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Abstract

Rationale: Alteration of human respiratory microbiota had been
observed in coronavirus disease (COVID-19). How the
microbiota is associated with the prognosis in COVID-19 is
unclear.

Objectives: To characterize the feature and dynamics of the
respiratory microbiota and its associations with clinical features
in patients with COVID-19.

Methods: We conducted metatranscriptome sequencing on 588
longitudinal oropharyngeal swab specimens collected from 192
patients with COVID-19 (including 39 deceased patients) and 95
healthy controls from the same geographic area. Meanwhile, the
concentration of 27 cytokines and chemokines in plasma was
measured for patients with COVID-19.

Measurements and Main Results: The upper respiratory tract
(URT) microbiota in patients with COVID-19 differed from that
in healthy controls, whereas deceased patients possessed a
more distinct microbiota, both on admission and before

discharge/death. The alteration of URT microbiota showed a
significant correlation with the concentration of proinflammatory
cytokines and mortality. Specifically, Streptococcus-dominated
microbiota was enriched in recovered patients, and showed high
temporal stability and resistance against pathogens. In contrast,
the microbiota in deceased patients was more susceptible to
secondary infections and became more deviated from the norm
after admission. Moreover, the abundance of S. parasanguinis on
admission was significantly correlated with prognosis in
nonsevere patients (lower vs. higher abundance, odds ratio, 7.80;
95% CI, 1.70–42.05).

Conclusions: URT microbiota dysbiosis is a remarkable
manifestation of COVID-19; its association with mortality
suggests it may reflect the interplay between pathogens,
symbionts, and the host immune status. Whether URT
microbiota could be used as a biomarker for diagnosis and
prognosis of respiratory diseases merits further investigation.
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Coronavirus disease (COVID-19) has
infected more than 100 million people
worldwide. Although most patients showed
mild symptoms or were asymptomatic (1),
approximately 14% developed severe
diseases, 5% were critically ill, and the
overall mortality rate is 3.2% (2). Older
people and patients with underlying
diseases are at increased risk for severe
illness from COVID-19 and have a higher
mortality rate. Other risk factors include
smoking history, pregnancy, male sex, and
obesity (3). Genetic variants on Toll-like
receptor 7, ABO blood group locus, and
3p21.31 gene cluster were also associated
with severe COVID-19 (4, 5).

Humanmicrobiota plays a crucial role
in individual health; alteration of the human
microbiota has been observed in various

chronic and acute diseases (6). In particular,
microorganisms residing in the
gastrointestinal tract (GIT) and upper
respiratory tract (URT) can alter the
susceptibility to and outcomes of infectious
diseases (7). The underlying mechanisms
include colonization resistance and
induction of the immune responses in the
host (8). In recent studies, the diversity and
composition of GIT microbiota showed
significant differences between patients with
COVID-19 and healthy controls (HCs) and
tended to be associated with the severity of
the disease (9–13). Bacterial and fungal
opportunistic pathogens were enriched in the
feces of patients with COVID-19, and a
secondary infection was suspected,
suggesting that dysbiosis of the gut
microbiota is common in patients with
COVID-19 (9–12, 14). Respiratory
microbiota contributes to the foremost
barrier to viral infection (15). How it is
altered in patients with COVID-19 is largely
unknown (16–18). Moreover, little is known
about the association between the microbiota
and the mortality risk, which is one of the
most crucial questions regarding
microbiota’s contribution to the health of
patients with COVID-19.

The power and validity of previous
studies are limited by the small sample size
and overrepresentation of patients with mild
symptoms. To obtain a thorough
understanding of the association between
microbiota and COVID-19 prognosis,
especially those related to mortality, a large
cohort with deceased patients is needed.
LOTUS (Lopinavir–Ritonavir [L–R] Trial for
Suppression of SARS-CoV-2 in China) is a
clinical trial that aims to evaluate the efficacy
and safety of lopinavir–ritonavir treatment
for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection (19).
LOTUS recruited 192 patients with severe
COVID-19, with an overall mortality rate
of 22.1%. Serial oropharyngeal swab
samples were collected. By analyzing

metatranscriptome data from 588 COVID-19
samples and 95 HCs, we found that the URT
microbiota was significantly different
between recovered and deceased patients on
admission and afterwards. The abundance of
Streptococcus, particularly S. parasanguinis,
was strongly associated with the mortality
risk.

Methods

Study Design and Sample Collection
Oropharyngeal swab samples were collected
on Days 1, 5, 10, 14, 21, and 28 after
admission from patients enrolled in LOTUS
(ChiCTR2000029308). The swab was placed
into virus transport medium (You Kang
Healthcare Trade Co.) and stored at280�C
until transported to the molecular lab for
RNA extraction and library preparation. All
patients were positive for SARS-CoV-2 RNA
tested by RT-PCR assay (Shanghai ZJ Bio
Tec or Sansure Biotech) before admission.
Owing to the emergency situation at the
early stage of the pandemic, an
unsophisticated seven-category ordinal scale
severity score was assigned to each patient at
each time point, ranging from 2 (not
hospitalized, not requiring supplemental
oxygen) to 7 (death) (19). Ninety-five healthy
controls were collected from the community
in the same geographic region, who reported
no pulmonary disease and no use of
antibiotics in the preceding 3 months.

The study was approved by the
Institutional Review Board of Jin Yin-Tan
Hospital (KY2020-02.01). Written informed
consent was obtained from all patients or
their legal representatives if they were too
unwell to provide consent.

Statistical Analysis
Continuous variables are described as
medians (interquartile ranges). a-Diversity
and b-diversity were computed using R
packages, phyloseq and vegan (20, 21).

At a Glance Commentary

Scientific Knowledge on the
Subject: Human microbiota plays a
crucial role in individual health;
alteration of the microbiota has been
observed in various chronic and
acute respiratory diseases and tends
to be associated with the severity of
the disease. How the upper
respiratory tract microbiota is
associated with prognosis in
COVID-19 is unclear.

What This Study Adds to the
Field: This study demonstrates that
the composition and dynamics of the
oropharyngeal microbiota were
significantly correlated with
mortality in COVID-19. A higher
abundance of Streptococcus on
admission predicts a
better prognosis.

Author Contributions: L.R., B.C., Jianwei Wang, and M.L. conceived of and designed the project; Yeming Wang, X.L., G.F., L.G., H.L., and X.Z.
contributed to patient recruitment and management and collection of specimens and clinical data; L.R., Y.X., Jie Li, L.G., Q.L., Jizhou Li, L.D.,
C.W., Ying Wang, J.R., X.W., Jianbin Wang, and Y.H. conducted the laboratory work and metatranscriptome sequencing; J.Z., J.Y., Z.S., L.K.,
L.S., and L.Z. conducted the bioinformatics and statistical analysis. M.L., Jianwei Wang, and B.C. wrote the manuscript. All authors contributed
to the interpretation of the data and revision of the manuscript and approved the final version. M.L., L.R., and J.Z. had full access to all of the
data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis.

Correspondence and requests for reprints should be addressed to Mingkun Li, Ph.D., Beijing Institute of Genomics, Chinese Academy of
Sciences, No. 1-104, Beichen West Road, Chaoyang District, Beijing 100101, China. E-mail: limk@big.ac.cn.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

ORIGINAL ARTICLE

1380 American Journal of Respiratory and Critical Care Medicine Volume 204 Number 12 | December 15 2021

mailto:limk@big.ac.cn
https://doi.org/10.1164/rccm.202109-2226ED
http://www.atsjournals.org


Correlation between categorical metadata
was calculated by Cramer’s V test.
Permutational multivariate ANOVA
(PERMANOVA) and envfit functions were
used to determine the host factors
associated with the microbial community
and evaluate the similarity between
microbiotas. For the permutation test, the
P value was calculated based on 2,000
permutations. Fisher exact tests and Mann-
Whitney U tests were used to compare
categorical variables and continuous
variables, respectively. Multiple
comparisons were corrected by the false
discovery rate algorithm, and a cutoff value
of 0.05 was applied. All statistical analysis
was implemented in RStudio (22).

Additional methods are provided in an
online supplement.

Results

Microbiota Composition in the Upper
Respiratory Tract of Patients with
COVID-19
Metatranscriptome sequencing, which
targets RNA from both the microbial
community and human genes, was
conducted on 588 consecutive oropharyngeal
swab specimens (OPs) collected from 192
patients with severe COVID-19 (Figure 1A,
Figure E1A in the online supplement, and
Table 1). For comparison, OPs were collected
from 95 healthy individuals without any
pulmonary diseases in the community from
the same geographic region in April 2020.
Deionized water was used as the negative
control (NC), which was processed following
the same protocol as for clinical samples.
Details of the sequencing are described in the
online supplement.

Bacteria accounted for 97.02% of the
microbial reads in the OPs of the patients
with COVID-19, followed by fungi (2.76%),
viruses (0.22%), and archaea (0.001%).
Specifically, SARS-CoV-2 accounted for
0.003% of all microbial reads
(0.0002–0.05%). The microbial community
was mainly composed of Streptococcus,
Veillonella, and other known commensal
microbes in COVID-19 and HC samples
(Figure 1B), which could be assigned into 11
microbial clusters represented by distinct
dominant microbes (see details in the online
supplement). In contrast, the composition of
NC was more homogeneous and consisted of
Escherichia, Cutibacterium, and

Acinetobacter, which were rarely present in
OP samples (Figure E1B).

The overall microbial composition was
different between patients with COVID-19
and HCs (R2 = 0.05, P, 0.001 on
admission; R2 = 0.04, P, 0.001 before
discharge/death; PERMANOVA test)
(Figure 1C). Veillonella, Actinomyces, and
Rothia were significantly enriched in
patients with COVID-19, whereas
Streptococcus, Capnocytophaga, and the
other eight genera were more abundant in
HCs (Figure E1C). However, because of
the differences in the age, sex, and disease
state between the two groups, the
differentially abundant microbes were not
necessarily specifically associated with
COVID-19. Notably, the microbiota in
deceased patients significantly differed from
that in recovered patients after adjusting
for all covariables, which was more
remarkable before discharge/death
(R2 = 0.04, P, 0.001 on admission;
R2 = 0.10, P, 0.001 before discharge/
death). Resampling tests confirmed that the
differences in microbiota diversity between
different subgroups were not artifacts due
to uneven sample sizes (Figure E1D).

Association between the Upper
Respiratory Tract Microbiota
and Mortality
Samples were then analyzed at two critical
time points, admission and discharge/death,
which refer to the time that the first sample
was collected within the first 2 days after
admission and the time that the last sample
was collected within 1 week before discharge/
death, respectively. Among various
demographic and clinical features, mortality
was the only feature significantly associated
with the microbiota at both time points
(Table 2). Besides, the use of high-grade
antibiotics (drug list is shown in Table E1)
was associated with the microbiota before
discharge/death. Moreover, we found that
both age and the severity on admission
(severity-A) showed an interaction effect
with mortality and tended to explain some
variation in the microbiota composition
before discharge/death (P, 0.05). After
taking this interaction effect out, the
association between mortality and
microbiota was still significant (P, 0.01).

Generalized additive model for location,
scale, and shape (GAMLSS) regression
analysis identified Streptococcus as the most
enriched microbe in the recovered group on
admission (Figure 2A and Figure E2A),

which was also true before discharge/death
but was ranked behind a low abundant genus
Atopobium (0.0014 [0.0001–0.0054])
(Figure 2B and Figure E2B). The enrichment
of Streptococcus had been further confirmed
by linear discriminant analysis effect size
(LEfSe) analysis (Figures E2C and E2D) but
cannot be verified by multiple linear
regression when controlling for all covariates
on admission (adjusted P value [Padj] = 0.14
on admission; Padj, 0.05 before discharge/
death), suggesting possible confounding
effects.

To further investigate microbes
associated with disease progression, Cox
regression was conducted on mortality-
associated genera selected by GAMLSS on
admission together with all demographic
and clinical covariates. Finally, three
variables were selected as best predictors,
including age and the abundance of two
genera (Streptococcus and Serratia) (Figure
E2E). Kaplan-Meier survival analysis
confirmed that the abundances of these
two bacteria were significantly associated
with the mortality risk (Figure 2C).
Moreover, we built a classifier based on L1
regularized logistic regression model to
distinguish the recovered and deceased
patients on admission. The best
performance was achieved with three
variables (Figure 2D). Streptococcus was the
only microbe with a nonzero coefficient
besides age and severity-A (area under the
curve [AUC]=0.877) (see more
performance metrics in Table E2). The
classifier based merely on Streptococcus had
an AUC of 0.689 (Table E2), indicating
that the abundance of Streptococcus on
admission was correlated with the clinical
outcome.

In contrast, Enterococcus and Candida
were recognized as the most enriched genera
in deceased patients by GAMLSS and LEfSe
analysis before discharge/death, but not on
admission (Figures 2A, 2B, and E2A–E2D).
Analysis at the species level confirmed
Candida albicans and Enterococcus faecium
as the only species in the aforementioned
two genera that enriched in deceased patients
(Figures E3A and E3B).

Association between the Abundance
of Streptococcus Parasanguinis
and Mortality
The abundance of Streptococcus was
higher in the recovered group at all time
points except Day 21 (P, 0.01)
(Figure 3A) and remained stable during
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the hospitalization (admission vs.
discharge/death, P = 0.19). In contrast,
the abundance of Streptococcus was
marginally decreased over time in the
deceased group (P = 0.095). Also, the
case mortality rate (CMR) declined

dramatically with the increased
abundance of Streptococcus, and this
trend was more evident before
discharge/death (Figure 3B).

Among all species belonging to
Streptococcus, S. parasanguinis showed the

greatest fold change between recovered and
deceased patients (14.7-fold on admission
and 229-fold before discharge/death)
(Figures E3C and E3D) and assigned with
the lowest odds ratio by GAMLSS analysis
(Figure E3A). Meanwhile, the L1 regularized
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Figure 1. Project design and overview of the upper respiratory tract microbiota. (A) The design of the study. (B) Relative abundance of the 10
most abundant genera in coronavirus disease (COVID-19) and healthy controls (HC). The genera whose abundances in both groups were not
significantly higher than negative control (NC) were discarded. The genera were ordered by their abundance in COVID-19. Genera significantly
enriched in patients with COVID-19 and HC were labeled in purple and green, respectively. The inverted triangle indicates the genus whose
abundance was not significantly higher than that in NC. The boxes represent 25th–75th percentiles, the horizontal lines indicate the median, and
the whiskers were drawn from the box to the extremes (values that were lower/greater than first/third quartile minus/plus 1.5 times the
interquartile range were regarded as outliers). (C) Principal coordinate analysis plot of samples at the genus level on admission (left) and before
discharge/death (right). R2 calculated by permutational multivariate ANOVA when adjusting age and sex is shown in the figure, and all P values
were less than 0.001. PCoA=principal coordinate analysis.
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logistic regression method identified S.
parasanguinis abundance as the primary
variable associated with CMR, followed by
Streptococcus sp. oral taxon 431 (Figure E3E
and Table E2). Kaplan-Meier survival
analysis confirmed S. parasanguinis as a
candidate marker for prognosis prediction
but not for Streptococcus sp. oral taxon 431
(Figure 3C).

We then examined whether any
confounding factors were involved in the
association between the abundance of S.
parasanguinis on admission and
mortality. First, we found that mortality
was the only factor associated with the
abundance of S. parasanguinis among all
variables (Padj, 0.05). Second,
multivariate logistic regression analysis
confirmed that the abundance of S.

parasanguinis as well as age and severity-
A were independently correlated with
mortality (Table 3). However, considering
that there were many possible species
associated with mortality (31 species as
revealed by GAMLSS analysis), the
adjusted P value became insignificant after
multiple testing corrections despite the
fact that the P value for S. parasanguinis
was the lowest among all species
(Padj = 0.060).

Intriguingly, the degree of correlation
between the abundance of S.
parasanguinis and mortality was greater in
patients with less severe symptoms on
admission (P = 0.080 and 0.010 in patients
with a severity score of 3 and 4,
respectively) (Figure 3D). Specifically,
97.3% (36/37) of patients with a high

abundance of S. parasanguinis (.10%)
and 93.75% (60/64) of patients with an
intermediate abundance of S.
parasanguinis (.1%) on admission in the
less severe group recovered, resulting in a
CMR of 6.25%. In contrast, patients with
negligible S. parasanguinis (,0.1%)
suffered a higher CMR of 35% (7/20)
(odds ratio, 7.8; 95% CI, 1.7–42.0;
P, 0.01). Consequently, the predictive
power of S. parasanguinis was stronger in
the less severely ill patients compared with
that in all patients (AUC, 0.754 vs. 713)
(Table E2). Of note, patients with a
severity score of 5 on admission showed
the highest CMR (76.9%), which agreed
with the observation that a higher severity
score on admission itself was a risk factor
for mortality (Table 3).

Table 1. Characteristics of the Study Population

All Patients
(N=192)

Recovered
(N=153)

Deceased
(N=39)

Healthy Controls†

(N=95)

Age, median (IQR), yr* 58 (49–68) 56 (46–65) 67 (60–74) 47 (33–61)
Sex, M, n (%) 114 (59) 87 (57) 27 (69) 38 (40)
Lopinavir–ritonavir treatment, n (%) 95 (49) 80 (52) 15 (38) N/A
Severity-A, n (%)*
3: no supplemental oxygen 27 (14) 22 (14) 5 (13) N/A
4: supplemental oxygen 137 (71) 122 (80) 15 (38) N/A
5: nasal high-flow oxygen/invasive mechanical ventilation 28 (15) 9 (6) 19 (49) N/A

Corticosteroid, n (%)* 65 (34) 39 (25) 26 (67) N/A
Comorbidity, n (%)* 110 (57) 80 (52) 30 (77) N/A
Duration of antibiotic use, median (IQR), d 11 (7–14) 11 (6–14) 10 (7–15) N/A
High-grade antibiotics, n (%)* 43 (22) 16 (10) 27 (69) N/A

Definition of abbreviations: IQR= interquartile range; N/A=not available; Severity-A=severity on admission.
*Characteristics that significantly differed between recovered patients and deceased patients.
†Healthy controls were volunteers from the community in the same city. Only sex and age were collected.

Table 2. Association between the Upper Respiratory Tract Microbiota Composition and Metadata in Patients with COVID-19

Admission Discharge/Death

R2 P Value R2 P Value

Mortality 0.026 0.005 0.024 0.002
Age 0.011 0.219 0.008 0.168
Sex 0.006 0.593 0.004 0.571
Corticosteroid 0.006 0.633 0.003 0.807
Severity-A 0.015 0.508 0.017 0.100
Lopinavir–ritonavir 0.009 0.314 0.002 0.957
Comorbidity 0.004 0.828 0.004 0.539
Antibiotics* 0.011 0.184 0.008 0.166
High-grade antibiotics 0.012 0.250 0.019 0.008

Definition of abbreviations: COVID-19=coronavirus disease; Severity-A= severity on admission.
R2, which represents the proportion of variance explained by the factor, and the P value were calculated by permutational multivariate ANOVA
analysis. P values below 0.05 are in bold.
*Duration of antibiotic use (0 if no antibiotics were taken).
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Figure 2. The associations between the upper respiratory tract microbiota and mortality. Genera that are associated with different metadata
identified by generalized additive model for location, scale, and shape analysis are shown in (A) (on admission) and (B) (before discharge/
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Codetection of Pathogens in the
Upper Respiratory Tract of Patients
with COVID-19
We then screened all samples for 58
common respiratory pathogens (Table E3).
Overall, 21.9% of patients had at least one
pathogen besides SARS-CoV-2, and the
proportion of patients with pathogens was
higher in deceased patients than that in
recovered patients (48.7% vs. 15.0%,
P, 0.001). Also, the number of pathogens
was significantly higher in deceased patients
than in recovered patients (0 [0–1] vs. 0
[0–0], P, 0.001). Specifically, Candida
albicans and Enterococcus faeciumwere more
prevalent in deceased patients than in

recovered patients and HCs (Figure 4A).
Notably, these two species’ abundances on
admission were relatively low and similar
between recovered and deceased patients but
remarkably increased during hospitalization
in deceased patients (Figures 4B and 4C),
suggesting secondary infections.

Virus coinfection was rare. Human
alphaherpesvirus 1 and rhinovirus A were
detected with more than 50 reads in 10
samples from three deceased patients and
five recovered patients, and 1 sample from a
recovered patient, respectively. Other
possible viral coinfections included influenza,
enterovirus, etc., which were revealed by less
than 50 reads (Table E3).

Dynamics of the Upper Respiratory
Tract Microbiota in Patients with
COVID-19
The magnitude of microbiota change in
deceased patients was higher than that in
recovered patients and tended to increase
over time (P= 0.10) (Figure 5A). A similar
trend was observed when using the Bray-
Curtis distance to HC (Figure 5B).
Strikingly, the distance to HC increased in
deceased patients over time but tended to
decline in the recovered group (Figure 5B).
Specifically, Streptococcus and Schaalia
were the two genera whose abundances
were significantly approaching the level in
HC during hospitalization (Figures E4A
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Figure 2. (Continued). multivariate Cox regression coefficients. The cutoff to classify the patients as the high-score group and the low-score
group was selected as the risk score that resulted in the highest area under the curve (AUC) (see details in the online supplement). Log-rank
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Table 3. Logistic Regression Analysis of Variables Associated with Mortality

Univariate OR (95% CI) P Value Multivariate OR (95% CI) P Value

S. parasanguinis, relative abundance 0.30 (0.13–0.66) 0.004 0.09 (0.02–0.38) 0.002
Sex (M vs. F) 1.70 (0.79–3.84) 0.185 1.93 (0.53–7.93) 0.333
Age 1.08 (1.04–1.12) <0.001 1.12 (1.06–1.21) 0.001
Lopinavir–ritonavir (yes vs. no) 0.50 (0.23–1.05) 0.071 0.59 (0.16–2.02) 0.399
Severity-A (4 vs. 3) 0.56 (0.20–1.87) 0.312 0.56 (0.11–3.14) 0.485
Severity-A (5 vs. 3) 11.73 (3.26–49.99) <0.001 19.56 (2.38–243.84) 0.010
Antibiotics* 0.79 (0.31–1.93) 0.608 0.98 (0.26–3.65) 0.980
Corticosteroid (yes vs. no) 5.78 (2.68–12.92) <0.001 1.8 (0.3–10.05) 0.504
Comorbidity (with vs. without) 3.09 (01.37–7.68) 0.009 0.97 (0.21–4.31) 0.964

Definition of abbreviations: CI = confidence interval; OR=odds ratio; S. parasanguinis =Streptococcus parasanguinis; severity-A= severity on
admission.
P values below 0.05 are in bold.
*Duration of antibiotic use. High-grade antibiotics were not included in the analysis as only one patient took high-grade antibiotics before sampling.
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and E4B). Moreover, multivariate linear
regression results indicated that multiple
variables were correlated with the
microbiota change besides mortality
(Table E4).

Of note, the distance from the recovered
group to HC before discharge was still
significantly greater than that within HC
(Figure 5B), indicating that the URT
microbiota was not restored at discharge.
The dynamics of the URTmicrobiota had
also been analyzed as transitions between
different CSs. The results are shown in the
online supplement.

Association between Immune
Response and the Microbiota
The interaction between humanmicrobiota
and host immune homeostasis has been
extensively investigated (23, 24). To explore
the correlation between OPmicrobiota and
human immune status in patients with
COVID-19, we have quantified the level of
27 cytokines and chemokines using the
plasma of patients with COVID-19.
Meanwhile, the concentration of white blood
cells (WBCs), neutrophils (NEUs),
lymphocytes (LYMs), and procalcitonin and
erythrocyte sedimentation rate were
retrieved from clinical records. First, we
found that the concentration of multiple
cytokines was positively correlated with
mortality on admission and before
discharge/death (Figures 6A and 6B),
indicating enhanced immune response in
deceased patients. Furthermore, the

concentration ofWBCs, NEUs, and IL-6
significantly increased after admission in
deceased patients (Figure 6C), suggesting
that exacerbated and prolonged
inflammation might result in poor outcomes
in patients with COVID-19. Meanwhile,
decreased LYM proportion was observed in
deceased patients, supporting it as a possible
biomarker for predicting the disease severity
of COVID-19 (25).

Multiple host factors were associated
with the diversity of OPmicrobiota. The
concentration of IL-1b, IL-6, IL-8, MCP-1,
and IL-1ra showed significant correlations
with themicrobiota on admission (Figure 6D),
andmost of these cytokineswere upregulated
in deceased patients.Meanwhile, the
concentration ofNEUs,WBCs, IL-8, and
LYMswas significantly correlatedwith the
microbiota before discharge/death (Figure 6E).
Notably, the former three factors were
inversely correlatedwith LYMs regarding their
correlations with themicrobiota.

We then looked further into the
correlation between host factors and
individual microbes. A positive
correlation was observed between the
abundance of Strepcococcus species and
LYMs on admission (Figure 6F),
whereas the concentration of WBCs and
NEUs increased in patients with higher
abundances of Klebsiella pneumonia and
Candida albicans before discharge/death
(Figure 6G). Additionally, the abundance
of Enterococcus faecium was positively
correlated with the concentration of

multiple cytokines. Collectively, we
found that the immune response varied
between deceased and recovered patients
at different stages of the hospitalization.
The correlation between the
concentration of immune cells and
cytokines and OP microbiota suggested
possible host–microbe interactions.
Hence, the association between
microbiota and mortality might be
mediated by the host immune response.

Additional results of validation of S.
parasanguinis, virome, clustering, microbial
network, and microbial functionality analysis
are included in the online supplement.

Discussion

In this study, we have demonstrated the
features and dynamics of the URT
microbiota and its association with mortality
in patients with COVID-19. The
metatranscriptomic analysis was conducted,
which provided a real-time snapshot of the
microbiota. Moreover, it allows the analysis
of RNA viruses and host transcriptome (26).

The URTmicrobiota of COVID-19
was partially distinguishable from the HC
(Figure 1C), indicating disrupted URT
microbiota in some patients with COVID-19
(17, 18). However, the dispersive distribution
of URTmicrobiota in COVID-19 suggested
no definitive alteration associated with
SARS-COV-2 infection, which follows the
“Anna Karenina principle” that dysbiotic
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microbiotas vary in different forms and are
more diverse than that in healthy individuals
(27). The URTmicrobiota of deceased
patients showed a distinct composition
compared with that of the HC and recovered
patients, and the discrepancy was more
significant when the collection time was
closer to discharge/death, suggesting that the
extent of the microbiota dysbiosis might be
correlated with the severity of the disease.
However, this may also reflect that deceased
patients were administered with more broad-
spectrum antibiotics and/or invasive
procedures, which can greatly affect the
microbiota (28).

The pharyngeal swab is an easily
accessible sample that is routinely collected
for the diagnosis of respiratory infection.
Besides the use for the detection of
pathogens (29), URTmicrobiota has been
associated with the susceptibility to
respiratory infections and bronchiolitis, as
well as symptom severity and clinical
outcome (30–34). Our results showed a
remarkable correlation between URT
microbiota on admission and mortality in
patients with COVID-19, indicating its
potential as a prognostic biomarker and/or
an index to screen for patients who are more
likely to become critically ill. Notably, instead
of microbial diversity, various metrics
revealed Streptococcus as the only candidate
genus associated with prognosis.

Streptococcus is one of the most
abundant genera inhabiting the respiratory
tract in a healthy population (26, 35, 36).
The depletion of Streptococcus might
represent a dysbiosis state of the URT
microbiota, which may result from the
introduction and overgrowth of competing
microbes, enhanced immune response to
SARS-CoV-2 infection, or use of antibiotics
(37, 38). The immune imbalance scenario
was supported by the increased level of
cytokines in deceased patients and its
significant correlation with microbiota
variation (Figure 6). The heightened

immune responses induced by the viral
infection could potentially alter respiratory
microbiota, whereas the latter could further
modulate the local immune response
(39–41). Meanwhile, although no
significant difference in the abundance of
potential pathogens was observed between
deceased patients and recovered patients
on admission (Figures 4B and 4C), the
concentration of procalcitonin was
significantly higher in deceased patients
(0.13 [0.08–0.33] vs. 0.05 [0.05–0.05] ng/
ml; P, 0.001) (Figure 6A), suggesting
possible coinfections or secondary
infections in deceased patients on
admission. Furthermore, no correlation was
observed between the use of antibiotics and
microbiota on admission (Table 2), which
may be because of the short duration of
antibiotic use. In contrast, the use of
antibiotics (including high-grade
antibiotics) was associated with the
alteration of the URT microbiota during
hospitalization (Table E4). However, we
did not find a significant correlation
between the abundance of Streptococccus
and the use of antibiotics after adjusting
for other covariates. Nevertheless, a
dysbiotic microbiota may diminish the
colonization resistance against pathogens
and predispose a patient to a secondary
infection, thus leading to poor prognosis,
which agrees with our observation that
microbiota with a high abundance of
Streptococcus were more stable and
resistant to coinfection or secondary
infection and had a lower mortality rate.

There are some limitations to our study.
First, although pharyngeal microbiota can
potentially serve as a proxy for the lower
respiratory tract (LRT) microbiota (42), an
investigation of the lung microbiota would
be more valuable to reveal the
host–microbiome interactions in COVID-19.
Unfortunately, it is difficult to collect serial
LRT samples owing to practicalities and
safety concerns (43). Second, many

confounding factors related to the severity of
the disease could potentially influence the
URTmicrobiota, including the use of
antibiotics, diet, and intubation. Although
multivariate regression analysis had been
applied, we cannot fully control for the
confounding effect because of the limited
sample size and unavailability of some data.
However, this should have little impact on
the analysis of the microbiota on admission
as the medical intervention was limited
before being admitted to the hospital. Third,
the cohort only includes patients with severe
COVID-19, whereas the mild and
asymptomatic patients may display distinct
features. Fourth, our study is a single-center
study. It is unclear whether the findings
could be generalized to other populations,
particularly considering that URT
microbiota could be influenced by
geography, host genetics, and medication
(36, 44). Finally, the time from symptom
onset to the recruitment of the patients was
10 days; thus, it is unknown when the initial
change of URTmicrobiota occurred.

Conclusions
Our study has characterized the features and
dynamics of the URTmicrobiota and its
association with mortality in COVID-19,
suggesting that URTmicrobiota on
admission was significantly associated with
the prognosis. Notably, no causality can be
inferred from the associations we observed,
and some of the associations might be related
to unmeasured confounders that need to be
explored further. Additional studies are
needed to unveil the underlying mechanisms
responsible for the associations and validate
the findings in other cohorts.�
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