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Abstract
COVID-19 is characterized by a predominantly prothrombotic state, which underlies severe disease and poor outcomes. Imbal-
ances of the gut microbiome have been linked with abnormal hemostatic processes. Understanding the relationship between the 
gut microbiome and abnormal coagulation parameters in COVID-19 could provide a novel framework for the diagnosis and 
management of COVID-related coagulopathies (CRC). This cross-sectional study used shotgun metagenomic sequencing to 
examine the gut microbiota of patients with CRC (n = 66) and compared it to COVID control (CCs) (n = 27) and non-COVID 
control (NCs) (n = 22) groups. Three, 1, and 3 taxa were found enriched in CRCs, CCs, and NCs. Next, random forest models 
using 7 microbial biomarkers and differential clinical characteristics were constructed and achieved strong diagnostic potential in 
distinguishing CRC. Specifically, the most promising biomarker species for CRC were Streptococcus thermophilus, Enterococcus 
faecium, and Citrobacter portucalensis. Conversely, Enterobacteriaceae family and Fusicatenibacter genus are potentially protec-
tive against CRC in COVID patients. We further identified 4 species contributing to 20 MetaCyc pathways that were differentially 
abundant among groups, with S. thermophilus as the main coding species in CRCs. Our findings suggest that the alterations of 
gut microbiota compositional and functional profiles may influence the pathogenesis of CRC and that microbiota-based diagno-
sis and treatment could potentially benefit COVID patients in preventing and alleviating thrombosis-related clinical outcomes.
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Introduction

Coagulopathy is among the most prominent features 
of COVID-19 with a predominance of a prothrombotic 
state. The laboratory signature of COVID-19-associated 
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coagulopathy (CRC) includes elevated fibrinogen (FIB) 
levels, marked increases in D-dimer concentration, rela-
tively modest thrombocytopenia, and prolongation of the 
prothrombin time (PT) or/and activated thromboplastin time 
(APTT) [1, 2]. These distinct hematological features are 
found associated with disease severity and poor outcomes, 
and prophylactic and therapeutic anticoagulation therapies 
have been reported to improve the prognosis of COVID-19 
patients [3].

The gut microbiome plays important roles in host immune 
homeostasis, metabolism, infection, and hemostatic processes 
[4–7]. Serum gut microbiome-derived metabolites, namely 
trimethylamine N-oxide (TMAO) and phenylacetylglutamine 
(PAGln) have been established to be predictive of thrombotic 
cardiovascular diseases [8, 9]. Gut commensals could also 
influence platelet function [10], VWF synthesis [11], and 
Vitamin K2 metabolism [12]. When the gut epithelial barrier 
is impaired by stress such as inflammation and viral infection, 
gut microbes, microbial products (e.g., lipopolysaccharides 
[LPS]), and metabolites (e.g., TMAO) translocate into the 
portal and then systemic circulation with resultant bacteremia 
and endotoxemia and potentially disseminated intravascular 
coagulation (DIC) [13]. Gastrointestinal involvement is evi-
dent in COVID-19 patients [14]. Furthermore, significant 
alterations in gut microbiota composition and functional-
ity have been reported in previous studies, as well as their 
association with disease severity, dysfunctional immune 
responses, and impaired capacity for short-chain fatty acid 
(SCFA) and branched chain amino acid (BCAA) synthesis 
[15–17]. Therefore, it is possible that in SARS-CoV-2 infec-
tion, gut barrier and gut microbiome disruption work syner-
gistically with striking inflammatory response to promote the 
prothrombotic state [13, 18].

However, to the best of our knowledge, no study has investi-
gated the gut microbiome compositional and functional profiles 
related to CRC. Therefore, this work aims to map the gut micro-
biome profiles of COVID-19 patients with abnormal coagula-
tion parameters, examine their relationships, and evaluate the 
potential clinical discriminatory power of the discovered bacte-
rial biomarkers in predicting CRC.

Materials and methods

Study subject and fecal sample collection

This study was approved by the ethics committee of the 
Wuhan Union Hospital (NO. 0033), and all participants 
signed informed consent forms.

This study involved 93 patients with COVID-19 hospital-
ized with laboratory-confirmed SARS-CoV-2 infection and 22 
non-COVID individuals (non-COVID controls, NCs). SARS-
CoV-2 infection was diagnosed by reverse-transcriptase 

polymerase chain reaction (RT-PCR) assay using respiratory 
tract samples. The participating COVID-19 patients were 
admitted to the Wuhan Union Hospital from January to March 
2020. Additionally, NCs were otherwise healthy patients 
exhibiting respiratory symptoms who were confirmed with 
no COVID infection recruited from the hospital quarantine 
site in the same time period. COVID-19 disease severity was 
determined using the diagnostic criteria of the seventh edi-
tion of the Diagnostic and Treatment Protocol for COVID-19 
in China [19]. Participants’ clinical characteristics, includ-
ing demographic characteristics (age, gender), comorbidities 
(hypertension, diabetes, heart diseases, kidney diseases), GI 
symptoms (diarrhea, vomiting, and anorexia), and antibiotics/
probiotics use and nutrition support during hospital stay were 
collected from the medical records.

Fecal samples were collected during hospital stay 
(median 24, range 8–20 days after admission) and imme-
diately sent to the laboratory for inactivation at 95°C for 30 
min and then sent to the Wuhan Huada Gene Laboratory to 
test for metagenomics.

Analysis of coagulation profile

Blood samples were collected serially until patient discharge 
for evaluation of coagulation profiles using automated equip-
ment and standard methods. All laboratory tests, specifically, 
coagulation tests including PT, aPTT, FIB, and D-dimer, 
were done in the core laboratory of the Wuhan Union Hos-
pital with standard procedures.

Microbial profiling of fecal samples 
with metagenomic sequencing

The microbial community DNA was extracted using TIAN-
amp Stool DNA Kit (DP328, Tiangen Biotech) following 
the manufacturer’s instructions. The integrity of the DNA 
samples was analyzed via 2% (w/v) agarose gel electro-
phoresis. Subsequently, DNA libraries were constructed 
through the processes of end repairing, adding A to tails, 
purification, and PCR amplification using an Ion Torrent 
Proton Sequencer (Life Technologies, Carlsbad, California). 
Quality control of the DNA libraries was carried out using 
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, California) to assess the DNA concentration and frag-
ment size. Qualified DNA libraries were sequenced on the 
BGISEQ platform (MGI BGISEQ-50, BGI Wuhan Clinical 
Laboratories, BGI-Shenzhen, Wuhan 430074, China).

Raw sequence reads were filtered and quality-trimmed 
using Trimmomatic v0.39 as follows: (1) trimming low-
quality base (quality score < 20), (2) removing reads shorter 
than 35 base pairs, and (3) removing sequencing adapters. 
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Contaminating human reads were filtered using Kneaddata 
(reference database: GRCh38/hg38) with default parame-
ters. The microbial taxonomic and functional profiles were 
extracted using MetaPhlAn3 and HUMAnN3, respectively.

Bioinformatic analysis

Relative abundance data from MetaPhlAn3 were imported 
into R for downstream analysis. Alpha diversity was assessed 
using the Shannon diversity index. Beta diversity was esti-
mated by the Bray-Curtis distance and was visualized by prin-
cipal coordinate (PCoA) and non-metric multidimensional 
scaling (NMDS) analyses. Adonis test was used to assess 
overall microbiome structure differences between defined 
groups. Differential bacterial taxa across groups (COVID-
19 patients with abnormal coagulation parameters [CRCs], 
COVID-19 controls [CCs], NCs) were determined using linear 
discriminant analysis (LDA) effect size (LefSe) analysis based 
on an LDA score > 3.0. We used the multivariate association 
with linear models (MaAsLin) to further identify the associa-
tions between microbial features with abnormal coagulation 
profiles, controlling for clinical confounders. Biomarkers were 
finally identified as the overlapping taxa among LefSe and 
MaAsLin analysis results.

Based on differential taxa and clinical variables, ran-
dom forest classifiers were trained on data from the dis-
covery cohort. Five-fold cross-validation was used to 
evaluate the performance of the predictive model. In the 
cross-validation error curve, the number of variables at 
the lowest cross-validation error was used to construct the 
prediction model. We evaluated the discriminating efficacy 
of the sets of biomarkers in the discovery and validation 
cohort using the receiver operating characteristic (ROC) 
curve and calculated the multiclass area under the curve 
(AUC) to estimate the overall diagnostic value [20] and 
separate AUCs. In general, an AUC of 0.6 to 0.70 indi-
cates that the predictive ability of the model is poor, 0.7 to 
0.8 is considered acceptable, and 0.8 to 0.9 is considered 
excellent [21].

Statistical analysis

Continuous variables were described as mean values with 
standard deviation (SD), and categorical variables were 
described using frequencies with percentages. Student t-tests 
and chi-square tests were used to detect differences in clini-
cal characteristics among groups. The Kruskal-Wallis test 
and Wilcoxon rank-sum test were used for multiple-group 
and pairwise comparisons. The rank biserial correlation and 
point biserial correlation were used to assess the relationship 
between the presence of abnormal coagulation parameters, 
disease severity, and biomarker abundances.

False discovery rate (FDR, Benjamini–Hochberg) was 
applied to correct for multiple comparisons. A two-sided 
p < 0.05 was considered significant. All calculations were 
performed using R v4.1.2 and SPSS 22.0.

Results

Demographic and clinical characteristics 
of the participants

Among the 115 participants, 63 received empirical antibi-
otics or probiotics during hospitalization. Sixty-six patients 
presented with one or more abnormal coagulation functions 
during hospitalization, among which 49 (74.2%) presented 
with D-dimer elevation, 42 (63.6%) with FIB elevation, 26 
(39.4%) with coagulopathy (prolonged PT and/or aPTT), and 
13 (19.7%) and 14 (21.2%) with thrombocytopenia and throm-
bocytosis. The mean ages of CRCs, CCs, and NCs were 62.09 
± 10.78, 54.89 ± 12.04, and 45.41 ± 10.32 years, respec-
tively; 58.5% (n = 38) and 32.0% (n = 8) of CRCs and CCs, 
respectively, had underlying comorbidities (p = 0.024). All 
participants presented with respiratory symptoms, but 43 of 
them also had GI symptoms, including 9 that had diarrhea 
and 5 that had vomiting at presentation. Significantly more 
participants in the CRC group presented with GI symptoms 
at admission (p = 0.04). None of the patients developed GI 
symptoms when their stool samples were collected. Addition-
ally, 11 patients (oral nutrition support, n = 8; enteral tube 
feeding, n = 3), all in the CRC group, received nutrition sup-
port during hospitalization (Table 1).

Using rank-biserial correlation tests, we found that 
abnormal coagulation parameters (D-dimer elevation, 
prolonged PT and/or aPTT, FIB elevation, and throm-
bocytopenia) were mild-to-moderately associated with 
COVID-19 disease severity (r = 0.24–0.48, p < 0.05) 
(Supplementary Fig S1).

Bacterial diversity increased in the guts of COVID‑19 
patients compared with non‑COVID controls

We first examined the Shannon index across CRCs, CCs, 
and NCs. Curiously, the taxa diversity at the species level 
in CRCs was similar to CCs (p = 0.18), but the diversity of 
COVID patients was significantly higher than that in NCs 
(p < 0.01) (Fig. 1a). To determine whether the overall gut 
microbial composition of CRCs, CCs, and NCs was differ-
ent, we examined different β-diversity measures. In the PCoA 
plots, these groups were clustered separately, indicating that 
their compositions were significantly different; similar results 
were observed in NMDS plots (Fig. 1b–c). These conclusions 
were also confirmed by permutational multivariate analysis of 
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variance (p = 0.016). Subgroup analyses in cohorts with and 
without comorbidities, naïve to and treated with antibiotics 
and probiotics, with and without GI symptoms at admission, 
and different types of nutrition support, similar diversity, and 
composition differences were found, except for CRCs receiv-
ing nasogastric enteral feeding as nutrition support, which 
harbored gut bacteria with much lower diversity compared 
with CCs (p = 0.026) (Supplementary Fig 2-5).

Altered microbial composition in the guts 
of COVID‑19 patients with abnormal coagulation 
parameters

The gut microbiome of CRCs was dominated by Firmicutes, 
Bacteroidetes, Proteobacteria, Actinobacteria, Verrucomi-
crobia, and Fusobacteria at the phylum level. The abundance 

of Fusobacteria phylum was significantly enriched in the 
CRC group (mean 0.55%), which was much higher than 
that in CCs (mean 0.07%), whereas in the NC group, Fuso-
bacteria was not detected. Also, a marked decrease in the 
Firmicutes/Bacteroidetes ratio could be observed in COVID 
patients (Fig. 1d). Actinobacteria in COVID patients also 
increased. On the genus level, Bacteroides, Blautia, Bifido-
bacterium, Ruminococcus, and Eubacterium were enriched 
in COVID patients, while Veillonella, Akkermansia, and 
Erysipelatoclostridium were enriched in NCs. It is notewor-
thy that Streptococcus overexpression was specific to the 
CRC group (mean 11.41%) compared with CCs (mean 3.53) 
and NCs (2.87%). Also, an underrepresentation of Escheri-
chia and Enterococcus could be found in CCs (Fig. 1e).

We then applied one-against-all comparisons using LEfSe 
analyses between CRCs, CCs, and NCs. From phylum to 

Table 1  Clinical characteristics of participants

CRCs COVID-related coagulopathy group, CCs COVID control group, NCs non-COVID control group, SD standard deviation
a Compared by student t-tests
b Compared by chi-square tests
c Disease severity was determined using the diagnostic criteria of the seventh edition of the Diagnostic and Treatment Protocol for COVID-19 in 
China
d D-dimer ≥ 0.5mg/l
e FIB > 4g/l
f Partial thromboplastin time > 16s and/or activated partial thromboplastin time > 43.5s
g Platelet count < 1.25×1011/l
h Platelet count > 3.5×101/l

CRCs CCs NCs p-values (CRCs vs. 
CCs)

p-values 
(CRCs vs. 
NCs)

Number of subjects 66 27 22
Male 31 (47.0%) 11 (40.7%) 11 (50%) 0.584a 0.805a

Age, mean ± SD 62.09 ± 10.78 54.89 ± 12.04 45.41 ± 10.32 0.622a 0.828a

Disease  severityc 0.011b

 Moderate 17 (25.8%) 15 (55.6%)
 Severe 42 (63.6%) 12 (44.4%)
 Critical 7 (10.6%) 0 (0.0%)
Abnormal coagulation parameters, n (%)
 D-dimer  elevationd 49 (74.2%)
 FIB  elevatione 42 (63.6%)
 Prolonged PT and/or  aPTTf 26 (39.4%)
  Thrombocytopeniag 13 (19.7%)
  Thrombocytosish 14 (21.2%)
GI symptoms at admission, n (%) 35 (53.0%) 8 (29.6%) 0 (0.0%) 0.04b

Nutrition support, n (%) 0.11b

 Oral nutrition support 8 (12.1%) 0 (0.0%) 0 (0.0%)
 Enteral tube feeding 3 (4.5%) 0 (0.0%) 0 (0.0%)
 Comorbidities, n (%) 38 (58.5%) 8 (32.0%) 0 (0.0%) 0.024b

 Antibiotics, n (%) 46 (69.7%) 11 (40.7%) 0 (0.0%) 0.09b

 Probiotics, n (%) 15 (22.7%) 2 (7.4%) 0 (0.0%) 0.083b
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species level, LEfSe analysis identified 27, 7, and 8 biomarker 
taxa (LDA scores > 3, adjusted p-values [p-adj] < 0.05) in 
CRCs, CCs, and NCs, respectively (Supplementary Table S1, 
Supplementary Figure S6). The use of antibiotics and pro-
biotics and different types of nutrition support were known 
factors that could influence the gut microbiota [22–25]. To de-
confound the potential effects of clinical variables, factors sig-
nificantly different between CRCs and CCs (i.e., comorbidities 
and GI symptoms at admission), as well as antibiotic/probiotic 
treatment and nutrition support statuses, were included in the 
MaAsLin analysis, which further identified 19 significant 
associations (p-adj < 0.05) between the relative abundances 
of 18 taxa and coagulation profiles (Supplementary Table S2).

Finally, the two analyses yielded 3, 1, and 3 overlap-
ping biomarkers, for CRC, CC, and NC, separately. Spe-
cifically, the enrichment of Streptococcus thermophilus 
(LDA = 4.53, p-adj = 0.004), Enterococcus faecium (LDA 
= 4.37, p-adj = 0.005), and Citrobacter portucalensis 
(LDA = 3.07, p-adj = 0.035) showed prominent abilities 
to discriminate CRCs from CCs and NCs. Fusicatenibac-
ter genus (LDA = 3.74, p-adj = 0.038) turned out to be 
the only biomarker for the CC group. Enterobacteriaceae 

(LDA = 4.56, p-adj = 0.0499) was increased in relative 
abundance from class to family level in the NC group, 
compared with CRC and CC groups (Fig. 2a).

Additionally, partial correlation analyses controlling for 
clinical characteristics (i.e., comorbidities, GI symptoms at 
admission, antibiotic/probiotic treatment, and nutrition support 
statuses) were performed to show the associations between the 
above biomarker taxa and specific coagulation profiles. Entero-
bacteriaceae, Enterobacterales, and Gammaproteobacteria 
showed moderate to strong positive correlations (r = 0.59–0.71, 
p < 0.05) with normal D-dimer, PT and/or aPTT, and FIB param-
eters, while S. thermophilus and E. faecium were associated with 
platelet abnormalities (r = 0.08–0.27, p < 0.05) (Fig 3).

Identification of a classifier for COVID‑19 
patients with abnormal coagulation functions 
based on the microbial candidates and clinical 
characteristics

In the discovery cohort, a random forest classifier model includ-
ing 92 samples was constructed to evaluate the potential of gut 
microbial and clinical markers as a prediction tool for CRC. 

Fig. 1  Comparisons of gut 
bacterial diversity and composi-
tion in CRCs, CCs, and NCs. 
Microbial α-diversity illustrated 
using a Shannon index plot and 
β-diversity illustrated using b 
NMDS plot and c PCoA plot. 
The gut bacterial composition 
of CRCs, CCs, and HCs on d 
phylum level and e genus level. 
CRC, COVID-related coagu-
lopathy group; CC, COVID 
controls; NC, non-COVID 
controls
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Through 5-fold cross-validation of the random forest model, 7 
taxa and 4 clinical variables were selected as the optimal marker 
set (Fig. 4a). Mean decrease accuracy was used to calculate the 
variable importance of the variables (Fig. 4b). In the discovery 
cohort, the multiclass AUC value was 100%. In the validation 
cohort, the multiclass AUC reached 93.5%. Specifically, the 
AUC value was 82.7% (95% CI: 59.1–100.0%) between CRCs 
and CCs, 100% (95% CI: 100–100.0%) between CRCs and NCs, 
and 100% (95% CI: 100–100%) between CCs and NCs (Fig 4c), 
indicating that the classifier model based on microbial markers 
reached excellent diagnostic potential in discriminating between 
CRCs, CCs, and NCs. The classifier combining microbial and 
clinical information significantly outperformed classifiers based 
on only biomarker taxa or differential clinical characteristics 
(Supplementary Figures S7-S8).

Crucial pathways related to COVID‑19‑related 
coagulopathies

We retrieved 546 MetaCyc pathways from the functional pro-
files of each sample to analyze crucial microbial pathways 
related to CRC. Among the groups, 18 pathways were signifi-
cantly different (Kruskal-Wallis test, p < 0.05). These path-
ways were involved in amino acid, carbohydrate, lipid, nucleo-
side and nucleotide metabolism, and enzyme biosynthesis. 

Fig. 2  Biomarkers for CRCs, CCs, and NCs, identified by overlap-
ping LEfSe and MaAsLin results. Biomarkers for CRCs were identi-
fied by overlapping LEfSe.CRC with MaAsLin.NC.neg and/or MaAs-
Lin.CRC.pos; biomarkers for CCs were identified by overlapping 
LEfSe.CC with MaAsLin.NC.neg and/or MaAsLin.CRC.neg; and 
biomarkers for NCs were identified by overlapping LEfSe.NC with 

MaAsLin.NC.pos and/or MaAsLin.CRC.neg. LDA, linear discrimi-
nant analysis; LefSe, LDA effect size analysis; MaAsLin, multivariate 
association with linear model; pos, positive B-coefficients; neg, nega-
tive B-coefficients; CRC, COVID-related coagulopathy group; CC, 
COVID controls; NC, non-COVID controls

Fig. 3  Correlations between biomarker taxa, clinical characters, and 
coagulation parameters
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Specifically, L-arginine and L-methionine biosynthesis path-
ways were prominently strengthened in the gut microbiota 
in COVID patients (Fig. 5a). Four species, namely S. ther-
mophilus, E. faecium, Escherichia coli, and Ruminococcus 
gnavus, contributed within 7 pathways (Kruskal-Wallis test, p 
< 0.05). S. thermophilus showed significant functional shifts 
after COVID infection, including L-methionine biosynthesis 
and purine nucleotide biosynthesis and degradation (Wil-
coxon rank-sum test, p < 0.001) (Fig. 5b).

Discussion

As an important component of human immunity and 
metabolism, gut microbes have attracted extensive atten-
tion in COVID-19. These studies have found that there are 
significant immediate, as well as prolonged changes in the 
gut microbiota of COVID-19 patients: decreased diversity, 
loss of commensal bacterial taxa and functions known to 
have immunomodulatory activity, such as short-chain fatty 
acid (SCFA) production, and increased abundance of oppor-
tunistic pathogens related with inflammatory reactions [26, 
27]. This study is the first attempt to investigate the role 

of the gut microbiome in COVID-19-related coagulopathy. 
Additionally, we employed metagenomic shotgun sequenc-
ing for comprehensive analyses, which has more power to 
identify less abundant taxa than 16S sequencing [28]. In 
our study, we identified differential CRC microbial markers 
and constructed a reliable random forest model combining 
microbial biomarkers and clinical variables using 5-fold 
cross-validation, which showed strong diagnostic potential 
in distinguishing CRCs from CCs and NCs. Based on the 
changes in microbial species, some important metabolic 
pathways were upregulated or downregulated in COVID-19 
patients and those with CRC.

Dysbiosis, disturbance or imbalance in the gut micro-
biota, is generally accompanied by reduced diversity and 
an increase in pathogenic microbes. However, in our study, 
COVID patients (CRCs and CCs alike), harbored a more 
diverse microbiota than NCs, which was contradictory to 
previous studies, which often pointed to non-significant dif-
ferences or decreased diversity in COVID patients [15, 26, 
29]. This could potentially be explained by using otherwise 
healthy individuals exhibiting respiratory symptoms who 
were confirmed with no COVID infection from the hospital 
quarantine site as NCs. Decreased Firmicutes/Bacteroidetes 

Fig. 4  Diagnostic potential of 
microbial and clinical biomark-
ers for CRC. a Cross-validation 
curve identified a total of 7 
taxa and 4 clinical variables 
by the RF model; b vari-
able importance measured by 
mean decrease in accuracy; c 
ROC curve and AUC calcu-
lated based on a test set of the 
validation cohort (red line, 
CRCs vs. CCs; blue, CRCs vs. 
NCs; green, CCs vs. NCs). RF, 
random forest; ROC, receiver 
operating characteristic; AUC, 
area under the curve; CRC, 
COVID-related coagulopathy 
group; CC: COVID controls; 
NC, non-COVID controls; GI, 
gastrointestinal
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ratio, a widely accepted indicator of gut inflammation [30], 
was observed in COVID patients, supporting previous stud-
ies [31]. Additionally, a decrease in the Firmicutes/Bacteroi-
detes ratio similar to some systemic inflammatory conditions 
has been observed in primary immune thrombocytopenia 
(ITP) patients, indicating the presence of the association 
between platelet activation and intestinal microbiota [32].

Consistent with existing clinical evidence, CRC correlates 
with COVID-19 disease severity [33], which warrants deeper 
insights into its pathogenesis and targeted prevention and treat-
ments. Using LEfSe and MaAsLin, our study pinpointed several 
opportunistic pathogens as biomarkers for CRC.

Curiously, S. thermophilus, a homofermentative regarded 
as a symbiont harboring anti-inflammatory properties [34], 
showed striking overrepresentation in CRC fecal samples, 
even after controlling for probiotic use and other clinical fac-
tors. Furthermore, it correlated with platelet abnormalities. Its 
changed functional profile could be one of the explanations 
for its prothrombotic properties. Focusing on amino acid-
related pathways, we found that L-methionine biosynthesis 

via O-phospho-homoserine and methionine to cysteine trans-
sulfuration increased in a gradient manner from NCs, CCs, 
to CRCs. A metagenome-wide association study found that 
the abundance of L-methionine synthesis was significantly 
higher in individuals with carotid atherosclerotic plaques [35]. 
We hypothesize the central role of sulfur-containing amino 
acid methionine in CRC could be related to increasing homo-
cysteine, as L-methionine can be converted to homocysteine 
directly or through S-adenosyl-L-methionine, as shown by the 
elevated abundance of the above pathways via the intermedi-
ate metabolite L-homocysteine. Homocysteine-related throm-
botic diseases have been intensively investigated over the past 
decades. Hyperhomocysteinemia has been found to cause 
platelet apoptosis and subsequently enhance thrombogenicity; 
it also causes a decrease of the bioavailability of endothelial 
nitric oxide (NO), which inhibits of platelet aggregation [36]. 
Clinical evidence has introduced high levels of circulating 
homocysteine as a strong risk factor for thromboembolism, 
influencing platelet reactivity [37, 38]. Indeed, homocysteine 
has been identified as a biomarker for COVID progression and 

Fig. 5  Differential MetaCyc 
pathways among COVID-
related coagulopathy, COVID-
control, and non-COVID 
control groups. a overall; b 
species level. ***, p < 0.001; 
**, p < 0.01; *, p < 0.05. CRC, 
COVID-related coagulopathy 
group; CC, COVID controls; 
NC, non-COVID controls
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severity [39], while another article contested that monitoring 
homocysteine levels is necessary for preventing pulmonary 
embolism in COVID patients [40]. Our study added to the 
literature a microbiota perspective.

E. faecium is a facultatively anaerobic opportunistic 
pathogen with extensive antibiotic resistance, which could 
cause severe nosocomial infections, especially in critically 
ill patients in intensive care units (ICU). It is an invasive spe-
cies that could pass through the intact mucosal epithelium 
and enter the circulation; when the gut barrier is compro-
mised, its translocation could lead to sepsis and a subsequent 
prothrombotic state [41]. Our study found a weak correlation 
between E. faecium and abnormal platelet counts. Recently, 
PrpA, a thermosensitive surface protein in E. faecium from 
clinical samples, was found to be able to bind to fibrinogen, 
fibronectin, and platelets, especially activated platelets [42], 
indicating a potential role of E. faecium in abnormal clotting.

We proposed that probiotic strains of Enterobacteriaceae 
family could potentially be utilized to resist infection [43] and 
protect patients against CRC, especially D-dimer and fibrin 
elevation. Another beneficial organism was Fusicatenibacter 
genus, which was generally depleted in patients with COVID in 
different stages (acute, convalescence, and post-convalescence) 
[44]. A preliminary study showed that Fusicatenibacter sac-
charivorans exhibited anti-inflammatory properties in ulcera-
tive colitis by inducing the production of anti-inflammatory 
cytokines, enhancement of intestinal epithelial barrier func-
tions, and producing SCFA [45]. Similar mechanisms could be 
implicated in the protective role of the enrichment of this flora 
in patients with COVID who did not develop CRC.

Using the random forest classifier, we demonstrated the 
prospects of targeted biomarkers of the gut microbiome 
combined with clinical information serving as a reliable 
diagnostic tool for CRC. This new diagnostic tool can be 
used as a supplement to direct prophylactic and therapeutic 
anticoagulation therapies in COVID-19 patients, especially 
those with a high risk of developing critical conditions or 
with severe comorbidities.

Although this study provides valuable insights into CRC 
from a microbiome perspective, it has several limitations that 
should be addressed in future studies. Firstly, it is a single-center 
study involving a small number of samples. Secondly, this study 
would be greatly enhanced by metabolomics and proteomics 
analyses. We concede that large prospective matched cohort 
studies are needed to verify the diagnostic efficacy, and more 
physiological parameters and regular collection of CRC patients’ 
feces samples should be added to future study designs.
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