-CoV-2 Omicron. Lung and fecal samples from the non-infection and Wuhan groups were collected at 5 dpi, and samples from the Omicron group
were collected at 5 dpiand 10 dpi. (g, h) PCoA plots for lung (g) and fecal (h) samples from the experimental mice. Data in c were analyzed using one-way
ANOVA and error bars indicate the mean + SEM. Data in g and h were analyzed using PERANOVA. The comparison results of infection pathology (a—e) are
representative of two independent experiments
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Omicron showed a mortality rate of only 10% during the
observation period (Fig. 1b). We investigated viral loads
by measuring RNA copies of viral protein N1 (nucleocap-
sid) in the lung tissues of infected mice (Fig. 1c). Despite
the difference in mortality, there was no significant differ-
ence in viral loads between the two strains at 5 days post
infection (dpi); however, the viral load of SARS-CoV-2
Omicron significantly decreased between 5 dpi and 10
dpi. We conducted a histological analysis of lung and tra-
cheal tissues to compare the pathological changes in the
respiratory tracts of the infected mice. Compared with
non-infected control mice, mice infected with SARS-
CoV-2 Wuhan displayed alveolar/interstitial thickening,
pulmonary/alveolar hemorrhage, fibrin deposition, and
inflammatory cell infiltration in lung tissues, whereas
mice infected with SARS-CoV-2 Omicron showed only
persistent alveolar/interstitial thickening at 5 dpi and
10 dpi (Fig. 1d). The tracheal tissues of the non-infected
mice had intact ciliated epithelium, whereas those of the
mice infected with SARS-CoV-2 Wuhan displayed severe
loss of cilia and partial epithelial detachment, and those
of the mice infected with SARS-CoV-2 Omicron dis-
played reduced tracheal epithelium thickness and partial
cilia loss at 5 dpi, with persistent thinning but intact cilia
at 10 dpi (Fig. 1e). Additionally, histopathological images
of mouse lungs and tracheas infected with different
SARS-CoV-2 strains were analyzed to quantify the sever-
ity of the lesions (Additional file 1: Fig. S1). The group
infected with the Wuhan strain exhibited significantly
higher damage scores in both the lungs and tracheas
compared to the Omicron-infected group, which dis-
played lower scores overall. However, in the upper respi-
ratory tract, the Omicron-infected group demonstrated
statistically significant damage scores. These results dem-
onstrate that infection with SARS-CoV-2 Wuhan caused
significant lung and tracheal damage, whereas infection
with SARS-CoV-2 Omicron caused relatively mild but
persistent respiratory changes over time.

We made two main comparisons regarding the effects
of SARS-CoV-2 infections on microbiota: a comparison
between SARS-CoV-2 Wuhan and SARS-CoV-2 Omi-
cron at 5 dpi and a comparison between SARS-CoV-2
Omicron at 5 dpi and SARS-CoV-2 Omicron at 10 dpi.
For these comparisons, we conducted 16S ribosomal
RNA (rRNA) sequencing of lung and fecal DNA samples
obtained from infected mice (Fig. 1f). Samples from non-
infected mice were also collected at 5 dpi. A principal
coordinate analysis (PCoA) of the beta diversity of the
lung samples showed that the samples collected at 10 dpi
from mice infected with SARS-CoV-2 Omicron were dis-
tinct from the other samples, which otherwise showed
subtle yet observable differences without clear separa-
tion among groups, including the non-infected group
(Fig. 1g). By contrast, PCoA of the beta diversity of the
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fecal samples revealed distinct clustering patterns for
each group, indicating significant changes in intestinal
microbiota composition (Fig. 1h). These results demon-
strated that infection with different SARS-CoV-2 strains
induced notable alterations in the intestinal microbiota,
while the changes in the lung microbiota were less pro-
nounced but still detectable.

Comparison of lung and intestinal microbiota following
infections with SARS-CoV-2 Wuhan and SARS-CoV-2
Omicron

To investigate changes in lung microbiota following infec-
tion with SARS-CoV-2 Wuhan or SARS-CoV-2 Omicron,
we compared non-infected mice with infected mice at 5
dpi (Fig. 2a). First, we considered all infected mice as a
single group and compared them with the non-infected
mice using the Firmicutes/Bacteroidetes (F/B) ratio and
two alpha diversity indices: the ACE index for species
richness and the Shannon index for species diversity.
The F/B ratio is a commonly used metric in microbiome
research that reflects the balance between Firmicutes and
Bacteroidetes, two dominant bacterial phyla. Changes
in this ratio can indicate shifts in microbial community
structure and have been associated with various physi-
ological and pathological states [23, 24]. Although the
values of the diversity indices fluctuated after SARS-
CoV-2 infection, there were no significant differences in
alpha diversity or F/B ratio between the non-infected and
infected mice (Fig. 2b-d). We next compared the alpha
diversity indices and F/B ratio among the non-infected
mice, the mice infected with SARS-CoV-2 Wuhan, and
the mice infected with SARS-CoV-2 Omicron (Fig. 2e-
g). There were no significant differences in the ACE and
Shannon indices among the three groups (Fig. 2e, f);
however, the mice infected with SARS-CoV-2 Omicron
exhibited a higher F/B ratio than the mice infected with
SARS-CoV-2 Wuhan (Fig. 2g), suggesting that the two
strains caused different changes in lung microbiota.

To determine which bacteria were specifically affected
by SARS-CoV-2 infection, we made pairwise compari-
sons between groups using linear discriminant analy-
sis (LDA) and sorted the bacteria with LDA scores>3.5
(Fig. 2h—j). Compared with non-infected mice, mice
infected with SARS-CoV-2 Wuhan showed enrichment
of bacteria related to Escherichia coli (Enterobacterales_o,
Enterobacteriaceae_f,  Escherichia_g) and  deple-
tion of Erysipelotrichaceae f and some species of
Muribaculaceae_f (PAC000186_g and PAC000165_s)
and Lachnospiraceae_f (PAC001296_g and PAC001601_s;
Fig. 2h). In the comparison between non-infected mice
and mice infected with SARS-CoV-2 Omicron, the lat-
ter showed enrichment of Firmicutes_p, Eubacterium_g8,
and Eubacterium_g23 and depletion of bacteria related
to Bifidobacterium pseudolongum (Bifidobacteriales_o,
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Bifidobacteriaceae_f, Bifidobacterium_g),
Muribaculaceae f  (Muribaculum_g,  PAC001077_s,

PAC001065_s, PAC000186_g,  Muribaculum_uc_s),
and Lachnospiraceae_f (Kineothri_g, PAC001125_s,
PAC001296_g, PAC001601_s, AB702810_s; Fig. 2i). A
direct comparison between mice infected with SARS-
CoV-2 Wuhan and mice infected with SARS-CoV-2
Omicron revealed that Kineothrix_g and E. coli were
more prevalent in the former, whereas Firmicutes_p
and Eubacterium_g8 were more abundant in the latter
(Fig. 2j).

Based on these results, we determined that some bac-
teria were altered among the lung microbiota in specific
groups of mice. The abundance of E. coli was higher,
whereas the abundance of Erysipelotrichaceae f was
lower, in the mice infected with SARS-CoV-2 Wuhan
than in the non-infected mice and the mice infected with
SARS-CoV-2 Omicron (Fig. 2k, 1). The mice infected with
SARS-CoV-2 Omicron exhibited a lower abundance of B.
pseudolongum and Kineothrix_g than the non-infected
mice (Fig. 2m, n). In addition, the abundance of Eubac-
terium_g23 was higher in the mice infected with SARS-
CoV-2 Wuhan or SARS-CoV-2 Omicron compared with
that in the non-infected mice, but the abundance of
Eubacterium_g8 was elevated only in the mice infected
with SARS-CoV-2 Omicron (Fig. 20, p). These results
indicated that the lung microbiota changed specifically in
response to infection with each SARS-CoV-2 strain, sug-
gesting that the two strains differentially induced changes
in the lung microbiome composition.

We next conducted a similar analysis using fecal sam-
ples from K18-hACE2 tg mice infected with SARS-CoV-2
(Fig. 3a). We first compared the alpha diversity indices
and F/B ratio between mice infected with SARS-CoV-2
Wuhan or SARS-CoV-2 Omicron and non-infected
mice (Fig. 3b-d). The ACE index values did not signifi-
cantly change following infection (Fig. 3b); however, the
Shannon index values were higher in the SARS-CoV-2—
infected mice than in the non-infected mice (Fig. 3c),
suggesting that SARS-CoV-2 infection decreased species
diversity, but not richness, in the intestine. Additionally,
the F/B ratio was higher in the SARS-CoV-2—infected
mice than in the non-infected mice (Fig. 3d). When we
compared these values between the mice infected with
SARS-CoV-2 Wuhan and those infected with SARS-
CoV-2 Omicron, there was no significant difference
in ACE and Shannon indices between the two groups
(Fig. 3e, f); however, the F/B ratio was higher in the mice
infected with SARS-CoV-2 Wuhan than in the mice
infected with SARS-CoV-2 Omicron or the non-infected
mice (Fig. 3g).

Next, we conducted a comparison among the non-
infected mice, the mice infected with SARS-CoV-2
Wuhan, and the mice infected with SARS-CoV-2
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Omicron using the LDA method and subsequently
sorted the bacteria with LDA scores >4 (Fig. 3h-j). Com-
pared with the non-infected mice, the mice infected with
SARS-CoV-2 Wuhan exhibited a higher abundance of
genera including Pseudoflavonifractor, Oscillibacter, Bac-
teroides, and Mucispirillum (Fig. 3h). Similarly, the mice
infected with SARS-CoV-2 Omicron showed enrichment
of genera such as Oscillibacter, Pseudoflavonifractor,
and Bacteroides, but not Mucispirillum, compared with
the non-infected mice (Fig. 3i). The mice infected with
SARS-CoV-2 Wuhan exhibited enrichment of bacteria
related to Mucispirillum schaedleri (Mucispirillum_g,
Deferribacteraceae_f, Deferribacterralse_o,
Deferribacteres_c, and Deferribacteres_p) and
Pseudoflavonifractor_g compared with the mice infected
with SARS-CoV-2 Omicron (Fig. 3j).

After conducting these comparisons, we confirmed
the relative abundances of Oscillibacter_g, Bacteroides_g,
Pseudoflavonifractor_g, and Muscispirillum schaedleri
in the non-infected mice and the mice infected with
each SARS-CoV-2 strain (Fig. 3k-n). The abundances
of Oscillibacter_g and Bacteroides_g notably increased
in mice infected with either SARS-CoV-2 strain com-
pared with those in the non-infected mice; however, no
substantial differences were observed between the mice
infected with SARS-CoV-2 Wuhan and the mice infected
with SARS-CoV-2 Omicron (Fig. 3k, 1). Mice infected
with either SARS-CoV-2 strain exhibited a higher abun-
dance of Pseudoflavonifractor_g than the non-infected
mice, and the abundance of Pseudoflavonifractor_g in the
mice infected with SARS-CoV-2 Wuhan was significantly
higher than that in the mice infected with SARS-CoV-2
Omicron (Fig. 3m). M. schaedleri was significantly more
abundant in the mice infected with SARS-CoV-2 Wuhan
than in the non-infected mice or the mice infected with
SARS-CoV-2 Omicron (Fig. 3n). These results demon-
strate both common and specific changes in the intestinal
microbiota after infection with SARS-CoV-2 Wuhan or
SARS-CoV-2 Omicron.

Alterations in lung and intestinal microbiota over time
following SARS-CoV-2 Omicron infection

Although infection with SARS-CoV-2 Omicron was not
life-threatening, it caused damage to the lung and tra-
cheal barriers in K18-hACE-2 tg mice and produced a
viral load similar to that of life-threatening SARS-CoV-2
Wouhan infection, which persisted for up to 10 days after
infection (Fig. 1). Therefore, we investigated the changes
in lung microbiota at 5 days and 10 days after SARS-
CoV-2 Omicron infection (Fig. 4a). We also compared
the alpha diversity indices and F/B ratios between non-
infected mice and mice infected with SARS-CoV-2 Omi-
cron at 5 dpi and 10 dpi (Fig. 4b-d). The ACE index was
significantly decreased at 10 dpi compared with that in
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Fig. 3 Comparison of intestinal microbial compositions among the non-infection, Wuhan and Omicron groups. (a) Relative abundances of bacterial
families in the intestines of the experimental mice. (b—d) ACE index (b), Shannon index (c), and F/B ratio (d) of the intestinal microbiota of non-infected
mice and mice infected with SARS-CoV-2 (Wuhan or Omicron, n=4 mice each group). (e-g) ACE index (e), Shannon index (f), and F/B ratio (g) of the
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scores >4 in pairwise comparisons between non-infected mice and mice infected with SARS-CoV-2 Wuhan (h), non-infected mice and mice infected
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Data in b—g and k-n were analyzed using the Wilcoxon rank-sum test

the non-infected mice, but the Shannon index did not
change over the course of the infection (Fig. 4b, c). Fur-
thermore, the F/B ratio, which was increased at 5 dpi,
remained constant at 10 dpi (Fig. 4d).

We next determined which bacteria were specifi-
cally enriched among the lung microbiota at 10 dpi in
the mice infected with SARS-CoV-2 Omicron using the
LDA method (Fig. 4e, f). Compared with non-infected

mice, mice infected with SARS-CoV-2 Omicron
showed enrichment of PAC001585_s and PAC000661_g
of  Oscillospiraceae_f;, KE159538 g, PAC001770_s,
PACO001118_s, PAC000664_g, PAC001082_s,
PAC001287_s, and PAC001287 g of Lachnospiraceae._f:
Faecalibaculum rodentium; Acidobactera_p;
Betaproteobacteria_c; and Comamonadaceae_f, along
with depletion of bacteria related to the Lactobacillus
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Fig. 4 Comparison of lung microbiota over time following infection with SARS-CoV-2 Omicron. (a) Relative abundances of bacterial families among lung
microbiota of non-infected mice and mice infected with SARS-CoV-2 Omicron at 5 dpi and 10 dpi. (b—d) ACE index (b), Shannon index (c), and F/B ratio
(d) of the lung microbiota in non-infected mice and mice infected with SARS-CoV-2 Omicron at 5 dpi and 10 dpi (n=4 mice each group). (e, f) Bacteria
with LDA scores > 3.5 in pairwise comparisons of lung microbiota between non-infected mice and mice infected with SARS-CoV-2 Omicron (e) and mice
infected with SARS-CoV-2 Omicron at 5 dpi and 10 dpi (f). (g—m) Relative abundances of B. pseudolongum (g), Eubacterium_g8 (h), Kineothrix_g (i), Faeca-
libculum rodentium (j), Lactobacillus intestinalis (k), Lactobacillus reuteri (1), and Lactobacillus gasseri (m) among lung microbiota of experimental mice. Data

in b—d and g-m were analyzed using the Wilcoxon rank-sum test

genus (Lactobacillaceae_f, Lactobacillacles o, Lactobacil-
lus intestinalis, Lactobacillus gasseri group, and Lactoba-
cillus reuteri group; Fig. 4e). The lung microbiota of mice
infected with SARS-CoV-2 Omicron also showed enrich-
ment of E rodentium and depletion of L. intestinalis and
L. reuteri at 10 dpi compared with 5 dpi (Fig. 4f).

Next, we confirmed the relative abundances of B. pseu-
dolongum and Eubacterium_g8, which differed between
the non-infected mice and the mice infected with SARS-
CoV-2 Omicron at 5 dpi (Fig. 4g, h). Unlike the infected
mice at 5 dpi, the infected mice at 10 dpi exhibited abun-
dances of these bacteria similar to those in the non-
infected group (Fig. 4g, h). In addition, the abundance of
Kineothrix_g was decreased at 5 dpi compared with that
in non-infected mice and subsequently increased from 5
dpi to 10 dpi; however, the abundance at 10 dpi was not
significantly different than that in the non-infected mice
(Fig. 4i). The abundance of E rodentium was similarly
decreased at 5 dpi but was significantly elevated at 10 dpi
compared with that in the non-infected mice (Fig. 4j). We
also observed that the abundance of several Lactobacillus
species was decreased at 10 dpi (Fig. 4k-m). These find-
ings imply that the lung microbiota undergoes persistent
modifications following SARS-CoV-2 Omicron infection.

We next analyzed the microbial composition using
16S rRNA sequencing data from fecal samples of non-
infected mice and mice infected with SARS-CoV-2
Omicron at 5 dpi and 10 dpi (Fig. 5a). There were no sig-
nificant changes in ACE index among the three groups
(Fig. 5b); however, the Shannon index and F/B ratios of
the infected mice at 10 dpi were higher than those of the
non-infected mice and similar to those of the infected
mice at 5 dpi (Fig. 5c, d). These results demonstrated
that the species richness, species diversity, and F/B ratio
of the intestinal microbiota did not significantly change
from 5 dpi to 10 dpi.

Using the LDA method, we determined which
intestinal bacteria were enriched at 10 dpi com-
pared with 5 dpi and non-infected mice (Fig. 5e, f).
Similar to the microbiota at 5 dpi, the microbiota at
10 dpi exhibited enrichment of bacteria including
Ruminococcaceae_f, Lachnospiraceae_f, Oscillibacter_g,
Pseudoflavonifractor_g, and Bacteroides_g compared with
the microbiota of non-infected mice (Fig. 5e). In addi-
tion, M. schaedleri, which was enriched in the intestinal
microbiota of mice infected with SARS-CoV-2 Wuhan,
was also enriched at 10 dpi compared with both 5 dpi and

non-infected mice (Fig. 5e, f). We confirmed the relative
abundances of Oscillibacter_g, Pseudoflavonifractor g,
Bacteroides_g, and M. schaedleri in the three groups
(Fig. 5g-j). 'The abundances of Oscillibacter g,
Pseudoflavonifractor_g, and Bacteroides_g were increased
at 5 dpi and remained high until 10 dpi (Fig. 5g-i); how-
ever, the abundance of M. schaedleri was significantly
increased only at 10 dpi compared with that in non-
infected mice (Fig. 5j). These results suggest that while
the alterations of intestinal microbiota due to SARS-
CoV-2 Omicron infection were maintained, additional
changes gradually occurred over the course of infection.

Discussion

We investigated the changes in lung and intestinal micro-
biota in K18-hACE2-tg mice infected with SARS-CoV-2
Wuhan or SARS-CoV-2 Omicron. SARS-CoV-2 Wuhan
was 100% lethal, whereas SARS-CoV-2 Omicron had
lower lethality. Therefore, we compared the microbiota of
mice infected with SARS-CoV-2 Omicron at 5 dpi, when
the viral load was similar to that of mice infected with
SARS-CoV-2 Wuhan, with that at 10 dpi, when the viral
load had decreased but remained detectable. Our com-
parisons demonstrated differences in microbiota between
mice infected with each strain and showed that changes
in microbiota occurred over time in mice infected with
SARS-CoV-2 Omicron.

Analysis of the lung microbiota revealed no significant
differences in the ACE and Shannon indices between
mice infected with each strain. A previous study reported
that infection with a high dose (1 x 10° PFU) rather than
a low dose (1 x 10* PFU) of SARS-CoV-2 Wuhan induced
an increase in the F/B ratio [20]. Our experimental dose
(5x10* PFU) of SARS-CoV-2 Wuhan did not induce a
change in the F/B ratio; however, the same dose of SARS-
CoV-2 Omicron did increase the F/B ratio. In addition,
our analysis demonstrated that more bacteria, such as the
B. pseudolongum group, Keneothrix_g, and Eubacterium_
g8, were specifically altered by SARS-CoV-2 Omicron
infection than by SARS-CoV-2 Wuhan infection. These
results imply that compared with SARS-CoV-2 Wubhan,
SARS-CoV-2 Omicron may be more likely to induce dys-
biosis of the lung microbiome when an equal amount of
virus is introduced, regardless of lethality.

We observed an increase in E. coli abundance and a
decrease in Erysipelotrichaceae_f abundance in the lung
microbiota following SARS-CoV-2 Wuhan infection.
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Fig.5 Comparison of intestinal microbiota over time following infection with SARS-CoV-2 Omicron. (a) Relative abundances of bacterial families among
intestinal microbiota in non-infected mice and mice infected with SARS-CoV-2 Omicron at 5 dpi and 10 dpi. (b—d) ACE index (b), Shannon index (c), and
F/Bratio (d) of the intestinal microbiota of non-infection mice and mice infected with SARS-CoV-2 Omicron at 5 dpi and 10 dpi (n=4 mice each group). (e,
f) Bacteria with LDA scores>4.0 in pairwise comparisons between non-infected mice and mice infected with SARS-CoV-2 at 10 dpi (e) and mice infected
with SARS-CoV-2 at 5 dpi and 10 dpi (f). (g—j) Relative abundances of Oscillibacter_g (g), Pseudoflavonifractor_g (h), Bacteroides_g (i) and Mucispirillum
schaedleri (j) among intestinal microbiota of experimental mice. Data in b—d and g—j were analyzed using the Wilcoxon rank-sum test

While these changes may be associated with barrier
damage in the lungs and trachea, further experimental
evidence is required to confirm this relationship. Previ-
ous studies have reported bacterial infections during
viral pneumonia after SARS-CoV-2 infection, poten-
tially contributing to mortality [25, 26]. E. coli is one

of the pathogens discovered in COVID-19 patients
[27]. In addition, one study reported that the abun-
dance of Erysipelotrichaceae_f was negatively associated
with the concentration of IL-4 in the lungs [28]. In the
K18-hACE2-tg mouse model, a cytokine storm includ-
ing IL-6, IL-17, and IL-4 occurred in the lungs following
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SARS-CoV-2 Wuhan infection [19]. Another study
showed that patients infected with SARS-CoV-2 Wuhan
had higher levels of cytokines, including IL-4, in plasma
serum than patients infected with SARS-CoV-2 Omicron
[29]. Therefore, it is suggested that barrier disruption and
cytokine storm caused by SARS-CoV-2 Wuhan infection
can lead to specific changes in the abundances of E. coli
and Erysipelotrichaceae_famong the lung microbiota.

Infection with either SARS-CoV-2 strain induced
changes in the Shannon index but not in the ACE index
of the intestinal microbiota. Although the F/B ratio of
the lung microbiota remained unchanged after infection
with SARS-CoV-2 Wuhan, the F/B ratio of the intesti-
nal microbiota increased following the same infection.
In addition, we found that M. schaedleri was specifically
increased in the intestinal microbiome after SARS-CoV-2
Wuhan infection. This bacterium has been reported to be
not only an antagonist of Salmonella infection but also an
indicator of colitis in dextran sulfate sodium-induced and
immune-deficient murine models [30-33]. These find-
ings suggest a potential role for SARS-CoV-2 Wuhan in
inducing intestinal inflammation; however, further exper-
iments are necessary to substantiate this hypothesis.

We observed that considerable viral loads in lung tis-
sues persisted 10 days after initial SARS-CoV-2 Omi-
cron infection. In the comparison of lung microbiota
over time following SARS-CoV-2 Omicron infection, the
abundances of some bacteria, such as B. pseudolongum,
Eubacterium_g8, and Kineothrix_g, changed at 5 dpi but
became similar to those in non-infected mice at 10 dpi.
However, we also found that the abundance of Faeca-
libaculum rodentium increased, particularly at 10 dpi.
E rodentium and its human homolog, Holdemanella
biformis, have been reported to suppress murine colitis
and protect against intestinal tumor development [34,
35]. One study using Mendelian randomization analysis
reported a causal association between intestinal Hold-
emanella and allergic asthma [36]; however, the role
of this bacterium in the lungs remains unclear. Further
studies are required to elucidate whether the observed
changes in Faecalibaculum rodentium abundance influ-
ence respiratory outcomes.

We also observed a decrease in Lactobacillus spp.
abundance at 10 dpi following SARS-CoV-2 Omicron
infection. A previous study demonstrated enrichment
of Lactobacillus in the lung microbiota of COVID-19
patients compared with healthy controls [37]. However,
some studies have reported that intranasal delivery of
Lactobacillus spp. protects against respiratory viral and
bacterial infections [38, 39]. The implications of these
findings for SARS-CoV-2 infection require additional
validation.

Although the alterations of lung microbiota observed
at 5 dpi did not persist until 10 dpi, the increased
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Shannon index and F/B ratio of the intestinal microbiota
observed at 5 dpi were still present at 10 dpi. In addi-
tion, the abundances of the bacteria that were altered
at 5 dpi, such as Oscillibacter_g, Pseudoflavonifractor_g,
and Bacteroides_g, were not significantly altered at 10
dpi, suggesting that the alteration of intestinal micro-
biota remained constant following SARS-CoV-2 Omi-
cron infection. Oscillibacter_g was discovered among
human gut microbiota associated with Crohn’s disease
and mesenteric fat inflammation [40, 41]. In addition,
among the Bacteroides_g, B. vulgatus was enriched in the
intestinal microbiome at 10 dpi after SARS-CoV-2 Omi-
cron infection (Fig. 5e). A previous study showed that
patients with long COVID symptoms exhibited changes
in the gut microbiome, including higher levels of B. vul-
gatus [42]. Moreover, M. schaedleri, which was enriched
in the intestinal microbiota of mice infected with SARS-
CoV-2 Wuhan at 5 dpi, was particularly enriched in mice
infected with SARS-CoV-2 Omicron at 10 dpi. These
results suggest that while SARS-CoV-2 Omicron infec-
tion may not induce intestinal inflammation as rapidly as
SARS-CoV-2 Wuhan infection, it could potentially con-
tribute to inflammation at a later stage, a hypothesis war-
ranting further exploration.

Conclusions

This study provides a comprehensive comparison of the
pathological and microbiological effects of the Wuhan
and Omicron variants of SARS-CoV-2 in a susceptible
mouse model. By elucidating the differential outcomes
and microbial changes associated with these variants,
we aimed to enhance our understanding of COVID-19
pathogenesis and inform future therapeutic and preven-
tive measures against emerging variants. Further stud-
ies with larger sample sizes and considerations for cage
effects are needed to better understand the role of micro-
biome changes in SARS-CoV-2 infection, particularly in
the intestinal and respiratory tracts. In addition, further
research is needed to investigate the continuous changes
in microbiota following infection with non-lethal strains
of SARS-CoV-2 through prolonged observation periods
longer than 10 days.
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