
Frontiers in Cellular and Infection Microbiology

OPEN ACCESS

EDITED BY

Piyush Baindara,
University of Missouri, United States

REVIEWED BY

Pratima Kumari,
Georgia State University,
United States
Swati Jaiswal,
University of Massachusetts
Medical School, United States
Jyotsna Kumar,
University of Connecticut,
United States
Richa Dwivedi,
University of Pittsburgh,
United States

*CORRESPONDENCE

Pavlo Petakh

pavlo.petakh@uzhnu.edu.ua

Aleksandr Kamyshnyi

kamyshnyi_om@tdmu.edu.ua

SPECIALTY SECTION

This article was submitted to
Intestinal Microbiome,
a section of the journal
Frontiers in Cellular and
Infection Microbiology

RECEIVED 11 January 2023
ACCEPTED 30 January 2023

PUBLISHED 09 February 2023

CITATION

Petakh P, Kobyliak N and Kamyshnyi A
(2023) Gut microbiota in patients with
COVID-19 and type 2 diabetes: A culture-
based method.
Front. Cell. Infect. Microbiol. 13:1142578.
doi: 10.3389/fcimb.2023.1142578

COPYRIGHT

© 2023 Petakh, Kobyliak and Kamyshnyi.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 09 February 2023

DOI 10.3389/fcimb.2023.1142578
Gut microbiota in patients with
COVID-19 and type 2 diabetes:
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Background: The global pandemic of coronavirus disease 2019 (COVID-19)

continues to affect people around the world, with one of the most frequent

comorbidities being Type 2 Diabetes (T2D). Studies have suggested a link between

disbalances in gutmicrobiota and these diseases, as well as with COVID-19, potentially

due to inflammatory dysfunction. This study aims to analyze the changes in gut

microbiota in COVID-19 patients with T2D using a culture-based method.

Methods: The stool samples were taken from 128 patients with confirmed COVID-

19. Changes in the composition of gut microbiota were analyzed by culture-based

method. The study used chi-squared and t-test to find significant differences in gut

bacteria between samples and non-parametric correlation analysis to examine

relationship between gut bacteria abundance, C‐reactive protein (CRP) levels and

length of stay (LoS) in COVID-19 patients without T2D.

Results: The gut microbiota of T2D patients with COVID-19 showed increased

Clostridium spp., Candida spp., and decreased Bifidobacterium spp., Lactobacillus

spp. Metformin-treated patients with T2D and COVID-19 without antibiotic

treatment showed increased Bacteroides spp., Lactobacillus spp., and decreased

Enterococcus, Clostridium compared to the same group with antibiotic treatment.

The study also found a positive correlation between the abundance of certain gut

microbiota genera, such as Klebsiella spp. and Enterococcus spp., and CRP levels

and LoS in COVID-19 patients without and with T2D, while the abundance of other

genera, such as Bifidobacterium spp. and Lactobacillus spp., was found to have a

negative correlation.

Conclusion: In conclusion, this study provides important insights into the gut

microbiota composition of SARS-CoV-2-infected individuals with T2D and its

potential impact on the course of the disease. The findings suggest that certain

gut microbiota genera may be associated with increased CRP levels and longer

hospital stays. The significance of this study lies in the fact that it highlights the

potential role of gut microbiota in the progression of COVID-19 in patients with

T2D, and may inform future research and treatment strategies for this patient
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population. The future impact of this study could include the development of

targeted interventions to modulate gut microbiota in order to improve outcomes

for COVID-19 patients with T2D.
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1 Introduction
In December 2019, the first reports of unknown pneumonia cases

emerged in Wuhan, China (She et al., 2020). The virus responsible for the

illness was identified as a new coronavirus, which was named SARS-CoV-

2, and it was found to have a genetic similarity to SARS-CoV (Hu et al.,

2021). Since then, 4 years have passed and the world has experienced

multiple waves of COVID-19 outbreaks caused by different versions of the

SARS-CoV-2 virus, known as variants. So far, the Alpha, Beta, Gamma,

Delta, and Omicron variants have been designated as “variants of concern”

due to their high infectivity and virulence, and each later one appears to be

more transmissible than the previous one (Shrestha et al., 2022). The

pandemic is ongoing, and the dominant strain currently is Omicron.

Type 2 diabetes (T2D) is a common comorbidity among people

with COVID-19, with a prevalence that ranges between 7-30%

(Corrao et al., 2021). People with diabetes who are infected with

SARS-CoV-2 have a higher risk of being hospitalized, developing

severe pneumonia, and a higher mortality rate compared to those

without diabetes (Lima-Martıńez et al., 2021). The chronic elevation

of blood sugar levels associated with T2D can weaken innate and

adaptive immunity. Additionally, T2D is linked to a low-grade

chronic inflammation state that can exacerbate the inflammatory

response and increase the risk of developing acute respiratory distress

syndrome (Al-Kuraishy et al., 2021; Petakh et al., 2022).

One of the factors influencing the course of COVID-19 is the gut

microbiota (Petakh et al., 2022). Recent research is starting to uncover the

connection between gutmicrobiota and the way COVID-19 affects the body.

The gut, being the largest immune organ in the body, has its own set of

microorganisms that can control host immunity, protect against pathogens

and aid in nutrient digestion (Belkaid and Hand, 2014). Gut dysbiosis with a

reduction in microbial diversity is commonly linked to immune-mediated

inflammatory and autoimmune diseases (Mousa et al., 2022). The gut

microbiota could also regulate local and systemic inflammatory activity,

and some studies have demonstrated that respiratory infections are

associated with both compositional and functional alterations of the gut

microbiota through vital crosstalk between gut microorganisms and the

pulmonary system, otherwise known as the “gut–lung axis” (Cruz et al.,

2021). It is also interesting that gut dysbiosis is observed not only in patients

with COVID-19, but also in patients with T2D and other non-

communicable diseases (Iatcu et al., 2021).

Currently, molecular-based methods are used to assess the gut

microbiota, such as 16S rRNA gene sequencing, but the main

disadvantage of these methods is the price. In this study, we used

the culture-based method, which is relatively cheap and can be used in

low-income countries.
02
2 Materials and methods

2.1 Study design and sample collection

From COVID-19 confirmed patients who were admitted to the

Transcarpathian Regional Infectious Hospital from 2020 to 2022, 128

feces samples were collected. The study had four stages, each of which

analyzed the characteristics of the gut microbiota in different types of

groups of patients with COVID-19 (Figure 1). Patients with COVID-19

were assigned to the Delta and Omicron groups based on the

predominance of the respective strains during this period. In the group

of patients who used antibiotics, 29.3% of patients were prescribed

linezolid, 34.4% were prescribed meropenem, 25.8% were prescribed

fluoroquinolones (moxifloxacin and ciprofloxacin), and 10.5% were

prescribed cephalosporins of the III or IV generations. Metformin-

Treated Patients with T2D (MTP with T2D) took metformin in a dose

of 1000-1500 mg per day for at least 3 months before admission.
2.2 Microbiota analysis

For analysis of gut microbiota, grams of feces were weighed, 9 ml of

isotonic (0.9%) sodium chloride solution were added to a test tube, and

the mixture was thoroughly rubbed until a homogeneous mass was

formed. This created a 10-1 dilution. Subsequently, a series of dilutions

from 10-2 to 10-11 were prepared in the same way (Figure 2). Using sterile

micropipettes, 10 ml was taken from each dilution and applied to nutrient

media. For the isolation of enterobacteria, commercial nutrient media

Endo agar and Bismuth sulfite agar were used; for Staphylococcus spp. -

Mannitol Salt Agar; for Enterococcus spp. – Bile Esculin Agar; for Yeast –

Sabouraud Agar. Iron sulfite agar (Wilson-Blair) was used for isolation of

Clostridia, Sharpe agar for Lactobacillus spp., Bifidobacterium Selective

Agar for Bifidobacterium spp., and Bacteroides Bile Esculin Agar for

Bacteroides species. Identification of microorganisms was carried out

according to the scheme (Figure 3) based on the Clinical Microbiology

Procedures Handbook, Volume 1-3, 4th Edition (Dunn et al., 2016). For

the convenience of presentation of the material and mathematical and

statistical processing, decimal logarithms of the quantitative indicator of

the grown colonies of microorganisms (lg CFU/g) were used, and the

proportion of genera were also calculated.
2.3 Statistical analysis

To determine whether any differences observed between samples

were statistically significant, we used the chi-squared test, which
frontiersin.org
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compares the observed frequencies of different bacterial taxa to the

expected frequencies. We also used the Student’s t-test, which compares

the mean values of different bacterial taxa between two groups of

samples. In the current study, non-parametric correlation analysis was

also used to examine the relationship between the abundance of various

bacterial genera and C‐reactive protein (CRP) levels and length of stay

(LoS) in COVID-19 patients without T2D. Spearman’s rank correlation

coefficient (r) was calculated to determine the strength and direction of

the correlation, with a p-value of <0.05 considered statistically

significant. All statistical analyses were performed using the IBM

SPSS Statistics and GraphPad Prism 9, and a p-value of <0.05 was

considered statistically significant.
3 Results

The average age of the patients was 55.5 (IQR (interquartile range)

51.25 – 60.00). Among them, men - 72 (56.3%), women - 56 (43.4%)
Frontiers in Cellular and Infection Microbiology 03
(Table 1; Figure 4). The results of our study indicate that patients

infected with the Omicron variant of the virus (period of Omicron

variant predominance in our region) have a higher abundance of

certain gut bacteria genera compared to those infected with the Delta

variant. Specifically, we found that the Omicron group had a

significantly higher abundance of the genus Bifidobacterium

(P=0.000), Bacteroides (P=0.023), Klebsiella (P=0.000), Enterobacter

(P=0.016), and Lactobacillus (P=0.005). In contrast, patients in the

Delta group had a significantly higher abundance of the genus

Clostridium (P=0.000), Enterococcus (P=0.000), and Candida

(P=0.003) compared to the Omicron group (Figure 5).

Our study’s findings suggest that patients treated with antibiotics

have a different gut microbiome composition compared to those who

were not treated with antibiotics. Specifically, we found that the

antibiotic-treated group had a higher abundance of the genus

Enterococcus (P=0.000), Candida (P=0.003) and Clostridium

(P=0.000). In contrast, patients in the non-antibiotic-treated group

had a higher abundance of the genus Proteus (P=0.000), Klebsiella
FIGURE 1

Study flow chart.
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(P=0.000), Citrobacter (P=0.028), Staphylococcus (P=0.000),

Lactobacillus (P=0.000) and Bacteroides (P=0.000) compared to the

antibiotic-treated group. Also, we found that patients with COVID-19

and T2D had a lower abundance of the genus Bifidobacterium

(P=0.000) and Lactobacillus (P=0.000) and a higher abundance of

the genus Candida (P=0.000) compared to patients with COVID-19

but no T2D (Figure 6).

Our study found that metformin-treated patients with T2D and

COVID-19 without antibiotic treatment had a different gut

microbiome composition compared to metformin-treated patients

with T2D and COVID-19 who also received antibiotic treatment.

Specifically, we found that the metformin-treated group without

antibiotic treatment had a higher abundance of the genus

Bacteroides (P=0.000), E. coli (P=0.005), Lactobacillus (P=0.000),

and a lower abundance of the genus Clostridium (P=0.000) and

Enterococcus (P=0.000) compared to the metformin-treated group

with antibiotic treatment (Figure 6).

Additionally, the results revealed a positive correlation between

the abundance of the genus Klebsiella spp. (r= 0.68, p = 0.002) and

Enterococcus spp. (r= 0.84, p=0.005) and CRP levels in COVID-19

patients without T2D, while the abundance of Bifidobacterium spp.

was found to have a negative correlation with CRP levels (r=-0.62,

p=0.032).Similarly, the abundance of Clostridium spp. (r= 0.62,

p=0.022), Klebsiella spp. (r= 0.61, p=0.024), Enterococcus spp. (r=

0.85, p=0.004), and Candida spp. (r= 0.65, p=0.043) were positively

correlated with the LoS, while the abundance of Bifidobacterium spp.

was negatively correlated with LoS (r= -0.65, p = 0.045). In addition to
Frontiers in Cellular and Infection Microbiology 04
the findings in COVID-19 patients without T2D, the study also

investigated the correlation between gut microbiota and CRP and

LoS in COVID-19 patients with T2D. The results showed that in this

patient population, the abundance of genus Clostridium spp. (r=0.66,

p = 0.038), Klebsiella spp. (r=0.75, p= 0.003), Enterococcus spp. (r=

0.88, p < 0.001), Candida spp. (r=0.82, p= 0.002) was positively

correlated with CRP levels, while the abundance of genus

Bifidobacterium spp. (r= - 0.75, p = 0.028) and Lactobacillus spp.

(r= -0.62, p= 0.032) was negatively correlated with CRP. Similarly, the

abundance of Klebsiella spp. (r=0.72, p=0.022), Enterococcus spp.

(r=0.87, p < 0.001) and Candida spp. (r=0.74, p=0.005) was positively

correlated with LoS, and Bifidobacterium spp. (r= - 0.72, p=0.007) was

negatively correlated with LoS (Figure 7).
4 Discussion

In this article, we showed changes in the gut microbiota in

patients with COVID-19, using the culture-based method. Culture-

based gut microbiome research is a method of studying the gut

microbiome by isolating and culturing bacteria from fecal samples.

This method can provide information on the growth and metabolic

characteristics of specific bacteria, which can be useful for identifying

and characterizing new bacterial species or strains. However, it also

has some limitations, particularly when compared to PCR and 16S

rRNA sequencing (Ito et al., 2019). One major limitation of culture-

based gut microbiome research is that it is limited to only a small
FIGURE 2

Methodology for serial dilution of stool samples.
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subset of the total gut microbiome. This is because many gut bacteria

are difficult or impossible to culture in laboratory conditions, and so

are not captured by this method. On the other hand, PCR and 16S

rRNA sequencing can provide a more comprehensive view of the gut

microbiome by amplifying and sequencing the 16S rRNA gene, which

is present in all bacteria (Hitch et al., 2021).

An important finding that should be noted in our research is the

significant increase Enterococcus spp. in patients with the Delta
Frontiers in Cellular and Infection Microbiology 05
variant. Recent studies have suggested a possible association

between Enterococcus and COVID-19. Some studies have found

that patients with COVID-19 have higher levels of Enterococcus in

their gut microbiome compared to healthy controls (Toc et al., 2022).

Other studies have found that certain strains of Enterococcus are

more common in COVID-19 patients than in healthy individuals

(Giacobbe et al., 2021). The exact role of Enterococcus in COVID-19 is

not yet fully understood, but some researchers believe that it may play
FIGURE 3

Methodology for bacterial identification.
TABLE 1 Basic characteristics of the study population.

Group Years Female, n (%) Male, n (%) All, n

Median IQR

Delta variant 56 51.75 – 60.00 17 (40.4%) 25 (59.6%) 42

Omicron variant 55 51.00 – 60.25 39 (45.3%) 47 (54.7%) 86

Antibiotic-Treated group 56 52.00 – 60.25 25 (43.1%) 33 (56.9%) 58

Non-Antibiotic-Treated group 55 51.25 – 59.75 31 (44.2%) 39 (55.8%) 70

COVID-19 with T2D 56 49.5 – 60.00 24 (53.3%) 21 (46.7%) 45

COVID-19 without T2D 55 52.00 – 60.00 32 (38.5%) 51 (61.5%) 83

Metformin-treated patients with T2D and COVID-19 with antibiotic treatment 56 49.00 – 60.25 11 (50%) 11 (50%) 22

Metformin-treated patients with T2D and COVID-19 without antibiotic
treatment

58 51.00 – 60.75 7 (58.3%) 5 (41.6%) 12

Total 55.5 51.25 – 60.00 56 (43.8%) 72 (56.3%) 128
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a role in the development of severe illness. For example, it has been

proposed that Enterococcus may contribute to the development of

cytokine storm, which is a severe immune response that can occur in

some COVID-19 patients (Zuo et al., 2020; Gago et al., 2022; Righi

et al., 2022; Toc et al., 2022). The exact mechanism by which

Enterococcus may contribute to cytokine storm is not well

understood, but it is suggested that it may involve the activation of

Toll-like receptors (TLRs), which are proteins on the surface of

immune cells that recognize specific microbial products (Guiton

et al., 2013). It’s also suggested that Enterococcus may increase the

production of pro-inflammatory cytokines such as TNF-alpha and IL-

6, which have been shown to be elevated in patients with COVID-19

and are associated with severe disease (Strickertsson et al., 2013; Sparo

et al., 2014). In our opinion, the possible increase in the abundance of

Enterococcus spp. is related to the widespread use of carbapenems

during the delta wave of COVID-19 in our region (Righi et al., 2022).

Klebsiella pneumoniae, a member of the Enterobacteriaceae

family, is considered an opportunistic pathogen and has been

frequently identified in high levels in the gut of critically ill

COVID-19 patients (Tang et al., 2020). An overgrowth of

pathobionts such as this can weaken the gut barrier, increasing the

risk of bloodstream infections in these patients (Langford et al., 2020).

Additionally, a number of studies have reported co-infections

involving Klebsiella spp. and Enterococcus spp. in a significant

proportion of COVID-19 patients. It is worth noting that in critical

cases, these co-infections have been linked to up to 50% of deaths

(Zhou et al., 2020).
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Also, to some extent, the use of antibiotics is associated

with an increase in the abundance of Clostridium spp. There are

some studies in which Hospitalized patients with COVID-19 showed

an increased abundance of Clostridium ramosum compared

with those hospitalized with other types of viral pneumonia (Zuo

et al., 2020). Clostridium ramosum can induce RORgt expression in

Foxp3+ Treg cells. RORgt+ Foxp3+ Treg cells downregulate TH1-,

TH2-, and TH17 cell-type immune responses (Ohnmacht et al., 2015;

Sefik et al., 2015). Clostridium butyricum, Clostridium leptum as a

butyrate-producing bacterium were decreased significantly in

COVID-19 patients in some studies (Tang et al., 2020). Butyrate is

one of the short-chain fatty acids (SCFAs) which can activate anti-

inflammatory responses of immune cells, inhibit inflammatory

signalling pathways and maintain the integrity of the gut barrier to

prevent translocation of gut endotoxins and bacteria into the

circulation, thereby alleviating local and systemic inflammatory

responses (Geirnaert et al., 2017). Empiric antibiotic treatments for

microbial infections in hospitalized patients with COVID-19 in

addition to experimental antiviral and immunomodulatory drugs

may increase Clostridioides difficile infection (CDI) (Azimirad

et al., 2021).

Previous research found that the gut microbiota was moderately

dysregulated in Chinese and Danish T2D patients. Specifically,

Chinese patients showed an increase in multiple pathogenic

bacteria, such as Clostridium hathewayi, Clostridium symbiosum

and Escherichia coli, while healthy controls had a high abundance

of butyrate-producing bacteria (Qin et al., 2012). Compared with
FIGURE 4

Median percentage of gut bacteria in all patients included in the study.
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individuals with normal glucose regulation, the most significant

feature of the gut microbiota in Danish patients with prediabetes

was the decreased abundance of Clostridium genus and A.

muciniphila (Allin et al., 2018). In our study, patients with COVID-

19 and T2D had significantly higher abundance of Clostridium spp.

than patients without diabetes.

Several studies have shown that metformin treatment can change

the structure of the gut microbiome (Kamyshnyi et al., 2021). In

particular, some studies have shown that the concentration of SCFAs,

such as propionate, is increased in people who take metformin

compared to those who do not (Zhernakova et al., 2016). Another

study found that after four months of treatment with metformin, the

levels of fecal butyrate and propionate were higher in men who

received metformin compared to those who received a placebo, which

suggests that metformin can affect the levels of fermentative

metabolites involved in regulating human metabolism (Wu et al.,

2017). Additionally, research has shown that in patients with T2D

who were given metformin or a placebo for four months, there was an

increase in the abundance of certain types of bacteria such as

Escherichia spp. and Bilophila wadsworthia, along with a decrease

in other types such as Intestinibacter spp. and Clostridium spp

(Forslund et al., 2015; Wu et al., 2017).. Similar changes in the gut

microbiota were observed in our study.
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Notably, some specific Bacteroides spp., capable of down-

regulating ACE2 expression in the murine gut, are inversely

correlated with the SARS-CoV-2 load (Zuo et al., 2020). Also,

Bacteroides fragilis, promotes Treg induction and IL-10-mediated

anti-inflammatory responses from T cells and DCs in a TLR2-

dependent manner (Round and Mazmanian, 2010; Round et al.,

2011). Based on these findings, it is suggested that Bacteroides

species have an anti-inflammatory effect and play a role in

managing inflammation through the gut-lung axis.

Gastrointestinal symptoms, such as diarrhea, which occur for an

extended period in people with COVID-19, have been linked to a

decrease in the variety and abundance of gut bacteria, immune system

imbalances, and delayed clearance of the SARS-CoV-2 virus (Gu et al.,

2020; Lamers et al., 2020). The relationship between the gut and

respiratory systems, known as the gut-lung axis, is thought to play a

role in the body’s immune response to the virus (Budden et al., 2017).

Studies have shown that an imbalance in gut bacteria, called dysbiosis,

can lead to higher mortality rates in other respiratory infections, as it

can exacerbate inflammation and weaken the lung’s and gut’s ability to

regulate and reduce inflammation (Grayson et al., 2018). Therefore,

given that both the respiratory and gastrointestinal tracts can be

affected by the virus and that dysbiosis and inflammation can occur,

it is reasonable to consider additional therapies that focus on
FIGURE 5

Comparison of gut microbiota composition in patients infected with Omicron or Delta variants of SARS-CoV-2 and Antibiotic-Treated or Non-Antibiotic-
Treated group. The results indicate that the Omicron group had a significantly higher abundance of the genera Bifidobacterium, Bacteroides, Klebsiella,
Enterobacter, and Lactobacillus compared to the Delta group (P<0.05). In contrast, the Delta group had a significantly higher abundance of the genera
Clostridium, Enterococcus, and Candida compared to the Omicron group (P<0.05). The figure also shows the comparison of gut microbiome
composition between patients treated with antibiotics and those who were not. It demonstrates that patients treated with antibiotics had a higher
abundance of the genera Enterococcus, Candida, and Clostridium, while non-antibiotic-treated group had a higher abundance of the genera Proteus,
Klebsiella, Citrobacter, Staphylococcus, Lactobacillus and Bacteroides.
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modulating the gut microbiome, such as using metformin, probiotics,

or fecal microbial transplantation to re-establish a healthy balance of

gut bacteria, as a potential treatment option (Baindara et al., 2021).

Additionally, the idea that probiotics, which have been studied

and recommended for respiratory tract infections, could potentially

have a beneficial effect against COVID-19 is being explored. Studies

have shown that an imbalance in gut bacteria, known as dysbiosis, can

worsen lung pathology and lead to secondary infections during

influenza virus infections (Sencio et al., 2020). Additionally, some

COVID-19 patients have reported an imbalance in gut bacteria,

including a decrease in natural probiotic species such as

Lactobacillus and Bifidobacterium (Xu et al., 2020).
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5 Limitations

This study has several limitations that should be taken into

consideration when interpreting the results. Firstly, the sample

size of 128 COVID-19 patients with T2D is relatively small and

may not be representative of the general population. Additionally,

the study only used a culture-based method to analyze the gut

microbiota changes, which may not capture all the bacterial taxa

present in the gut. Furthermore, the study only looked at the

correlation between gut microbiota, CRP levels, and length of

stay and did not establish causality. Finally, this study is a cross-

sectional study, so it’s unable to establish temporal relationships.
FIGURE 6

Comparison of gut microbiota composition in patients with COVID-19 and T2D, and gut microbiota composition in metformin-treated patients. The
results indicate that the patients with COVID-19 and T2D had a lower abundance of the genus Bifidobacterium (P=0.000) and Lactobacillus (P=0.000)
and a higher abundance of the genus Candida (P=0.000) compared to patients with COVID-19 but no T2D. Also, the metformin-treated group without
antibiotic treatment had a higher abundance of the genus Bacteroides (P=0.000), E. coli (P=0.005), Lactobacillus (P=0.000), and a lower abundance of
the genus Clostridium (P=0.000) and Enterococcus (P=0.000) compared to the metformin-treated group with antibiotic treatment. This figure illustrates
the impact of metformin treatment and antibiotic treatment on gut microbiome composition in patients with COVID-19 and T2D and the difference in
gut microbiome composition between patients with COVID-19 and T2D and patients with COVID-19 but no T2D.
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Future studies with larger sample sizes and using more advanced

techniques, such as 16S rRNA sequencing, are needed to confirm

these findings and investigate the mechanisms underlying the

observed associations.
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