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During the coronavirus disease 2019 (COVID-19) pandemic, the exploration of microecology has been
essential for elucidating the intricacies of infection mechanisms and the recovery of afflicted
individuals. To decipher the interplay of microorganisms between the intestinal and respiratory tracts,
we collected sputum and throat swabs and feces from COVID-19 patients and explored the mutual
migration among intestinal and respiratory microorganisms. Using next-generation sequencing (NGS)
technology, we investigated intestinal and respiratory microorganism intermigration in two patients
with severe COVID-19 during their hospitalization. Notably, we observed an expedited recovery of
microecological equilibrium in one patient harboring Mycobacterium avium. Comparative analyses
between 32 healthy controls and 110 COVID-19 patients with different disease severities revealed
alterations in predominant microorganisms inhabiting the respiratory and intestinal tracts of COVID-19
patients. Among the alterations, intestinal Bacteroides vulgatus (BV) was identified as a noteworthy
microorganism that exhibited marked enrichment in patients with severe COVID-19. BV, when highly
abundant, may inhibit the transitional growth of Escherichia coli/Enterococcus, indirectly prevent the
overgrowth of salivary streptococci, and maintain lung/intestinal microecology stability. In summary,
this study elucidates the bidirectional microbial intermigration between the intestinal and respiratory
tracts in COVID-19 patients. These findings are expected to provide new ideas for the treatment and
management of COVID-19, underscoring the essential role of microecology in infectious diseases.
Nevertheless, a systematic study of the roles of BV in recovery from infection is required to gain a
deeper understanding of the mechanisms of microbial migration.

In the third year of the ongoing coronavirus disease 2019 (COVID-19)
pandemic, the enduring presence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) necessitates continual vigilance. COVID-19
manifests most commonly with respiratory and digestive symptoms, and in
severe cases, respiratory failure can lead to fatality. Empirical data indicate
that the incidence of severe and critical COVID-19 ranges from 5% to 20%
across nations'~. While the proportion of severe cases is relatively modest,
the mortality rate among patients necessitating mechanical ventilation,
which is indicative of severe or critical disease, escalates significantly to
88.1%, notably higher than the 11.7% mortality rate observed in nonsevere

cases”. Consequently, the intricacies surrounding severe and critical
COVID-19, along with their contributing factors and mechanisms, demand
heightened attention and scrutiny from healthcare practitioners.

Previous studies investigated the impact of SARS-CoV-2 infection on
respiratory microbiomes, emphasizing microbiome diversity and metabolic
functions in COVID-19. Analysis of transcriptional metagenomic data
reveals dysbiosis in bacterial, archaeal, and viral compositions, with
COVID-19 samples exhibiting higher proportions of opportunistic species.
Additionally, SARS-CoV-2 infection significantly alters the nasopharyngeal
mycobiome, increasing fungal populations and diversity, particularly
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opportunistic pathogens. These findings suggest a potential for
microbiome-based diagnostics and therapeutics for COVID-19 and
respiratory diseases, highlighting the importance of understanding micro-
biome dynamics in disease progression and management.

Several factors have been shown to influence the severity of COVID-19,
among which one notable consideration is the dysregulation of the
microbiome within the gut and/or lungs, given that the susceptibility of
these primary target organs facilitates SARS-CoV-2 invasion*’. Early in the
pandemic, a report by Siew C. Ng et al.* highlighted a correlation between
fecal microbiome changes, fecal SARS-CoV-2 levels, and the severity of
COVID-19. Subsequent investigations reinforced this connection, empha-
sizing the impact of the gut microbiome on the severity of COVID-197.
Additionally, our previous research delineated associations between
alterations in the respiratory microbiome and the severity of COVID-19".
Notably, SARS-CoV-2-induced disruptions in the gut microbiome have
been found to perturb immune cell balance and recruitment within the
lungs via the “gut-lung axis,” thereby contributing to respiratory tract
infections. Concurrently, studies proposed the oral cavity as a potential
reservoir for microorganisms, potentially instigating lung coinfections and
contributing to gut dysbiosis in COVID-19 patients™"’. However, critically,
most studies conducted have been cross-sectional and potentially impacted
by interindividual demographic disparities’. Furthermore, studies focusing
on the longitudinal assessment of coordinated variations within the lung
and gut microbiomes among long-term-hospitalized COVID-19 patients
are rare.

Hence, during the pandemic period, we actively enrolled COVID-19
patients who required extended hospitalization and meticulously collected
comprehensive clinical data and specimens, encompassing sputum and
fecal matter. Subsequently, we conducted a rigorous investigation
employing metagenomic next-generation sequencing (NGS) techniques to
analyze and understand the synchronized fluctuations within the lung and
gut microbiomes of these long-term-hospitalized individuals.

Methods and materials

Subject recruitment

This study was conducted in strict adherence to the Declaration of Helsinki,
with all participating patients providing explicit written consent. Following
the guidelines outlined by the Chinese Center for Disease Control and
Prevention and the World Health Organization (WHO)'"", our recruit-
ment efforts focused on confirmed COVID-19 patients admitted to several
esteemed medical institutions, specifically the First Affiliated Hospital of
Guangzhou Medical University, Guangdong Second Provincial General
Hospital, and Guangzhou Eighth People’s Hospital in Guangzhou, China,
during the period from January to May 2020. Consistent with our prior
research protocols"”, all confirmed COVID-19 patients underwent quanti-
tative reverse transcription PCR (RT-qPCR) analysis of nasopharyngeal
swabs, confirming the presence of SARS-CoV-2 according to hospital
procedures. Healthy individuals (controls) were recruited through open
recruitment, ensuring that they exhibited no clinical signs of infection, such
as fever or cough, and that laboratory-confirmed negative results for SARS-
CoV-2 were obtained via RT-qPCR.

Moreover, our classification of confirmed COVID-19 patients involved
discerning five distinct subgroups based on diverse clinical presentations,
guided by criteria derived from the Chinese Government Diagnosis and
Treatment Guideline (trial eighth version)'' and corroborative insights from
additional research". These subgroups were as follows: (1) asymptomatic
individuals who tested positive for SARS-CoV-2 but were devoid of any
clinical manifestations or pneumonia symptoms; (2) those with mild clinical
features but lacking signs of pneumonia; (3) individuals classified as having
common symptoms characterized by fever, respiratory tract manifestations,
and detectable imaging features indicative of pneumonia; (4) patients with
severe disease presenting with respiratory distress, a respiratory rate =30
times/min, resting-state mean oxygen saturation <93%, or arterial blood
oxygen partial pressure (PaO,)/oxygen concentration (FiO,) < 300 mmHg
(1 mmHg = 0.133 kPa); and (5) critically ill patients exhibiting respiratory

failure necessitating mechanical ventilation, experiencing shock, or requiring
intensive care unit (ICU) admission.

Concurrent with patient recruitment, a cohort of healthy volunteers
devoid of any pathogenic infection was enrolled. Within this study frame-
work, the patient cohort was divided into three distinct subgroups, namely,
asymptomatic patients (Group 1), patients with nonsevere manifestations
comprising mild and common illness presentations (Group 2), and patients
with severe and critical illness presentations (Group 3), along with a control
group for comparative analysis.

Specimen collection

Clinical specimens, including respiratory tract specimens (throat swab (TS)
and sputum), gastrointestinal tract specimens (stool), and serum, were
obtained following the WHO and Chinese guidelines'"”. TS specimens
were collected with synthetic fiber swabs. Each swab was then placed into a
separate sterile tube containing 3 mL of viral transport medium. Sputum
and/or stool specimens were collected in sterile specimen containers. The
serum was collected in a separator tube and then centrifuged. The specimens
were stored between 2 °C and 8 °C until they were ready for shipment to the
standardized and accredited laboratory of the Guangdong Centers for
Disease Control and Prevention and the standard laboratory of our hospital.
Specimens from the COVID-19 patients were collected at different times.
Briefly, for severe and/or critical cases, respiratory and gastrointestinal tract
specimens were collected every 3—4 days when the virus test was positive;
then, collection was performed approximately once weekly until the virus
test was negative and up to two weeks after discharge. Serum specimens
were collected once per week. However, for asymptomatic, mild, and
common cases, the collection was performed only once during hospitali-
zation due to the short length of hospitalization. The specimens from
healthy volunteers were collected only once (Fig. 1).

DNA extraction and sequencing

DNA was extracted and purified from 0.1 g of homogenized stool sample
using a commercial QIAamp Fast DNA Stool Mini Kit (Qiagen, 51604,
USA). Swab and sputum samples were processed with a TITANamp Micro
DNA Kit (TTANGEN, DP316, China). DNA, the total amount of which was
>100 ng for each sample, was used to generate 350 bp libraries according to
the Illumina standard operating procedure (SOP). After removing samples
that were abnormal due to sampling or experimental reasons, each sample
was used to generate an average of 6.49 + 1.54 Gb of raw paired-end 150 bp
reads using the NovaSeq sequencing system.

Compositional and functional analysis

Clean reads were obtained after the following preprocessing steps were
performed on the raw reads. Using the NGS toolkit (v2.3.3), low-quality and
adapter-contaminated sequences were removed. Then, Bowtie2 (v2.3.1) was
used to remove contaminating human reads based on the reference genome
GRCh38.p13.

Microbiome profiling was conducted by employing MetaPhlAn3
(v3.0.4), which facilitated the mapping of clean reads to clade-specific
markers. Simultaneously, metabolic pathways were annotated using
Humann3 (v3.0.0.alpha.3)", leveraging databases such as MetaCyc and
KEGG. Considering that MetaPhlAn3 primarily focuses on the classifica-
tion of reads aligning with the marked database and excludes low-
abundance fungi, we employed Kraken (v2.1.1) for fungal species diversity
estimation'®, supplemented by confirmation through ITS2 amplicon
sequencing. This comprehensive approach ensured a more nuanced
assessment of the fungal diversity within the microbiome.

Statistical and bioinformatic analysis

The primary statistical analyses and mapping procedures were executed
within the R programming environment (v3.6.2), harnessing essential
packages such as maaslin2, stats, ggplot2, vegan, and ade4 to ensure robust
data interpretation. Complementary to these analyses, JMP13 and STAMP
software were used to bolster the statistical assessment of the dataset,
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enhancing the depth of analysis. For the liquid chromatography-mass
spectrometry raw data analysis, Profinder 10.0 (Agilent, USA) was utilized.
The data were processed via peak identification, alignment, filtering, and
normalization procedures to then construct a comprehensive three-
dimensional dataset comprising sample information, peak intensities,
peak retention times, and mass-to-charge ratios (m/z). This multifaceted
approach facilitated a comprehensive evaluation of the data landscape.

Results
COVID-19 patient enroliment and sample collection
In this study, we collected clinical samples from 98 patients with COVID-19
confirmed by a positive SARS-CoV-2 RT-qPCR test, including 12 with
critical illness, 2 with severe illness, 5 with common illness, 47 with mild
illness, and 32 who were asymptomatic; 34 healthy individuals were used as
controls. The patients were stratified into distinct categories, asymptomatic
cases (Group 1), nonsevere cases encompassing mild and common illness
(Group 2), severe cases encompassing severe and critical illness (Group 3),
and a control group. Notably, the duration of viral shedding significantly
differed among these groups, with Group 3 exhibiting a markedly longer
duration than Group 2 or Group 1 (53.6 £ 23.7 days vs. 11.9 £ 5.7 days vs.
6.6 + 3.8 days, respectively). Clinical symptom analysis revealed fever as the
predominant symptom in COVID-19 patients, while shortness of breath
was the predominant symptom in Group 3, in contrast with the rarity of
shortness of breath in Group 1. In addition, primarily Group 3 patients
experienced lymphocytopenia and thrombocytopenia. Antibiotic treatment
was extensively administered in Group 3 (85.7%), which was significantly
less prevalent in the other groups and notably rare in Group 1 (6.3%).
Following rigorous quality control procedures, a total of 351 metage-
nomic data samples were deemed suitable for further analysis. A total of
188 sputum samples were chosen for respiratory microbiome analysis, along
with 53 TS samples and 110 stool samples to capture the characteristics of
the gut microbiome. The samples collected across different tissues would
facilitate the investigations on microbial migration between the respiratory
and digestive tracts.

Alterations in sputum and fecal microecology in patients with
severe COVID-19 during hospitalization

We employed metagenomic data to compute the microbial diversity indices
across all samples and subsequently conducted correlation analyses between
these indices and clinical data. These findings are consistent with those of
previous studies. For example, in patients with severe COVID-19 (Group 3),
a higher fungal Shannon diversity was observed within sputum samples.
Additionally, the viral load, as indicated by the SputumCt, exhibited a sig-
nificant relationship with the Shannon index. Notably, antibiotic adminis-
tration in patients with severe COVID-19 alleviated the risk of decreasing
Shannon diversity (Supplementary Fig. 1).

We examined the microecological discriminations among samples
using the multidimensional scaling (MDS) method, and samples positioned
closer together had more similar microbial structures (Fig. 2A). The control
group sputum and TS samples, both representing respiratory tract speci-
mens, exhibited similar MDS coordinates. Moreover, a pronounced dis-
tance boundary existed between the respiratory tract and stool specimens
(denoted by the gray region in Fig. 2). Transitioning from Group 1 to Group
3, an increasing number of samples was manifest in the boundary region,
with this effect being particularly prominent in Group 3. Notably, in terms of
temporal dynamics (weeks), a substantial number of samples showed an
increase during hospitalization, primarily originating from two critically ill
patients who did not receive antibiotic treatment: C102 and C107. Figure
2B-D illustrates the evolving microecosystems observed in the sputum and
stool samples of patients C102 and C107. In the case of patient C102,
persistent Burkholderia multivorans infection spanned the hospitalization
period from 200223 to 200428, marked by distinct transitions in the pre-
dominant infection sites between 200226-200306 and 200407-200414.
Conversely, patient C107 exhibited concurrent infections involving Enter-
ococcus faecium and Staphylococcus epidermidis throughout their hospital
stay, with a single transition in the infection site occurring between 200306
and 200313. These cases displayed similarities while also presenting
nuanced differences. Notably, the absence of antibiotic administration
during hospitalization suggested that the observed shifts in microbial
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Fig. 2 | The microecological alterations among samples. A Multidimensional
scaling (MDS) plots illustrating the dynamic changes across four distinct cohorts.
B-D Microecological shifts observed in two Group 3 donor patients, C102 and C107,
during their hospitalization. The plots present the predominant microorganisms,
each accounting for >5% of the relative abundance in at least one sample. The
column length corresponds to the relative abundance of these top microorganisms,
with the upper half representing sputum samples and the lower half corresponding
to stool samples. The X axis denotes the sampling time points. C Statistical outcomes
concerning the top DS identified in the ‘initial’ specimen. E Model assessment
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featuring the abundance of Rothia mucilaginosa. The left histogram is organized by
abundance levels, while the right histogram depicts the ROC curve. The triangular
data points signify TS specimens, while the circular points represent sputum spe-
cimens. Group 1/Group 2 and other group distinctions were defined based on the
linear value of abundance. The AUC values are also shown. F Abundance variations
in the Bacteroides genus in the control and Group 3 stool cohorts. Each plotted point
corresponds to a specific specimen, with the red dotted line indicating the reference
average of Bacteroides vulgatus abundance in the control group. The right line
portrays the fitted changes in the average abundance of each microorganism.

composition were primarily attributed to the dynamics of environmental
competition.

Across multiple samples, we identified microorganisms with high
abundances in patients but seldom in healthy individuals, and we defined
these microorganisms as indicative of severe infection. Coinciding with

microbial migration (indicated by the red and blue arrows in the figure), the
patients’ microbial ecosystems conformed to this situation. In patient C102,
two transition events occurred. At the second time point, the predominant
species (DSs) detected in sputum and stool were Herpesvirus 4 and
Escherichia coli, which are conventionally associated with pathogenic
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Table 1 | Fisher test of the top DSs

Type Variable 1 Variable 2 Dominant species (column variable 1) Contingency P value —LOG (P value)
TS Control Group?2 Rothia_mucilaginosa 0,26,7,5 6.28E-05 4.202342983
TS Control Group1 Rothia_mucilaginosa 0,26,4,5 0.002406 2.618629093
Sputum Control Group3 OtherDS 3,23,5,3 0.008532 2.068948403
Sputum Control Group1 Rothia_mucilaginosa 1,25,9,19 0.01193 1.923347027
Sputum Control Group2 Neisseria_unclassified 8,18,4,43 0.021086 1.67599705
Sputum Group1 Group3 OtherDS 6,22,5,3 0.039974 1.39822664
Sputum Control Group2 Rothia_mucilaginosa 1,25,11,36 0.045717 1.339923147
TS Group2 Group3 Veillonella_unclassified 0,12,2,2 0.05 1.301029996
TS Control Group1 Prevotella_melaninogenica 9,17,0,9 0.074193 1.129636594
TS Control Group3 Veillonella_unclassified 2,24,2,2 0.074986 1.12501798
Sputum Group1 Group2 Porphyromonas_gingivalis 0,28,6,41 0.078136 1.107147633
Sputum Control Group?2 Porphyromonas_gingivalis 0,26,6,41 0.082591 1.083068519
TS Group2 Group3 Rothia_mucilaginosa 7,5,0,4 0.088462 1.053245512
Sputum Group2 Group3 OtherDS 12,35,5,3 0.090812 1.041858776
Stool Control Group3 Bacteroides_vulgatus 2,24,3,6 0.094575 1.02422466
Sputum Control Group1 Neisseria_flavescens 5,21,1,27 0.094815 1.023121647

infections. In contrast, patient C107 experienced a single transition event,
with the DSs at the final time point comprising Prevotella oralis and Bac-
teroides, which are typically considered environmental commensals. The
microbial migration between the respiratory and digestive tracts is probably
associated with the clinical severity of COVID-19 patients.

Changes in the DSs in sputum and fecal microecology

A normal and stable microecological environment is a community structure
dominated by a few colonized microorganisms. In the gut, the structural
pattern of microecology is known as the enterotype'’, and a similar domi-
nant community structure is observed in oral microecology'®. Multiple
secondary infections recur in patients with COVID-19, leading to changes
in the DSs in the microecology community. With increasing disease severity,
rare microorganisms were more prevalent and exhibited a very high
abundance (Fig. 2) compared to their abundance in healthy controls. For
both patients C102 and C107, changes in the dominant microorganism
species not only occurred multiple times within the same sample type but
also occurred between the two types of samples, sputum and stool.

DSs were defined as the most abundant microorganisms in the
microecology community, and the number and frequency of DSs in the
different groups were statistically analyzed. Considering the multiple sam-
pling steps taken for some patients with severe COVID-19, the first speci-
men of the same type taken within three days before admission and was
marked as the initial time point (gray range in Fig. 1). Using only specimens
sampled at the initial time point, the number of donors in each subgroup
was counted, and the type of DS observed, the ratio of DS to donor, the
weighted information entropy, and the frequency of detection of each DS
were calculated (Fig. 2C). If a DS was observed fewer than 3 times in any
subgroup sample, it was considered an auxiliary DS, and the DS with the
highest frequency was considered the top DS (Fig. 2). According to the
detection times of the top DS, the contingency table for the two groups was
calculated on the basis of the Fisher test. Considering the small number of
samples in some groups, all results with P values <0.1 were included
(Table 1).

Neisseria is considered a representative species of oral samples, and was
detected as the DS in at least half of the sputum specimens from the control
group. The detection frequency of Neisseria unclassified as the DS in the
sputum from the four groups was 30.8%, 20.4%, 8.5%, and 12.5%, and the
detection frequency for the control group was significantly greater than that
for Group 2, with contingency table values of 8, 18, 4, and 43. According to
the comparison results, Rothia mucilaginosa was the most frequently

occurring DS species and was present in mainly the respiratory tract spe-
cimens (sputum and TS) of Group 1 and Group 2, with detection fre-
quencies of 3.8%, 32.1%, 23.4%, and 12.5% and 0%, 44.4%, 58.3%, and 0%,
respectively.

Bacteroides and Prevotella are considered among the dominant colo-
nizing bacteria in the healthy human intestinal tract. In the feces of Group 3,
Prevotella was generally absent, and Bacteroides vulgatus was the DSs with
the fastest recovery and highest abundance compared with other Bacteroides
species (Table 2). The detection frequencies in the four groups were 7.7%,
0%, 22.2%, and 33.3%, and the contingency table values were 2, 24, 3, and 6.
These findings indicated that the microbial migration was caused by the
changes in the dominant bacteria in the respiratory and digestive tracts.

Associations between respiratory and intestinal microecology
To further understand the changes in the DSs and their role in the trans-
formation of the respiratory and intestinal tracts, 74 individuals with both
sputum and feces specimens at the same sampling time points were selected,
and their specimens were applied for association analysis of the respiratory
tract and digestive tract microecology. Among the 74 participants, 21 were
healthy controls, and 53 were in Group 3. Microorganisms from sputum were
marked as ““p:”” and those from stool were marked as ““#”” Welch” ¢ test
revealed 17 significantly differentially abundant microorganisms between
Group 3 and the control group (Fig. 3A). Among these differentially abun-
dant microorganisms, 7 were sputum microorganisms, and 10 were stool
microorganisms. The microorganisms st: Bacteroides vulgatus and st:
Escherichia coli exhibited the most significant increase in average abundance
within Group 3. Spearman correlation coefficients were calculated between
the most abundant microorganisms (abundances greater than 1%) in the
control group and Group 3, and their significant correlations are depicted ina
network diagram (Fig. 3C). In the control group, many positive and negative
relationships were roughly balanced, forming a complex network. In contrast,
in Group 3, the number of red lines representing negative relationships was
low, mainly centered around st: Bacteroides vulgatus, which suppressed st:
Escherichia coli, st: Enterococcus faecium, and st: Klebsiella pneumoniae
abundance in the intestine, and negatively regulated sp: Streptococcus sali-
varius and sp: Streptococcus parasanguinis abundance in the sputum.
Changes in the abundances of sp: Streptococcus salivarius, st: Escher-
ichia coli, and st: Bacteroides vulgatus were compared between the control
group and Group 3 (Fig. 4). The reference abundances (90% quantile) of
these three microorganisms in the normal control group were 3.8%, 5.7%,
and 16.9%, respectively. In this study, samples with abundances above this
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Table 2 | Differences in colonizing bacteria in the gut microbiome between the control group and Group 3

Control Group 3 Control Group 3 Control Group 3
90% 50% Mean
Bacteroides_caccae 7.579033 10.92515 1.01424 0 2.152923 3.355755
Bacteroides_cellulosilyticus 1.216177 0.25625 0.13112 0 0.481502 0.145357
Bacteroides_clarus 0.53423 0 0 0 0.136135 0
Bacteroides_coprocola 13.94514 0 0.01353 0 3.107408 0.156652
Bacteroides_coprophilus 0 0 0 0 0 0.269367
Bacteroides_dorei 18.28242 4.43667 0.26472 0 4.375681 1.058926
Bacteroides_eggerthii 1.968388 0 0.003365 0 1.190018 0
Bacteroides_faecis 0.164264 0 0.00897 0 0.088642 0
Bacteroides_finegoldii 1.996668 0 0.033055 0 0.522727 0.247836
Bacteroides_fragilis 2.66005 11.95146 0.03017 0 0.585235 3.290089
Bacteroides_intestinalis 0.900019 0.0163 0.034785 0 0.253913 0.015813
Bacteroides_massiliensis 11.70401 5.15371 0.016085 0 2.366382 0.999635
Bacteroides_nordii 0.216656 0.82584 0.00175 0 0.042796 0.170891
Bacteroides_ovatus 5.063564 6.91702 1.424295 0 2.157356 1.893376
Bacteroides_plebeius 16.42175 7.93574 0.037355 0 4.380049 2.193355
Bacteroides_salyersiae 0.978853 0.18103 0.00933 0 0.230575 0.243254
Bacteroides_stercoris 28.62099 20.85698 1.500745 0 6.984213 5.328978
Bacteroides_thetaiotaomicron 2.992344 16.37454 0.67999 2.4228 1.008363 5.870362
Bacteroides_uniformis 17.66565 14.40863 1.1323 1.67841 5.095221 4.730058
Bacteroides_vulgatus 16.88932 39.41882 2.0626 12.1081 5.737151 15.32377
Bacteroides_xylanisolvens 0.880391 2.37419 0.267735 0 0.313268 0.827568
Ruminococcus_bromii 2.680808 0 0 0 0.623524 0.097391
Ruminococcus_gnavus 2.023045 1.9242 0.0111 0 0.69117 0.557597
Ruminococcus_lactaris 0.703666 0 0 0 0.140345 0
Ruminococcus_torques 0.977005 1.06352 0.12174 0.02997 0.333073 0.262584
Prevotella_bivia 0.239851 0.00787 0.07265 0 0.087588 0.026567
Prevotella_copri 45.12622 0 0.02526 0 8.979649 0.002818
Prevotella_disiens 0 0 0 0 0 0.006715
Prevotella_stercorea 2.656074 0 0 0 1.077505 0
Prevotella_timonensis 0 0 0 0 0 0.08572
value were temporarily labeled as being in an overgrowth state, while ~Discussion

samples below this value were considered in a normal state. In Group 3,
there was a positive correlation between st: Bacteroides vulgatus and st:
Escherichia coli abundance when both microorganisms were in a normal
state. However, as their abundance continued to increase to the overgrowth
state, the relationship between them became negative, indicating a sup-
pressive effect. Among the six patients in Group 3 who had more than five
samples, the abundance of Bacteroides vulgatus and several other infectious
microorganisms was negatively correlated. The alterations of the correla-
tions between Bacteroides vulgatus in the respiratory tract and Escherichia
coli in the digestive tract would reflect the severity of microbial migration
and the clinical severity of the COVID-19 patients.

Changes of fungus in sputum and fecal microecology

After the fungi annotation, we detected the fungal diversity among the
groups (Fig. 5). At the genus level, Saccharomyces was enriched in the
patients underlying antibiotic treatment, while Malassezia and Candida
were enriched in the patients without antibiotic administration (Fig. 6A).
With the LEFSE analysis (Fig. 6B, C), Saccharomyces was significantly
enriched in the patients with antibiotic treatment. From previous reports,
we learned that the bacteria were diminished after antibiotic application,
and Saccharomyces would overgrow in such an environment without any
inhibition.

Rothia mucilaginosa, which usually colonizes the mouth"”, is sensitive to diet,
and enrichment occurs in a few mild diseases™ . In a recent report, elevated
Rothia mucilaginosa levels in both the oral and intestinal tracts were hypo-
thesized to be associated with the SARS-CoV-2 viral load, and elevated Rothia
mucilaginosa levels in fecal samples seemed to be further associated with disease
severity'”. In our study, we did not observe proliferation of this bacterium in
stool samples. Rothia mucilaginosa, serving as a top DS in the respiratory
microbiome, exhibited notable potential as a marker in both the sputum and TS
samples, showing sensitivity to mild and moderate disease status. A simple
linear model established using Rothia mucilaginosa abundance effectively
discriminated whether the sample was from a patient in a relatively mild disease
state (Group 1 and Group 2). The area under the curve (AUC) values for
sputum and TS reached 0.747 and 0.8899, respectively (Fig. 3E). Determining
the levels of Rothia mucilaginosa, an environmentally sensitive microorganism,
in the microbiome could assist clinicians in assessing the early progression of
this disease, suggesting that this microbial marker is highly promising.

With respect to the Shannon index, we assessed the diversity of DSs
detected in different types of samples using the ratio of DSs to host and
weighted entropy. From the control group to Group 3, the diversity of DSs
showed an upward trend, with the most significant inflection point occur-
ring in Group 1 for stool samples and Group 3 for sputum. Although the TS
samples had fewer data points, their trends were consistent with those of the
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stool samples. According to the statistical analysis of the DS, TSs exhibited In some models, Bacteroides vulgatus has been demonstrated to
earlier responses than sputum samples and were more similar to stool  robustly coexist with other members of the microbial community, enabling
samples; moreover, we were able to detect DS changes in less severe donor  the establishment of a foothold even in environments where other micro-
groups. The throat may thus be a better sample site for respiratory micro-  organisms dominantly occupy ecological niches’. In patient C107, Bacter-
biome detection studies. oides vulgatus colonized the stool at the time point 200306, and
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Fig. 6 | Distributions of fungi in stool samples of Group 3 at the genus level.
A Heatmap of fungal abundances in samples applied or not applied antibiotics. The
red and blue bars on the right side represented the sample applied or not applied

B no_used

B used

*_Saccharomyceftaceae

G_acchardmyce

0_sacthar

= haronfycet

—5.65-4.50-3.35-2.20-1.05 0.10 1.25 2.40 3.55 4.70 5.85
LDA SCORE (log 10)

Antibiotics

antibiotics, respectively. The fungal abundances of 0%, 10%, and 100% were marked
with blue, green, and red, respectively. B, C plots exhibited the LEFSE analysis results
on fungi between the used and unused antibiotics samples.

subsequently, multiple Bacteroides species continued to increase in abun-
dance in the stool and remained stable throughout all subsequent obser-
vation periods. The infectious bacteria Enterococcus faecium and
Staphylococcus epidermidis migrated from the stool to the sputum. At the
second time point, at 200320, the oral cavity-colonizing bacterium Pre-
votella oralis appeared in the sputum and persisted at all subsequent
observation points. During this period, a Granulicatella adiacens infection
occurred, but no further sputum-stool microbial migration events were
observed. Correlation analysis revealed that under severe disease conditions,
Bacteroides vulgatus enrichment was accompanied by a decreased abun-
dance of pathogenic bacteria (positive correlation), assuming a dominant
position in the ecological niches of most overgrowth bacteria when it
reached high abundance, thus promoting the stabilization of the microbial
community structure, and further preventing the recurrent migration of
respiratory infection-causing microorganisms.

As one of the colonizing microbiome constituents in healthy indivi-
duals, Bacteroides vulgatus tends to proliferate under disease conditions,
such as in the presence of high blood sugar levels, insulin deficiency,
depression, and polycystic ovary syndrome. On the other hand, Bacteroides
vulgatus has shown some clinical application value; for instance, Chul-Su
Yang et al. proposed that Bacteroides vulgatus is a novel therapeutic can-
didate for colitis. Huajing Teng and colleagues reported that Bacteroides
vulgatus gavage protects cancer cells from 5-fluorouracil treatment or
irradiation®.

In the present study, B. vulgatus proliferated in Group 3 patients with
severe disease and played a central role in the microbiome correlation
network. During the treatment of six patients in Group 3, the proliferation of
st: Escherichia coli and st: Enterococcus faecium was suppressed. As the
earliest restored colonizing bacteria, B. vulgatus might mediate the stability
of the gut microbiome, helping to prevent overgrowth bacteria from
migrating from the lung to the gut and indirectly supporting the stability of
the respiratory microbiome. Employing therapeutic approaches such as
administration of microbial capsules or performance of fecal microbiome
transplantation surgeries to promote the stabilizing effect of B. vulgatus on
the microbiome in advance could contribute to the recovery of critically ill
patients.

In COVID-19 cases, the translocation of B. vulgatus and E. coli from
gastrointestinal to respiratory tracts can occur during prolonged hospitali-
zation, impacting the microbial balance. B. vulgatus, a dominant gut bac-
terium, may overgrow and lead to respiratory dysbiosis. In addition, the
replacement of DSs by pathogenic bacteria like E. coli signifies infection.
These translocations highlight shifts in microbial states, potentially com-
plicating clinical treatment. The impact is illustrated in patient data,
emphasizing the need to monitor and address such changes to mitigate
complications and optimize treatment outcomes in long-term hospitalized
COVID-19 patients.

Bacterial and fungal infections significantly complicate COVID-19,
particularly in severe cases. Immune dysregulation from SARS-CoV-2,
prolonged ICUs stay with invasive procedures, and immunosuppressive
therapies increase susceptibility to these infections. Common bacterial
pathogens, including S. aureus, S. pneumoniae, and E. coli, can lead to
pneumonia, sepsis, and bloodstream infections, occurring in ~15% of ICU
COVID-19 patients. Fungal infections, though less occurred, are also sig-
nificant in severe SARS-COV-2 infection cases. Invasive pulmonary
aspergillosis caused by Aspergillus and Mucorales are particularly con-
cerning. The incidence of aspergillosis ranges from 19% to 33% in ICU
COVID-19 settings, with infections causing severe respiratory complica-
tions. Factors contributing to secondary infections include immune dysre-
gulation from COVID-19, prolonged hospitalization, and the use of
corticosteroids and other immunosuppressive treatments. Addressing these
complications is crucial to improving outcomes in COVID-19 patients.

Lucie Bernard-Raichon et al. analyzed blood culture results testing for
secondary microbial bloodstream infections and discovered that bacteria
may translocate from the gut into the systemic circulation of COVID-19
patientsl. In the case of pathogens infection and tissue barrier damage,
microorganisms would probably pass through the blood system and
transfer from the respiratory tract to the intestinal tract. Similar microbial
translocation phenomena may also occur in patients with hypertension,
chronic diseases, and cancer. However, as an important environmental
factor, ventilator-associated pneumonia (VAP) cannot be ignored during
the clinical treatment of SARS-COV-2 infection. Ventilator support is an
important clinical strategy for COVID-19 patients, and VAP is a common
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complication of mechanical ventilation with an incidence ranging from 9 to
70% and averaging ~25%". Some evidence exhibited that the frequency of
VAP was closely related to the gastrointestinal microbial load™, and
appropriate antibiotic treatment could reduce the infection rate and mor-
tality rate of VAP. These discoveries also corresponded to the fact that the
patients with microbial translocations in our study were treated without
antibiotics.

This study has several limitations. There were differences in the
management and treatment of different patients. Due to the hetero-
geneity of the patients, illness severity, ICU admission, underlying
diseases, etc., the choice of treatment and management were affected.
We could reduce the difference only through artificial grouping and
continuous testing. Determining how much patient heterogeneity
affects experimental results is a common challenge in observational
studies. However, due to the strict artificial classification of patients, we
obtained a partial picture of the natural progression of microecology
with this disease. Although some of the results contradict those of
existing studies, the data are reliable.

Since the COVID-19 pandemic began, the pathophysiological process
of SARS-CoV-2 infection has been thoroughly studied in terms of
respiratory or intestinal microecology®”. The intestinal microbial network
of COVID-19 patients is significantly weakened and becomes bare, and the
diversity of the intestinal microbial community decreases. In terms of the
severity and presentation of the disease, the gut microbiome of COVID-19
patients is characterized by the enrichment of opportunistic bacteria, fungi,
and eukaryotic viruses. In this study, considering the role of antibiotics, we
found that the changes in the Shannon index and fungal Shannon index
were different among the groups. The fungal Shannon index showed an
increasing trend in patients who used antibiotics but a decreasing trend in
COVID-19 patients who did not use antibiotics. Antibiotics may kill bac-
teria, creating a fungus-friendly environment, which carries a risk and was
noted in earlier reports as increasing susceptibility to fungal infection*.

Conclusion

This study explored the changes in respiratory and gut microecology in
COVID-19 patients from a new perspective. This was the first study to
describe the interaction between respiratory and intestinal dominant
organisms in severely and critically ill COVID-19 patients and revealed new
microecological markers, Rothia mucilaginosa and Bacteroides vulgatus, for
asymptomatic and severe and critical cases, respectively. This paper
attempts to explain that the mechanism of microorganism suitability as a
marker may be the result of microbial competition from a metabolic and
microecological perspective. The importance of the stability of intestinal
microecology for respiratory microecology is discussed. These findings
reveal the microecological changes in the respiratory tract and gut of
patients with COVID-19 and will provide new ideas regarding the patho-
physiology of this disease, potential microbial markers, and treatment
strategies for COVID-19.

Data availability

The raw sequence data for the respiratory and gut microbiomes in this study
were deposited in the Genome Sequence Archive in the Beijing Institute of
Genomics (BIG) Data Center, Chinese Academy of Sciences, under Bio-
Project PRJCA009091 with accession ID CRA006729, which is publicly
accessible at https://bigd.big.ac.cn/gsa. All the other data are available from
the authors upon reasonable request.
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