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Objectives: Coronavirus disease-19 (COVID-19)/influenza poses unprecedented
challenges to the global economy and healthcare services. Numerous studies have
described alterations in the microbiome of COVID-19/influenza patients, but further
investigation is needed to understand the relationship between the microbiome
and these diseases. Herein, through systematic comparison between COVID-19
patients, long COVID-19 patients, influenza patients, no COVID-19/influenza
controls and no COVID-19/influenza patients, we conducted a comprehensive
review to describe the microbial change of respiratory tract/digestive tract in
COVID-19/influenza patients.

Methods: We systematically reviewed relevant literature by searching the
PubMed, Embase, and Cochrane Library databases from inception to August 12,
2023. We conducted a comprehensive review to explore microbial alterations
in patients with COVID-19/influenza. In addition, the data on a-diversity were
summarized and analyzed by meta-analysis.

Results: A total of 134 studies comparing COVID-19 patients with controls and 18
studies comparing influenza patients with controls were included. The Shannon
indices of the gut and respiratory tract microbiome were slightly decreased in
COVID-19/influenza patients compared to no COVID-19/influenza controls.
Meanwhile, COVID-19 patients with more severe symptoms also exhibited a
lower Shannon index versus COVID-19 patients with milder symptoms. The
intestinal microbiome of COVID-19 patients was characterized by elevated
opportunistic pathogens along with reduced short-chain fatty acid (SCFAs)-
producing microbiota. Moreover, Enterobacteriaceae (including Escherichia and
Enterococcus) and Lactococcus, were enriched in the gut and respiratory tract
of COVID-19 patients. Conversely, Haemophilus and Neisseria showed reduced
abundance in the respiratory tract of both COVID-19 and influenza patients.

Conclusion: In this systematic review, we identified the microbiome in COVID-19/
influenza patients in comparison with controls. The microbial changes in influenza
and COVID-19 are partly similar.
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1 Introduction

Coronavirus disease-19 (COVID-19), a global pandemic caused by
the novel coronavirus severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), poses unprecedented challenges to both the world
economy and healthcare services (1). Contrary to initial public
optimism, COVID-19 appears to be accompanied by influenza for an
extended period of time. COVID-19 patients generally manifest with
fever, cough, dyspnea and gastrointestinal symptoms (2). Research has
demonstrated that symptoms of the gastrointestinal tract may precede
respiratory symptoms (3, 4). However, the underlying pathogenic
mechanisms and factors influencing COVID-19 remain unclear.
Furthermore, understanding the similarities and differences between
influenza and COVID-19 is crucial as they may interact or coexist.
Several factors have been identified to affect the severity and mortality
rate of COVID-19 patients (5, 6), with the microbiome emerging as a
significant environmental factor requiring urgent investigation.

The human microbiome represents a complex microecosystem that
plays a vital role in maintaining health. Various microbes interact and
grow together in healthy individuals, forming a strict symbiotic
relationship (7, 8). Owing to the specificity of microbial niches, the
composition and function of microorganisms vary according to
different parts of the human body, such as the gastrointestinal tract,
skin, and airway (9). Microorganisms are currently considered to
be associated with the development and progression of various diseases.

While severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) primarily targets the respiratory tract. However, through several
pathways characterized by enhanced intestinal epithelial-expressed
angiotensin-converting enzyme 2 (ACE2) receptor, transmembrane
protease serine 2 (TMPRSS2), and TMPRSS4, the gastrointestinal tract
can also be infected with SARS-COV-2 (10, 11). Extensive research has
demonstrated a dysbiotic microbiome in COVID-19 patients compared
to no COVID-19 controls/influenza. Through 16S ribosomal RNA
(rRNA) sequencing of the gut microbiome, Gu et al. found that
COVID-19 patients were characterized by decreased o diversity
compared to healthy controls, whereas showed increased Shannon index
when compared with HIN1 patients (12). Moreover, metagenomic
sequencing results revealed that several pharyngeal microbiomes were
positively related to severe COVID-19 patients and elevated systemic
inflammation markers, including Klebsiella spp. and Acinetobacter spp.
(13). Meanwhile, COVID-19 patients, especially severe patients,
exhibited a lower Shannon index compared with influenza B patients
(13). A recent study reported a partially restored gut and throat swab
microbiome of COVID-19 patients during hospitalization, although at a
slower rate (14). Nevertheless, consistent robust findings have not been
reported thus far. Moreover, the differences and similarities between
influenza, a common respiratory infectious disease that currently breaks
out frequently, and COVID-19 remain incompletely understood.
Therefore, a systematic review of existing reports on the microbial
change in COVID-19/influenza is critical.

2 Methods
2.1 Search strategy

On February 9, 2023, we retrieved the Embase, Cochrane Library,
and PubMed databases to screen case—control studies on the
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microbiome of COVID-19/influenza patients. On August 12, 2023,
we performed an update search on the database. The keywords
included “Microbiome (MeSH)” or “Microbiota” or “Microbial
Community” or “Microbial Community Composition” or “Flora” or
“Microflora” AND “COVID-19 (Mesh)” or “Coronavirus Disease
2019” or “SARS-CoV-2” or “COVID-19 Pandemic” “Microbiome
(MeSH)” or “Microbiota” or “Microbial Community” or “Microbial
Community Composition” or “Flora” or “Microflora” and “Influenza
Human (MeSH)” or “Human Influenzas” or “Influenza” or
“Influenzas” or “Human Flu” or “Flu, Human” or “Human Influenza”
or “Influenza in Humans” or “Influenza in Human” or “Grippe.”

2.2 Selection criteria for research articles

The inclusion criteria were: (1) an observational study that
investigated microbial differences in COVID-19/influenza patients
compared with controls, and influenza-like illness patients were also
included; (2) collected digestive tract samples (fecal and colonic
tissue) or respiratory tract samples (lung, nasopharyngeal swabs,
tongue coating and oropharyngeal swab samples); (3) human studies;
and (4) English language. Studies were excluded if they (1) did not
provide the required microbiome data; and (2) were conference
abstracts, comments, or reviews.

2.3 Choice of outcome

First, the main outcome was the comparison of microbial species
(operational taxonomic units (OTUs), other taxonomic entities) in
COVID-19/influenza patients versus controls. Then, data on microbial
diversity (@ and B diversity) were collected. The primary statistical
tables were classified into five types, according to previous studies.
Including (1) studies collecting digestive tract samples or respiratory
tract samples from COVID-19/influenza patients compared with no
COVID-19/influenza controls. (2) studies collecting digestive tract
samples or respiratory tract samples from recovered COVID-19
patients compared with no COVID-19 controls. (3) studies collecting
digestive tract samples or respiratory tract samples from Long
COVID-19 patients compared with no COVID-19 controls. (4)
Studies comparing digestive tract samples or respiratory tract samples
from COVID-19 patients compared with more severe symptoms
versus controls (e.g., severe group versus mild group, COVID-19
groups versus recovered groups). (5) Studies comparing COVID-19
patients with other disease patients. Differences were considered
statistically significant at p <0.05.

Two researchers (X.J.C. and D.D.S.) independently conducted
research selection based on initial screening of title and abstract,
followed by a full-text review of eligible articles. Any disputes were
resolved through consultation with a third researcher (L.G.). Two
researchers (X.J.C. and M.H.Z.) independently extracted the data
using a preset template.

A descriptive literature synthesis was performed to determine
changes in microbial abundance. Data on a diversity (e.g.,
observed species, Shannon index, Simpson diversity index, inverse
Simpson index, and Chaol index) were collected for the meta-
analysis. The standardized mean differences (SMDs) and 95%
confidence interval between COVID-19/influenza patients and
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controls were calculated using an inverse-variance random-effects
meta-analysis. DerSimonian-Laird estimator was used to quantify
the inter-study heterogeneity, which was interpreted based on the
I* statistic. The median and 75% confidence intervals were
collected to convert to mean and standard deviation, as previously
described (15). When studies only provided statistical graphs, the
required data was extracted from the graphs using WebPlot
Digitizer V.4.42 (16). In cases where studies compared several
subgroups (e.g., mild, moderate, severe, and decreased groups)
with the same control, the number of control group was evenly
into several groups, and the means and standard deviations
remained unchanged, while the means and standard deviations
remained unchanged. Effect size was classified as small
(SMD =0.2), moderate (SMD =0.5), or large (SMD =0.8). The
heterogeneity among studies was calculated using the I* statistic,
with I* >50% was considered high heterogeneity. Meanwhile,
other information including publication year, participant
demographics and methodology was also extracted. Subgroup
analyses and meta-regression based on several aspects (regional
distribution, age group, and type of individuals) of the included
participants were performed.

2.4 Quality assessment

The quality of the included studies was evaluated using the
Newcastle-Ottawa Scale (NOS), a validated tool for assessing the
quality of nonrandomized studies in systematic reviews.

For the changes in microbial abundance, we divided them into the
following types according to certain rules. (1) Increased or decreased
from one comparative group (at least three studies reported); and (2)
inconsistent changes were defined as <75% comparative groups
reported concordance with the findings.

3 Results
3.1 Study selection

Initially, 8,686 articles (2,919 articles involving influenza and
5,767 articles including COVID-19) were searched and 2,617 articles
were excluded for repetition. Finally, 149 articles (131 involving
COVID-19, 15 involving influenza, 3 articles involving COVID-19
and influenza patients) were identified (Figure 1).

3.2 Characteristics of included studies

The characteristics of the selected studies are shown in
Supplementary Tables S1, S2. In total, this study encompassed 134
articles investigating COVID-19 along with 18 articles examining
influenza. Among 134 articles involving COVID-19, 38 articles
collecting gut samples and 57 articles collecting respiratory tract
samples compared COVID-19 patients (n =4,787) with no COVID-19
controls (n =3,815). 13 articles collecting gut samples and five articles
collecting respiratory tract samples compared recovered COVID-19
patients (n =647) with no COVID-19 controls (n =678). Three articles
collecting gut samples and one article collecting respiratory tract
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samples compared long COVID-19 patients (1 =195) with no
COVID-19 controls (n =150). 22 articles collecting gut samples and
11 articles collecting respiratory tract samples compared COVID-19
patients with more severe symptoms (n =1,425) versus controls
(n =1,544). Seven articles collecting gut samples and 13 articles
collecting respiratory tract samples compared COVID-19 patients
(n =828) with no COVID-19 patients (n =609). Among 18 articles
involving COVID-19, four articles collecting gut samples and 14
articles collecting respiratory tract samples compared influenza
patients (n =1,617) with no influenza controls (n =1,036).

3.3 a diversity

3.3.1 a diversity in studies collecting gut samples

The « diversity serves as a comprehensive indicator that reflects
the richness and evenness of community structure, encompassing key
indices such as the Shannon index, Simpson index, Chaol index,
and ACE.

When COVID-19 patients were compared with no COVID-19
controls, the pooled estimate indicated that the Shannon index of the
intestinal microbiota was significantly reduced in patients with
COVID-19 (SMD =—0.97 [95% CI=—1.67, —0.28], p <0.01, inverse-
variance, random-effect, I =91%) (Figure 2). However, no significant
difference was observed in the Simpson diversity index for the
COVID-19 group [SMD=—1.33 [95% Cl=-3.37, 0.71], p <0.01,
inverse-variance, random-effect, I* =97% (Supplementary Figure S1)].
In terms of richness, no significant differences in the observed species
(SMD=-1.63 [95%CI=-4.12, 0.87], p <0.01, inverse-variance,
random-effect, P =96%) and Chaol (SMD=-1.92
[95%CI=—4.93, 1.08], p <0.01, inverse-variance, random-effect,
P =97%) COVID-19 patients
(Supplementary Figure S1). When recovered COVID-19 patients were

index

were observed in the
compared with no COVID-19 controls, the Shannon index was
significantly decreased in patients with recovered COVID-19
(SMD=-1.21 [95% CI=-2.24, —0.19], p <0.01, inverse-variance,
random-effect, I* =96%). Furthermore, when comparing COVID-19
patients with more severe symptoms to controls, patients with more
severe COVID-19 exhibited a slightly lower effect size of Shannon
index [SMD=-0.35 [95%CI=-0.57, —0.12], p <0.01, inverse-
variance, random-effect, > =59% (Figure 2)]. When COVID-19
patients were compared with no COVID-19 patients, mainly including
patients with other respiratory symptoms, such as flu or pneumonia,
the Shannon index showed no significant difference (SMD=0.24
[95%CI=-0.37, 0.85], p <0.01, I* =81%, inverse-variance, random-
effect). Regarding influenza, only three studies provided data on the
Shannon index. Influenza patients had a lower effect size with high
heterogeneity [SMD =—3.37 [95%CI = —6.29, —0.45], p <0.01, inverse-
variance, random-effect, I> =96% (Figure 2)].

3.3.2 a diversity in studies collecting respiratory
tract samples

When COVID-19 patients were compared to no COVID-19
controls, as for index reflecting evenness, an overall small effect size
of the Shannon index was also observed in COVID-19 patients
[SMD =—0.42 [95%CI =—0.77, —0.06], p <0.01, > =90%, inverse-
variance, random-effect (Figure 3)]. No significant differences in the
Simpson diversity index (SMD=-0.65 [95%CI=-1.41, 0.11],
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The flowchart of articles selection for inclusion in this systematic review.

Chuetal. 10.3389/fmed.2024.1301312
Records identified through database Additional records identified
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Q
L=
=
Q
=
c Records after duplicates removes
5 (n=6069)
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Records screened > Records excluded(n=5634)
;‘.__%: - Y Full-text articles excluded with
:-a Full-tex.t e.irt.xf:les assessed for | carefully reviewed(n=286)
) eligibility(n=435) 7| n=126 conference Abstract, review
or comment
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v n=39 duplicates
i n=56 not about microbiome
% Articles included in qualitative
k=) synthesis(n=149)
FIGURE 1

p <0.01, * =94%, inverse-variance, random-effect) and Simpson’s
reciprocal index (SMD =0.05 [95%CI=—0.13, 0.23], p =0.54, > =0%,
inverse-variance, random-effect) were observed in the COVID-19
patients (Supplementary Figure S1). As for richness, the observed
species (SMD=—0.93 [95%CI=—0.73, —0.12], p <0.01, P> =95%,
inverse-variance, random-effect) was decreased, whereas Chaol
(SMD=—1.01 [95%CI=—2.45, 0.43], p <0.01, P> =96%, inverse-
variance, random-effect) showed no significant difference in
COVID-19 patients (Supplementary Figure S1). the Shannon index in
recovered COVID-19 patients had no significant change versus no
COVID-19 controls (SMD=0.96 [95% CI=-0.35, 2.27], p <0.01,
inverse-variance, random-effect, I> =95%). COVID-19 patients with
more severe symptoms had a lower effect size on the Shannon index
than ~ COVID-19  patients  with  milder  symptoms
[SMD =—-0.64[95%CI=—1, —0.29], p <0.01, P =80%, inverse-
variance, random-effect (Figure 3)]. When COVID-19 patients were
compared with no COVID-19 patients, the Shannon index showed no
significant difference (SMD =-0.32 [95%CI=-0.75, 0.11], p <0.01,
I =83%, inverse-variance, random-effect). When comparing
influenza patients with no influenza control, the influenza patients
exhibited lower Shannon index (SMD=-1.01 [95%CI=-1.96,
—0.07], p <0.01, I* =96%, inverse-variance, random-effect).
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3.3.3 Subgroup analysis and sensitivity analysis

To further explore the source of inter-study heterogeneity affecting
the gut and respiratory microbiome of COVID-19 patients,
we performed further subgroup analyses and meta-regression based
on several aspects (regional distribution, age group, and type of
individuals) of the included participants. However, the subgroup
analyses and meta regression seem not to explain the source of the
mutation (Supplementary Figures S2, S3; Supplementary Tables S3, S$4).
Sensitivity analysis was performed by sequentially excluding
individual studies to assess both heterogeneity sources and result
stability. Nevertheless, the result did not change substantially (I?
ranged from 81.3 to 90.4 in the respiratory tract and 80.7 to 91.6 in
the gut).

3.4 B diversity

In studies collecting gut samples, the vast majority of studies
reported altered microbial p diversity in the case group versus the
control group (16/17 articles for the comparison group of COVID-19
vs. no COVID-19 controls, 5/6 articles for the comparison group of
recovered COVID-19 vs. no COVID-19 controls, 10/13 articles for the
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Forest plots of Shannon index in the gut microbiota of patients with COVID-19/influenza patients. SD, standard deviation; Cl, confidence interval.

21/ COVID v 0 COVID cont,Repitory e sample, Shamon indes 23.COVID v 0 COVID s, Rspirory ot s, Shsmon e

Experimental Control ‘Standardised Mean Weight  Weight
oy T et Smidnd e sty Tt o0 Toul Mo 50 [ WO et commen) (andom)
— o 2o 2 2e o om pmem s e
e Maio 2020 & A G = an Man Liv 2021 9 328 00900 6 333 02700 26 1.30; 27% 68%
4 103 12500 1o 229 05%0 e Miter 2021 53 427 06400 59 398 06700 207% 104%
Braun 2021 32 408 05200 2 364 10200 [~ Rhoades 2021 6 318 13400 21 332 10500 122% 9.9%
Nagy-Szakal 2021 2 276 0800 2 250 0380 [~ Xiong 2021 11505 07000 11 533 04600 % 8%
Enon2021 o s w0 1w S g 2210 M 3@ ome % 3w o - wowam
Gao 2021 “® 2z 06600 o4 362 0300 = Znang 20215 14 102 1.1000 3 300 13100 —_— 6% 8%
Swazait bed ofo ;o Ak s 20220 2 200 170 26 127 1 —— o% 9
Owhaz2id %26 oo oz 0T - Rotanaburi 20220 24 200 17700 24 130 08500 —=— se% 04w
FamiTuinzizte 0 St otem 3 om oo S e uoam a1 o el
"""m:xx:" f: ;: ?ﬁ: : ;“ ";: = Xie 2023 38 115 1000 26 193 06500 - 082 (134030 108% %
:::'2:‘;2“" 2: ;:; :mo |; ;:‘ :;;: - mmm 208 2% __— 019 (036,002  1000% -
Nardeli 2021 18 1 447 03200 -3 Hetercgenety: = 83%, ¢ = 04203, p <001 T T
Ng2021 197162 04100 108 165 03700 1 o '
Renacet1 o e E
R 021 o s vew
Rosonezt % s oo A [
o021 o am omo s ]
R 0214 Wt oweo s -
S it W e oo 4 .
Smith 20210 11 141 0.1000 4 — Erpostmentel Gontond
o Bk ome 4 = suey Yol M S Toul Mem S
o2 o oaw reme w .
et 5 om ome ® ; Voo 2021 sose e e 4w
e HA S prin % dw onw w am oo
Py jregi e — o2 W oam omo  u am ome
o ool L Owiz022< @ oae oo u s ane
oo o pagein D 2 oo 2 2a vawo
otz jed P W v ouo 8 s oue
G2 oo ° et B iw e em ose
Snpss 222 Freinn Gnzuiza 0 i sow w sw ome
Pt oot . Gnaoizs 02 vem 2 em omee
Maboidanzz  z aw onw 15 = soenzoz2 o aw ram o 2m ome
Rt 2622 S e g Rt 222 Wodw oomo ® @ ome
Rocatont 2022:0 a7 264 0700 126 19 521 0400 88 536 02900
i PSR pageens W 4w omo m a% omo
swa o s omo - G Somioatzse  § 140 om0 s e oo
‘Shits 2022-2 27 741 45700 7 — 027 (056 1.11) o 17% Lavios Semalo 20235 18 182 0200 103 163 03600
s zizzs o s 7 - o (amisol  om  im
‘Shits 2022 15 195 98100 7 t— 066 (027; 158 o6% 7% Ovmmenefoctmedel 00 d ool pedve R ] -
Zacharias 2022 1397 0] “ 4 027 (107 052) o8% 17% Pmdom elfosts moded [ am - s
7 st o0 40 L oz Pro T Wm0, £ £ 01,5 <001 . 1 1 s
Memnsozs o oo 4 - o e
prvatocst » s ome  w oar oo
e 20235 W odm omo . ~ brd prog
et o i o 4 o e
Wiz N s orwe 3 o oot
Sy 2025 o e ome ¥ o Jro
jressiiand “ e ome ¥ § on ool R ——
nzizea o an oome 3 o e
Knaizss o 2w o pe e Ecperimenat Gontet —— [r——
e % aw omo 1 L o e sty Toal WS Toul Mem %D Otarncs WO 9t (commn) (e
Ling 20235 51 305 06100 15 036 15% 18%
e P Woow oo 1 B o o uznre o am e 1 4 o o pasam s s
et 0255 o to e L oo T e uzirs B G tow s 4w owe ; e
Nt o u oo et e 2% oswe i o7 oueo P
preent b i o - pregiprupe ool resiiy %o i awm o o ouee profie
Wit @ et % te rem P
Commonetctmetel 213 20 on rewom  wom - Wenzoies B dm oo . e e g
Raniom et mode oa (o a0 " oo Yoz “ iw vem @ ew ome e
Heterogenety. 1 = 90%, = 1.7697, Qin 20200 21 402 10000 12 439 17600 32% 2%
d - ° s A Qin 20200 31333 14100 12 439 17600 35% 2%
P Resmaiz0224 W om ose @ zem omeo W lioten e em
Ecermerl conte Sunduind hon e Retrabui 20225 M om ome i am omeo 2w fswae am em
suy Yot on Toat o 50 oy WO 9960t (commen ot Retaabaizz2 24 126 0800 M 291 0% T mam e
oz % 1 om0 3 1o as 20 faeiam e e
oo 28211 7 oo o are 3 o Gz Boim oomm e e owe G o om i em
vy u s aom W on o : am Uz e oww w2 o aio [0 om e ew
Dotz D G% oww w eu e oor o ozos @ i dem @ s s 3 lomom s am
B oS oowm # s: oue o et
Conmn tctmodel 44 o ax omez  woow -
Gommontctmasel 105 = 4 n tossosn  wom Random s mode Tor psmaon o ook
Random effects model 096 [0.35;227) - Heterogenety: 1= 96%, ¢ = 3.5997. p < 0.01
Noumpt e e 125 001 T
FIGURE 3
Forest plots of Shannon index in the respiratory microbiota of patients with COVID-19/influenza patients. SD, standard deviation; Cl, confidence
interval.

Frontiers in Medicine 05 frontiersin.org


https://doi.org/10.3389/fmed.2024.1301312
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Chuetal.

comparison group of COVID-19 with severer symptoms vs.
COVID-19 with milder symptoms, 5/5 articles for the comparison
group of COVID-19 vs. no COVID-19 patients, 3/3 articles for the
comparison group of influenza vs. no influenza controls).

Similarly, in studies collecting respiratory tract samples, most
studies reported altered microbial p diversity in the case group versus
the control group (25/34 articles for the comparison group of
COVID-19 vs. no COVID-19 controls, 3/4 articles for the comparison
group of recovered COVID-19 vs. no COVID-19 controls, 8/9 articles
for the comparison group of COVID-19 with severer symptoms vs.
COVID-19 with milder symptoms, 8/8 articles for the comparison
group of COVID-19 vs. no COVID-19 patients, 9/9 articles for the
comparison group of influenza vs. no influenza controls).

3.5 The abundance differences of
microbiome

3.5.1 The abundance differences of microbiome
in COVID-19 patients comparing with controls

In studies collecting gut samples and comparing COVID-19
patients with no COVID-19 controls, Bacteroidia (class), Bacteroidales
(order), Actinomyces, Akkermansia, Eggerthella, Enterococcus,
Escherichia, Fusobacterium, Lactobacillus, Phascolarctobacterium,
Staphylococcus, Streptococcus were considered enriched in COVID-19
patients as established rules. Clostridia (class), Clostridiales (order),
Rikenellaceae (family), Anaerostipes, Coprococcus, Dialister, Dorea,
Faecalibacterium, Fusicatenibacter, Roseburia, Romboutsia and
Ruminococcus were less abundant in patients with COVID-19.
Flavonifractor was increased in recovered COVID-19 patients. In
studies comparing COVID-19 patients with more severe symptoms
versus controls, Enterococcus was enriched in COVID-19 patients with
more severe symptoms, whereas Fusicatenibacter were less abundant
in COVID-19 patients with more severe symptoms (Figure 4;
Supplementary Tables S5, S7).

In studies collecting respiratory tract sample, when comparing
COVID-19 patients versus no COVID-19 controls, Enterobacteriaceae
(family), Lactobacillus, Lautropia, Stenotrophomonas and Veillonella
was enriched in COVID-19 patients, Fusobacteriaceae (family),
Aggregatibacter, Alloprevotella, Butyrivibrio, Gemella, Haemophilus,
Lactococcus, Neisseria, Oribacterium and Treponema were decreased
in COVID-19 patients. Moreover, Lactobacillus, Megasphaera, and
Pseudomonas were considered to be increased in influenza patients.
Haemophilus, Neisseria, Prevotella were less abundant in patients with
influenza (Figure 4 and Supplementary Tables S5, S7).

4 Discussion

This study focused on investigating the gut and respiratory tract
microbiome of patients with COVID-19 and influenza. Additionally, a
comprehensive analysis was conducted to explore the variations in
microbiome among COVID-19 patients with different disease severities.
The key findings of this study were as follows: (1) The Shannon index
was more likely to decrease in patients with COVID-19/influenza versus
no COVID-19/influenza controls. Meanwhile, The Shannon index of
the gut and respiratory tract samples was also more likely to decrease in
COVID-19 patients with more severe symptoms. (2) Most studies
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reporting B-diversity showed altered p-diversity in COVID-19/influenza
patients. (3) In terms of specific microbial abundance changes, the
intestinal microbiome of COVID-19 patients was characterized by
elevated opportunistic pathogens along with reduced short-chain fatty
acid (SCFAs)-producing microbiota. Similarly, both COVID-19 and
influenza patients showed increased levels of Lactobacillus while
experiencing reduced levels of Haemophilus and Neisseria within their
respiratory tracts.

In this meta-analysis, the Shannon index of COVID-19/influenza
patients was reduced versus no COVID-19/influenza controls, which is
consistent with the results of previous researches (17, 18). Furthermore,
when comparing COVID-19 patients with non-COVID-19 patients
primarily presenting other respiratory symptoms such as flu and
pneumonia, the Shannon index showed no significant difference.
Meanwhile, the microbial abundance changes in COVID-19 and
influenza were partially similar. The above evidence indicates that the
microbial structure of COVID-19 is more likely to be similar to
influenza. Several articles have described the microbial structures in
COVID-19 patients compared to influenza patients, however, there
were no consistent changes in these studies. Rattanaburi et al. employed
16S sequencing to conduct a comparative analysis of the upper
respiratory tract microbiota in patients afflicted with influenza and
COVID-19, the Shannon diversity index in influenza A and B groups
exhibited a significantly lower level compared to that observed in
non-influenza and COVID-19 groups (19). Opposite findings were
obtained from another study employing metagenomic sequencing, the
species-level alpha-diversity of the oropharyngeal microbiota is
significantly reduced in COVID-19 patients compared to influenza
patients, particularly among critically ill individuals with COVID-19
(13). Notably, both diseases share similarities including targeting
respiratory epithelium cells and exhibiting similar symptoms (20, 21).
Given their global impact as mainstream respiratory diseases affecting
billions of people worldwide (22), it is crucial to enhance our
understanding of differential diagnosis and distinctions between
COVID-19 and influenza. However, the current understanding of
SARS-CoV-2 and influenza remains inadequate. In the future,
researchers need to further explore the underlying mechanisms. For
example, whether consider microbial regulation methods such as fecal
transplantation to treat influenza, COVID-19 and the long-term
symptoms they cause in the future treatment strategy.

In this study, the respiratory and intestinal microbiomes of
COVID-19 patients displayed distinct changes in microbial abundance.
The intestinal microbiome is characterized by rising opportunistic
pathogens (Enterococcus, Escherichia, Eggerthella, Fusobacterium) (23—
25) and relatively diminished short-chain fatty acid (SCFAs) -producing
microbiota (Anaerostipes, Coprococcus, Faecalibacterium, Roseburia)
(26, 27). Interestingly, three studies reported increased Flavonifractor in
recovered COVID-19 patients versus no COVID-19 controls.
Flavonifractor is generally considered a butyrate-producing microbiota
(27), suggesting potential improvement in the gut microbiome during
recovery from COVID-19. Pseudomonas, as an opportunistic pathogen
with drug resistance (28), was found to be enriched in the respiratory
tract of patients with influenza.

It is worth noting that Enterobacteriaceae (including Escherichia
and Enterococcus), as opportunistic pathogens, were not only enriched
in the gut and respiratory tract of COVID-19 patients, but also in the
gut of severe COVID-19 patients. Enterococcus is one of the most
important pathogens causing healthcare associated infections (29).
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FIGURE 4
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patients.

Recent research has revealed the gene expression of platelet
aggregation and neutrophil degranulation was positively related to
Enterococcus faecalis (30), especially in patients with severe COVID-
19, suggesting potential involvement of the microbiome in COVID-19
progression. Furthermore, Enterococcus exhibits resistance to several
commonly used antimicrobials (31), which may impede the recovery
process of COVID-19 patients. Several SCFAs-producing microbiota
were reduced in the gut of COVID-19 patients. Meanwhile, research
has demonstrated that even after recovery from COVID-19, the
depletion of SCFA-producing microbiota remains sustained (32).
Depletion of SCFA-producing microbiota has been associated with
various diseases including inflammatory bowel disease, depression,
and rheumatoid arthritis (33-35). SCFAs are microbial metabolites
with anti-inflammatory effects. The infection of SARS-CoV-2 may
lead to disturbances in the intestinal environment, and eventually
destroy the living environment of other symbiotic bacteria (27).
Haemophilus is a common pathogen in human (36), although several
studies have reported reduced Haemophilus in the respiratory tract of
patients with COVID-19 and influenza. However, Haemophilus
influenzae, a resident microbiome within the upper respiratory tract
capable of causing secondary respiratory infections, is more likely to
be increased in the respiratory tract of COVID-19 patients (37). The
future necessitates further investigation into the underlying factors of
changes in Haemophilus by researchers.

The upper respiratory tract and lower respiratory tract
demonstrated similar microbial structures; one hypothesis is that the
pathogenic microorganisms in oropharyngeal secretions may “micro
aspirate” into the lungs (38, 39). Disturbances in the balance between
migration and elimination of the lung microbiome during lung
disease can lead to alterations in its composition, with bacteria
possessing a competitive advantage becoming dominant. The
epithelial barrier of the gut prevents the invasion of pathogenic

Frontiers in Medicine

07

microorganisms and helps maintain tolerance to food antigens; it may
also be involved in systemic and pulmonary immune functions. Once
compromised, microbes can migrate to the bloodstream or lungs,
triggering sepsis or acute respiratory distress syndrome (40, 41).
Meanwhile, some metabolites of gut microbiota in digestion, including
SCFAs, can affect the human immune system, which in turn can
control inflammation in the lungs. Accumulating evidence
underscores the interplay and connection between the gut and lungs
known as the gut-lung axis (42-44).

The composition and functional homeostasis of the human
microbiota play a crucial role in maintaining and regulating normal
immune function as well as combating infections (45, 46). The
microbiome between the respiratory tract and gut exists in complex
interactions. First, SARS-CoV-2 infection can induce lung tissue
damage and trigger cytokine storms by promoting pro-inflammatory
pathways such as NF-kB and TNF pathways (47-49). On the other
hand, intestinal infection can lead to direct damage to the intestinal
structure, further causing inflammation, and eventually leading to the
disorder of gut and respiratory microbiota (50). In the gut and
respiratory tract of COVID-19 patients, the absence of beneficial
bacteria or the overgrowth of opportunistic pathogens may exacerbate
the inflammatory response in the body, leading to the exacerbation
of symptoms.

This study has several limitations. First, the lack of data on
microbial diversity and abundance changes in numerous studies
hinders the acquisition of robust conclusions. Additionally, there is
currently no consistent standard for defining severe and mild
COVID-19 patients in each articles. However, considering the
necessity of investigating the microbial differences in COVID-19
patients with different severity, we extracted microbiome data from
people with more severe symptoms (for example, Severe group, ICU
group, and deceased group) versus patients with milder symptoms
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(for example., mild group, no ICU group, and live group). In future
research endeavors, it is imperative to explore microbial changes
across different levels of COVID-19 severity. Long-term cohorts are
also in urgent need of investigating microbial changes and potential
influencing mechanisms during recovery, particularly given the
growing attention to the issue of ‘long COVID-19. Moreover, the
meta-analysis exhibits a high degree of heterogeneity, which may
impact the robustness of the conclusions. High heterogeneity is a
common problem in current microbiome-related meta-analyses, not
only in COVID-19, but also in other diseases (16). The elevated
heterogeneity could be attributed to various factors such as variations
in sequencing methods employed across studies and unavailability of
raw data within any included studies. Despite employing multiple
approaches to explore the sources of heterogeneity, satisfactory results
were not obtained. Finally, we are not clear about the potential impact
of drugs (antibiotics and proton pump inhibitors) and other
demographic factors on the microbiome throughout the entire process
of onset and recovery.

5 Conclusion

In this comprehensive review and meta-analysis, our results
demonstrated the microbial composition of COVID-19 patients may
be similar with influenza patients, manifested as declining Shannon
index and similar microbial abundance change. After clearing the
disease state, some SCFA-producing microbiota may be partially
restored after clearance of SARS-CoV-2. Moreover, COVID-19 with
different severity exhibits distinct microbial construction.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

X-JC: Data curation, Methodology, Writing - original draft.
D-DS: Data curation, Methodology, Writing - original draft. M-HZ:

References

1. Mcgowan VJ, Bambra C. COVID-19 mortality and deprivation: pandemic,
syndemic, and endemic health inequalities. Lancet Public Health. (2022) 7:E966-75. doi:
10.1016/S2468-2667(22)00223-7

2. Huang C, Wang Y, Li X, Ren L, Zhao ], Hu Y, et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497-506. doi:
10.1016/S0140-6736(20)30183-5

3. Song Y, Liu P, Shi XL, Chu YL, Zhang J, Xia ], et al. SARS-CoV-2 induced diarrhoea
as onset symptom in patient with COVID-19. Gut. (2020) 69:1143-4. doi: 10.1136/
gutjnl-2020-320891

4. Tian Y, Sun KY, Meng TQ, Ye Z, Guo SM, Li ZM, et al. Gut microbiota may not
be fully restored in recovered COVID-19 patients after 3-month recovery. Front Nutr.
(2021) 8:638825. doi: 10.3389/fnut.2021.638825

5. Gao XH, Guo Q, Wu JB, Gong L, Chen F, Hou S, et al. Clinical and epidemiological
characteristics of 47 minor cases with COVID-19 in Anhui Province in 2020 [J]. Anhui
J Prev Med. (2021) 27:386-9. doi: 10.19837/j.cnki.ahyf.2021.05.014

Frontiers in Medicine

10.3389/fmed.2024.1301312

Data curation, Methodology, Writing - original draft. X-ZC: Formal
analysis, Validation, Writing - original draft. NC: Formal analysis,
Data curation, Writing - original draft. ML: Formal analysis, Project
administration, Writing - original draft. B-ZL: Conceptualization,
Investigation, Writing — review & editing. S-HL: Software, Writing —
original draft. SH: Software, Writing — review & editing. J-BW: Formal
analysis, Writing — review & editing. LG: Investigation, Writing —
review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Emergency research project of novel
coronavirus infection of Anhui province (2022¢07020071) and
Research funds of Center for Big Data and Population Health of
THM (JKS2022023).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2024.1301312/
full#supplementary-material

6. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical characteristics of 138
hospitalized patients with 2019 novel coronavirus-infected pneumonia in Wuhan,
China. JAMA. (2020) 323:1061-9. doi: 10.1001/jama.2020.1585

7. The Human Microbiome Project Consortium. Structure, function and diversity
of the healthy human microbiome. Nature. (2012) 486:207-14. doi: 10.1038/
naturel1234

8. Dominguez-Bello MG, Godoy-Vitorino F, Knight R, Blaser MJ. Role of the
microbiome in human development. Gut. (2019) 68:1108-14. doi: 10.1136/
gutjnl-2018-317503

9. Young VB. The role of the microbiome in human health and disease: an
introduction for clinicians. BM]J. (2017) 356:J831. doi: 10.1136/bmj.j831

10. Zang R, Gomez Castro ME, Mccune BT, Zeng Q, Rothlauf PW, Sonnek NM,
et al. Tmprss2 and Tmprss4 promote SARS-CoV-2 infection of human small
intestinal enterocytes. Sci Immunol. (2020) 5:eabc3582. doi: 10.1126/sciimmunol.
abc3582

frontiersin.org


https://doi.org/10.3389/fmed.2024.1301312
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2024.1301312/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2024.1301312/full#supplementary-material
https://doi.org/10.1016/S2468-2667(22)00223-7
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1136/gutjnl-2020-320891
https://doi.org/10.1136/gutjnl-2020-320891
https://doi.org/10.3389/fnut.2021.638825
https://doi.org/10.19837/j.cnki.ahyf.2021.05.014
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1038/nature11234
https://doi.org/10.1038/nature11234
https://doi.org/10.1136/gutjnl-2018-317503
https://doi.org/10.1136/gutjnl-2018-317503
https://doi.org/10.1136/bmj.j831
https://doi.org/10.1126/sciimmunol.abc3582
https://doi.org/10.1126/sciimmunol.abc3582

Chuetal.

11. Ziegler CGK, Allon SJ, Nyquist SK, Mbano IM, Miao VN, Tzouanas CN, et al.
SARS-CoV-2 receptor Ace2 is an interferon-stimulated gene in human airway epithelial
cells and is detected in specific cell subsets across tissues. Cell. (2020) 181:1016-1035.e19.
doi: 10.1016/j.cell.2020.04.035

12.Gu S, Chen Y, Wu Z, Chen Y, Gao H, Lv L, et al. Alterations of the gut microbiota
in patients with coronavirus disease 2019 or H1nl influenza. Clin Infect Dis. (2020)
71:2669-78. doi: 10.1093/cid/ciaa709

13.Ma S, Zhang E, Zhou E, Li H, Ge W, Gan R, et al. Metagenomic analysis reveals
oropharyngeal microbiota alterations in patients with COVID-19. Signal Transduct
Target Ther. (2021) 6:191. doi: 10.1038/s41392-021-00614-3

14. Wu Y, Cheng X, Jiang G, Tang H, Ming S, Tang L, et al. Altered oral and gut
microbiota and its association with SARS-CoV-2 viral load in COVID-19 patients
during hospitalization. NPJ Biofilms Microbiomes. (2021) 7:61. doi: 10.1038/
§41522-021-00232-5

15. Wan X, Wang W, Liu ], Tong T. Estimating the sample mean and standard
deviation from the sample size, median, range and/or interquartile range. BMC Med Res
Methodol. (2014) 14:135. doi: 10.1186/1471-2288-14-135

16. Wang Y, Wei ], Zhang W, Doherty M, Zhang Y, Xie H, et al. Gut dysbiosis in
rheumatic diseases: a systematic review and meta-analysis of 92 observational studies.
EBioMedicine. (2022) 80:104055. doi: 10.1016/j.ebiom.2022.104055

17. Cheng X, Zhang Y, Li Y, Wu Q, Wu ], Park SK, et al. Meta-analysis of 16s rRNA
microbial data identified alterations of the gut microbiota in COVID-19 patients during
the acute and recovery phases. BMC Microbiol. (2022) 22:274. doi: 10.1186/
$12866-022-02686-9

18. Tan L, Zhong MM, Liu Q, Chen Y, Zhao YQ, Zhao J, et al. Potential interaction
between the oral microbiota and COVID-19: a meta-analysis and bioinformatics prediction.
Front Cell Infect Microbiol. (2023) 13:1193340. doi: 10.3389/fcimb.2023.1193340

19. Rattanaburi S, Sawaswong V, Chitcharoen S, Sivapornnukul P, Nimsamer P,
Suntronwong N, et al. Bacterial microbiota in upper respiratory tract of COVID-19 and
influenza patients. Exp Biol Med. (2022) 247:409-15. doi: 10.1177/15353702211057473

20. Manzanares-Meza LD, Medina-Contreras O. SARS-CoV-2 and influenza: a
comparative overview and treatment implications. Bol Med Hosp Infant Mex. (2020)
77:262-73. doi: 10.24875/BMHIM.20000183

21. Piroth L, Cottenet J, Mariet AS, Bonniaud P, Blot M, Tubert-Bitter P, et al.
Comparison of the characteristics, morbidity, and mortality of COVID-19 and seasonal
influenza: a nationwide, population-based retrospective cohort study. Lancet Respir Med.
(2021) 9:251-9. doi: 10.1016/S2213-2600(20)30527-0

22. Gao YD, Ding M, Dong X, Zhang JJ, Kursat Azkur A, Azkur D, et al. Risk factors
for severe and critically ill COVID-19 patients: a review. Allergy. (2021) 76:428-55. doi:
10.1111/all.14657

23. Brennan CA, Garrett WS. Fusobacterium Nucleatum - symbiont, opportunist and
oncobacterium. Nat Rev Microbiol. (2019) 17:156-66. doi: 10.1038/s41579-018-0129-6

24. Dong X, Guthrie BGH, Alexander M, Noecker C, Ramirez L, Glasser NR, et al.
Genetic manipulation of the human gut bacterium Eggerthella Lenta reveals a
widespread family of transcriptional regulators. Nat Commun. (2022) 13:7624. doi:
10.1038/541467-022-33576-3

25. Xiong X, Tian S, Yang P, Lebreton F, Bao H, Sheng K, et al. Emerging Enterococcus
pore-forming toxins with MHC/HLA-I as receptors. Cell. (2022) 185:1157-1171.e22.
doi: 10.1016/j.cell.2022.02.002

26. Riviére A, Selak M, Lantin D, Leroy E, De Vuyst L. Bifidobacteria and butyrate-
producing Colon Bacteria: importance and strategies for their stimulation in the human
gut. Front Microbiol. (2016) 7:979. doi: 10.3389/fmicb.2016.00979

27.Vital M, Karch A, Pieper DH. Colonic butyrate-producing communities in
humans: an overview using omics data. Msystems. (2017) 2:e00130-17. doi: 10.1128/
mSystems.00130-17

28. Llamas MA, Imperi E, Visca P, Lamont IL. Cell-surface signaling in pseudomonas:
stress responses, Iron transport, and pathogenicity. FEMS Microbiol Rev. (2014)
38:569-97. doi: 10.1111/1574-6976.12078

29. Rasmussen M, Johansson D, Sébirk SK, Mérgelin M, Shannon O. Clinical isolates
of Enterococcus Faecalis aggregate human platelets. Microbes Infect. (2010) 12:295-301.
doi: 10.1016/j.micinf.2010.01.005

Frontiers in Medicine

09

10.3389/fmed.2024.1301312

30. Xu X, Zhang W, Guo M, Xiao C, Fu Z, Yu S, et al. Integrated analysis of gut
microbiome and host immune responses in COVID-19. Front Med. (2022) 16:263-75.
doi: 10.1007/s11684-022-0921-6

31. Van Tyne D, Gilmore MS. Friend turned foe: evolution of Enterococcal virulence
and antibiotic resistance. Annu Rev Microbiol. (2014) 68:337-56. doi: 10.1146/annurev-
micro-091213-113003

32.Zhang F, Wan Y, Zuo T, Yeoh YK, Liu Q, Zhang L, et al. Prolonged impairment of
short-chain fatty acid and L-isoleucine biosynthesis in gut microbiome in patients with
COVID-19. Gastroenterology. (2022) 162:548-561.e4. doi: 10.1053/j.gastro.2021.10.013

33. Chu XJ, Cao NW, Zhou HY, Meng X, Guo B, Zhang HY, et al. The oral and gut
microbiome in rheumatoid arthritis patients: a systematic review. Rheumatology. (2021)
60:1054-66. doi: 10.1093/rheumatology/keaa835

34. Machiels K, Joossens M, Sabino J, De Preter V, Arijs I, Eeckhaut V, et al. A decrease
of the butyrate-producing species Roseburia Hominis and Faecalibacterium Prausnitzii
defines dysbiosis in patients with ulcerative colitis. Gut. (2014) 63:1275-83. doi: 10.1136/
gutjnl-2013-304833

35. Sanada K, Nakajima S, Kurokawa S, Barceld-Soler A, Ikuse D, Hirata A, et al. Gut
microbiota and major depressive disorder: a systematic review and meta-analysis. J
Affect Disord. (2020) 266:1-13. doi: 10.1016/j.jad.2020.01.102

36. Norskov-Lauritsen N. Classification, identification, and clinical significance of
Haemophilus and Aggregatibacter species with host specificity for humans. Clin
Microbiol Rev. (2014) 27:214-40. doi: 10.1128/CMR.00103-13

37. Hallstrom T, Riesbeck K. Haemophilus influenzae and the complement system.
Trends Microbiol. (2010) 18:258-65. doi: 10.1016/j.tim.2010.03.007

38. Dickson RP, Huffnagle GB. The lung microbiome: new principles for respiratory
bacteriology in health and disease. PLoS Pathog. (2015) 11:E1004923. doi: 10.1371/
journal.ppat.1004923

39. Segal LN, Clemente JC, Tsay JC, Koralov SB, Keller BC, Wu BG, et al. Enrichment
of the lung microbiome with oral taxa is associated with lung inflammation of a Th17
phenotype. Nat Microbiol. (2016) 1:16031. doi: 10.1038/nmicrobiol.2016.31

40. Abrahamsson TR, Jakobsson HE, Andersson AFE Bjorkstén B, Engstrand L,
Jenmalm MC. Low gut microbiota diversity in early infancy precedes asthma at school
age. Clin Exp Allergy. (2014) 44:842-50. doi: 10.1111/cea.12253

41. Dickson RP, Singer BH, Newstead MW, Falkowski NR, Erb-Downward JR,
Standiford TJ, et al. Enrichment of the lung microbiome with gut Bacteria in Sepsis and
the acute respiratory distress syndrome. Nat Microbiol. (2016) 1:16113. doi: 10.1038/
nmicrobiol.2016.113

42. Bingula R, Filaire M, Radosevic-Robin N, Bey M, Berthon JY, Bernalier-Donadille
A, et al. Desired turbulence? Gut-lung axis, immunity, and lung cancer. ] Oncol. (2017)
2017:5035371. doi: 10.1155/2017/5035371

43. Marsland BJ, Trompette A, Gollwitzer ES. The gut-lung axis in respiratory disease.
Ann Am Thorac Soc. (2015) 12:5150-6. doi: 10.1513/AnnalsATS.201503-133AW

44. Ver Heul A, Planer J, Kau AL. The human microbiota and asthma. Clin Rev Allergy
Immunol. (2019) 57:350-63. doi: 10.1007/s12016-018-8719-7

45. Kelly D, Conway S, Aminov R. Commensal gut bacteria: mechanisms of immune
modulation. Trends Immunol. (2005) 26:326-33. doi: 10.1016/j.it.2005.04.008

46. Tappenden KA, Deutsch AS. The physiological relevance of the intestinal
microbiota — contributions to human health. ] Am Coll Nutr. (2007) 26:679S-83S. doi:
10.1080/07315724.2007.10719647

47. Kircheis R, Haasbach E, Lueftenegger D, Heyken WT, Ocker M, Planz O. Nf-Kb
pathway as a potential target for treatment of critical stage COVID-19 patients. Front
Immunol. (2020) 11:598444. doi: 10.3389/fimmu.2020.598444

48. Matheson NJ, Lehner PJ. How does SARS-CoV-2 cause COVID-19? Science.
(2020) 369:510-1. doi: 10.1126/science.abc6156

49. Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a key
role for monocytes and macrophages. Nat Rev Immunol. (2020) 20:355-62. doi: 10.1038/
541577-020-0331-4

50. Guo Y, Luo R, Wang Y, Deng P, Song T, Zhang M, et al. SARS-CoV-2 induced
intestinal responses with a biomimetic human gut-on-chip. Sci Bull. (2021) 66:783-93.
doi: 10.1016/j.5¢ib.2020.11.015

frontiersin.org


https://doi.org/10.3389/fmed.2024.1301312
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.cell.2020.04.035
https://doi.org/10.1093/cid/ciaa709
https://doi.org/10.1038/s41392-021-00614-3
https://doi.org/10.1038/s41522-021-00232-5
https://doi.org/10.1038/s41522-021-00232-5
https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.1016/j.ebiom.2022.104055
https://doi.org/10.1186/s12866-022-02686-9
https://doi.org/10.1186/s12866-022-02686-9
https://doi.org/10.3389/fcimb.2023.1193340
https://doi.org/10.1177/15353702211057473
https://doi.org/10.24875/BMHIM.20000183
https://doi.org/10.1016/S2213-2600(20)30527-0
https://doi.org/10.1111/all.14657
https://doi.org/10.1038/s41579-018-0129-6
https://doi.org/10.1038/s41467-022-33576-3
https://doi.org/10.1016/j.cell.2022.02.002
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.1128/mSystems.00130-17
https://doi.org/10.1128/mSystems.00130-17
https://doi.org/10.1111/1574-6976.12078
https://doi.org/10.1016/j.micinf.2010.01.005
https://doi.org/10.1007/s11684-022-0921-6
https://doi.org/10.1146/annurev-micro-091213-113003
https://doi.org/10.1146/annurev-micro-091213-113003
https://doi.org/10.1053/j.gastro.2021.10.013
https://doi.org/10.1093/rheumatology/keaa835
https://doi.org/10.1136/gutjnl-2013-304833
https://doi.org/10.1136/gutjnl-2013-304833
https://doi.org/10.1016/j.jad.2020.01.102
https://doi.org/10.1128/CMR.00103-13
https://doi.org/10.1016/j.tim.2010.03.007
https://doi.org/10.1371/journal.ppat.1004923
https://doi.org/10.1371/journal.ppat.1004923
https://doi.org/10.1038/nmicrobiol.2016.31
https://doi.org/10.1111/cea.12253
https://doi.org/10.1038/nmicrobiol.2016.113
https://doi.org/10.1038/nmicrobiol.2016.113
https://doi.org/10.1155/2017/5035371
https://doi.org/10.1513/AnnalsATS.201503-133AW
https://doi.org/10.1007/s12016-018-8719-7
https://doi.org/10.1016/j.it.2005.04.008
https://doi.org/10.1080/07315724.2007.10719647
https://doi.org/10.3389/fimmu.2020.598444
https://doi.org/10.1126/science.abc6156
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1016/j.scib.2020.11.015

	Perturbations in gut and respiratory microbiota in COVID-19 and influenza patients: a systematic review and meta-analysis
	1 Introduction
	2 Methods
	2.1 Search strategy
	2.2 Selection criteria for research articles
	2.3 Choice of outcome
	2.4 Quality assessment

	3 Results
	3.1 Study selection
	3.2 Characteristics of included studies
	3.3 α diversity
	3.3.1 α diversity in studies collecting gut samples
	3.3.2 α diversity in studies collecting respiratory tract samples
	3.3.3 Subgroup analysis and sensitivity analysis
	3.4 β diversity
	3.5 The abundance differences of microbiome
	3.5.1 The abundance differences of microbiome in COVID-19 patients comparing with controls

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions

	References

