AIMS Microbiology, 11(4): 786—-820.
MS Microbiology DOI: 10.3934/microbiol.2025034
Received: 18 July 2025

Revised: 01 October 2025

Accepted: 14 October 2025
Published: 04 November 2025

AR

https://www.aimspress.com/journal/microbiology

Review

Healthy human gut microbiome: Towards standardized research

Evgeniya Glazunova!, Polina Molodtsova!, Ilya Grabarnik'?, Alexander Kurnosov'?, Irina
Bikaeva!, German Shipulin! and Olga Zlobovskaya'-*

1" Federal State Budgetary Institution “Centre for Strategic Planning and Management of Biomedical
Health Risks” of the Federal Medical and Biological Agency, Russia

Applied Genomics Laboratory, ITMO University, Saint Petersburg, 197101 Russia

N.M. Emmanuel Institute of Biochemical Physics of the Russian Academy of Sciences, Moscow,
119334 Russia

2
3

* Correspondence: Email: OZlobovskaya@cspfmba.ru; Tel: +7 (495) 5406175 ext. 3035.

Abstract: Objective: An increasing number of international researchers are focusing on the taxonomic
composition of fecal microbiota and its correlation with disorders. Thousands of researchers compare
conditionally healthy cohorts to those with specific diseases to identify potential markers. However, clinical
application requires assessing the feasibility of synthesizing these findings and establishing reference
intervals for normal gut flora, at least at higher taxonomic levels. Design: This study involves a systematic
review and meta-analysis of human gut microbiota research based on 16S rRNA gene next-generation
sequencing (NGS). Relevant research was sourced following the PRISMA guidelines. Descriptive statistics,
linear regression analysis by weighted least squares method, Mann-Whitney test, and Benjamini-Hochberg
procedure adjustments were employed. The study has been registered with PROSPERO
(CRD42023431467). Results: Of the 4,346 studies initially identified, 86 publications involving 20,748
unique participants met the quality criteria and were included in the analysis of the impact of fecal sample
preparation on taxonomic composition. The phylotype composition, in relation to preprocessing methods
and cohort locations, are presented as relative abundances (%): Bacillota (median 49.5-59.6%),
Bacteroidota ~ (28.0-33.4%),  Pseudomonadota  (3.4-5.9%),  Actinomycetota  (2.3-3.7%),
Verrucomicrobiota (0.5-1.0%), Fusobacteriota (maximum 4.6%), and Euryarchaeota (maximum 2.11%).
The content of 27 key family-level representatives was also evaluated. The well-known hypothesis
regarding the influence of the homogenization stage on taxonomic composition was examined using
generalized results. Conclusion: While supported by a strong theoretical basis and evidence from
individual practical cases, none of the phyla showed a statistically significant association and
consistent relationship with sample preparation or cohort location when generalizing across studies
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after the two exceptionally large cohorts exclusion, both originating from a single research group.
These findings underscore the need for strict methodological standardization in microbiome studies.
Key features of the 16S NGS process accounting for these results are outlined, along with proposed
optimizations for microbiome research.

Keywords: human gastrointestinal microbiota; fecal microbiome; normal gut microbiome; sample
homogenization; bead beating; 16S rRNA gene sequencing

1. Introduction

Since the 2000s, the diversity of microorganisms within the human gastrointestinal tract,
collectively termed the microbiota, has been intensely investigated. Numerous publications from
different countries evaluate the influence of the intestinal microbiota on the host organism and its
associations with functional disorders or conditionally healthy state. Rapidly advancing molecular
biological methods for studying the host-microbiome interaction, based on metagenomic analysis,
facilitate the qualitative and quantitative determination of the taxonomic groups of the microbiome
community extracted directly from the investigated ecosystem. Major foundational sequence-based
studies of the human gut microbiome include the Human Microbiome Project, funded by the US
National Institutes of Health [1,2]; the Metagenomics of the Human Intestinal Tract (MetaHIT) project [3],
funded by the European Commission; and the American Gut Project [4], an ethnic study, along with a
prospective general population cohort study in the Netherlands (LifeLines DEEP) [5].

The outer mucosal layer of the human gastrointestinal tract is inhabited by a large, complex, and
highly diverse microbial community, comprising between 10 and 107 trillion microorganisms
represented by various species. The microbiota acts as a constant symbiont of humans throughout life
and plays an active role in numerous biological processes [6—8]. While their functions are unified, the
composition of individual microbial communities exhibits significant variation, particularly at the
family and genus levels [9,10].

The human gut microbial community is primarily represented by two major domains of life:
Bacteria and Archaea [6,8,11-15]. The gut microbiota is increasingly recognized as a functionally
integrated part of the human body, effectively functioning as an organ. The crucial roles of intestinal
microbiota include direct and indirect contributions to the regulation of digestion [11,16];
extraction, absorption, and production of various substances, including those that nourish intestinal
epithelial cells [11,16—18], and exhibit probiotic activity [11,19]. The microbiota also contributes to
increased regulatory T cells memory [15,17,20], T cell growth, and proliferation [18,20-22]; antitumor
and anti-inflammatory processes [15,18,21,23]; and the expression of antimicrobial peptides [22].
Furthermore, it fortifies the epithelial barrier by normalizing mucosal layer thickness [10,24,25],
stimulating colonocyte growth [18,26], enhancing the expression of tight junction protein genes [23],
and suppressing pathogenic bacterial growth [10,27,28] (see Figure 1).
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Figure 1. The human gut microbial community fundamental functions.

The intestinal symbiotic community is shaped by early-life colonization and age-associated changes.
However, in healthy adult subjects, the ratio of major taxa remains relatively stable [8,10,11,14,27]. A
normal intestinal host-microbiome is predominantly represented by facultative and obligate (strict)
anaerobes. Key players include Bacteroidota [Bacteroidetes] and Bacillota [Firmicutes] phyla, which
account for more than 90% of all bacteria, while Actinomycetota [Actinobacteria] [29],
Pseudomonadota [Proteobacteria], and Verrucomicrobiota [Verrucomicrobia] are common but
generally minor constituents [7,10,11].

It is important to reiterate, however, that individual gut communities are unique, differing
qualitatively and quantitatively from person to person and influenced by factors such as age, region of
residence, lifestyle, and diet [27,30]. For instance, many studies indicate that the ratio of the dominant
taxa, Bacillota [Firmicutes] and Bacteroidota [Bacteroidetes] (F/B ratio), in healthy subjects is dependent
on dietary intake. In particular, the microbiome of vegetarians differs from that of individuals adhering to
the “Western” diet: An increase in the relative abundance of Bacillota bacteria is associated with a high-
fiber diet, while an increase in Bacteroidota correlates with a low-fiber diet [7,10,15,18].

Data on the structure of the human gut microbiota are most often obtained through various
methods of fecal material analysis due to its availability, microbial enrichment, and the non-invasive
nature of sample collection.
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Bacterial cultivation on selective media has long been a classical method for studying the human
microbiota. With advancements in microbiological techniques, initial knowledge regarding the
microbial community has accumulated. These techniques continue to be widely used in clinical
practice for diagnostic research of microbial communities. However, they cannot be fully applied for
qualitative analysis, and particularly quantitative analysis, of complex systems such as the gut
microbiome. Traditional culture methods only successfully cultivate approximately 10% of gut
microbiota species and are highly dependent on the quality of material collection and storage [2,8].

Methods based on the analysis of microbial DNA directly isolated from samples offer a variety
of significant important advantages over cultivation techniques. These include the ability to detect a
wide range of non-cultivable species, reduced dependence on collection and storage conditions, and
the capacity to estimate the relative abundance of taxa within the sample. Significant progress in the
investigation of microbiota composition has occurred with the widespread availability of one DNA
amplification method: PCR. PCR is a simple, sensitive, and highly specific method. The advent of the real-
time PCR method in 1993, enabling amplification with simultaneous visualization of product accumulation,
has enabled fast qualitative and, importantly, quantitative analysis of microbial communities.

Over the past decade, with the rapid advancement of molecular technologies such as various next-
generation sequencing methods, a substantial amount of data on gut microbiome composition has been
generated. Most of these data are based on the amplification of 16S ribosomal rRNA gene regions
followed by sequencing.

16S rRNA sequencing is a widely utilized method for studying the diversity of microbiota taxa.
However, this technology relies on only one genomic region and is therefore inadequate for a
comprehensive analysis of the microbiome, as well as for assessing the gut community’s detached
functions and interactions. For this purpose, a more time-consuming and costly approach is employed:
High-throughput sequencing with total genome-based taxonomic identification. Such metagenomic
analysis enables researchers to study the taxonomic composition and abundance of microbiome
components, discover new species, and track changes in community dynamics. However, this analysis is
labor-intensive and expensive, particularly concerning information processing and data interpretation.

The benefits and disadvantages of the described analytical methods are illustrated in Figure 2.

When studying the microbiome structure using molecular biology techniques, it is essential to
consider various methodological aspects, such as the DNA isolation technique. qPCR and, particularly,
NGS methods are heavily dependent on the quality of the applied DNA extraction technique. Published
studies have shown that fecal mechanical homogenization (“bead beating”) positively impacts the
overall efficiency of DNA isolation, especially from Gram-positive bacteria [31-33]. However,
despite the availability of the International Human Microbiome Standards (IHMS) [34] and
recommendations outlined in IHMS SOP 06 and IHMS SOP 07 [35,36] concerning material collection,
storage, and DNA extraction, protocols vary significantly across many published studies [12,32,37-50].

A critical question arises regarding the reliability of synthesizing data from different studies to
draw meaningful conclusions. Even with a substantial evidence base from primary sequence-based
studies of the human gut microbiome, individual reports yield varying conclusions regarding the
relative abundance percentages of the principal microbiome representatives. The primary objectives
of this systematic review and meta-analysis are to taxonomically describe the human fecal microbiome
in healthy subjects analyzed using 16S NGS. We also aim to investigate the correlation between sample
preparation methods, specifically the presence or absence of a mechanical homogenization step, and
the resulting sequencing data. Together, these analyses aim to assess whether existing literature enables
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the establishment of reliable reference intervals for taxa of the normal gut microbiome for future
applications. This issue holds considerable medical and economic significance, particularly as many
laboratories have recently begun offering services to determine the composition of intestinal flora and
provide subsequent recommendations regarding lifestyle modifications and even “cures”.

STUDYING THE MICROBIOTA COMPOSITION
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Figure 2. Comparison of the advantages and drawbacks of qPCR, NGS, and bacterial
culture methods.

2. Materials and methods
2.1. Search strategy and selection criteria

For this systematic review and meta-analysis, we conducted an article search strategy, data collection,
and analysis in accordance with PRISMA statement guidelines [51], utilizing a pre-selected search strategy

based on our inclusion and exclusion criteria. A PRISMA flow chart detailing the search strategy is
presented in Figure 3. Our protocol was pre-registered with PROSPERO (CRD42023431467).
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Figure 3. PRISMA flow chart.
2.2. Searching process and article number at each selection stage

The search was conducted between November 2022 and May 2025, encompassing studies
published since 2000 regardless of language. Three experts independently performed the screening of
publications, removal of duplicates (via link screening), selection, analysis, and data extraction.
Disagreements regarding inclusion were resolved through consensus among all authors of this review.

The meta-analysis included studies from the NCBI [52] database, focusing on human intestinal
microbiota composition across various study designs, including fundamental research, randomized
controlled trials, case-control studies, cohort studies, and reviews. References to relevant data
presented in the reviewed publications were also assessed. Our search queries, which incorporate well-
established terms characterizing the microbiome, materials, and research results, are provided in
Supplementary materials. The literature search strategy, including all keywords and operators is
presented in Supplementary materials.

Next, we screened the titles and abstracts of all selected full-text articles, choosing those that matched
the search topic and eliminating duplicates. Following this, during the eligibility stage, we reviewed and
selected full-text articles based on our inclusion/exclusion criteria (see Supplementary materials).
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2.3. Quality and risk of bias of individual studies

As this is a systematic review and meta-analysis entailed the microbiome in a healthy state, and
given that the included studies addressed diverse objectives, a direct assessment of study outcomes
was not appropriate. Our research question was based solely on the baseline, control, or placebo groups
reported in the included publications. Therefore, rather than evaluating individual study effects on
overall results, the eligibility of the healthy subject selection across investigations was assessed
according to recommended guidelines based on the declared study design.
1) To assess the risk of bias for research studies (including case-control and cohort studies), we
evaluated the data using the following criteria from the Newcastle-Ottawa scale [53]:
a) Category “Group Selection”—paragraphs 3 and 4
b) Category “Comparability”
c¢) Category “Exposure” (for case-control studies)
d) Category “Cohort Selection” (for cohort studies)—paragraphs 2, 3, 4, and 5.

2)For pilot studies, such as randomized controlled trials (RCTs), the data were evaluated
according to the methodology based on the Cochrane Community Guidelines [54].

3) For systematic reviews and meta-analyses, we used the AMSTAR (A Measurement Tool to
Assess Systematic Reviews) methodology [55] to check the data.

4) For fundamental research, we conducted quartile-based evaluations of the journals during the
period of article publication [56].

To assess the risk of diagnostic errors in the formation of study groups (including healthy
participants), we analyzed the diagnostic methods utilized by researchers. We posited that the more
comprehensive the medical examination, the less likely the participants were to be misdiagnosed
as “healthy.” We rated the included studies based on the diagnostic methods employed: The higher
the score, the greater the potential error rate (Tables S1 and S2).

While the exclusion criteria for participants varied among studies, we also considered the
specified individual exclusion criteria utilized to assess the health status of subjects and to form a
representative selection. Additional exclusion criteria are provided in Tables S3—S6.

2.4. Data analysis

We extracted data from the evaluated and selected publications, including bibliographic details
like the first author, year of publication, and journal SJR. We also collected information about the
study parameters, such as the aim, design, and additional selection criteria for healthy subjects.
Participant characteristics, including the number of participants, sex, age, cohort location, cohort name,
and study population, were recorded. Additionally, we noted methodological details, such as the
biomaterial collection process, DNA extraction method, and 16S rRNA target region. Finally, we
extracted results on the relative abundance of bacterial and archaeal phyla and families, all expressed
as percentages at the level of summary estimates.

Since most of the presented data were expressed as means, studies reporting data as medians were
subsequently excluded from the meta-analysis.

If the article reported healthy participants divided into subgroups labeled “baseline or control
group” and “placebo”, both groups were included and analyzed as independent cohorts. In studies
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presenting “before and after placebo” data related to a single group of subjects, such data were
averaged for that group.

2.5. Statistical analysis

The extracted raw data concerning the qualitative composition of the microbiome and the most
significant representatives (phyla and families), expressed as relative abundance percentages, were
grouped and subsequently analyzed according to the DNA extraction method and cohort location.

Taxa were included in the meta-analysis only if data on their relative abundance were reported in
at least eight studies (for phyla) or seven studies (for families) for the compared groups; otherwise,
they were considered only in the systematic review.

Statistical analysis of the relative abundance of key bacterial and archaeal taxa (including
weighted averages, value dispersion, medians and quartiles calculations) as well as their ratios was
performed using the SciPy v.1.9.2 and Statsmodel v.0.14.0 packages for Python.

Paired group-level means of taxa relative abundance (or their ratios) were analyzed using
weighted least squares (WLS) regression, with the DNA extraction method and cohort location as
explanatory variables and weights proportional to the number of observations in each study. The choice
of WLS was driven by its capacity to address variance heterogeneity and variations in sample sizes
observed in the studied data. Unlike non-parametric methods, which are robust to distributional
violations but lack flexibility in modeling complex dependencies or directly adjusting for unequal
variances, WLS offers a parametric framework that corrects these issues through weights proportions
and enhances the precision and reliability of the analysis.

To account for sampling heterogeneity, we performed parallel analyses based on two datasets.
The complete dataset included two exceptionally large studies (n = 893 and n = 582) conducted by the
same research group, which exceeded the mean sample size by 23- and 15-fold respectively, and
strongly influenced the statistical significance. Results for both the complete dataset and the balanced
subset excluding these studies are presented.

We estimated the appropriate parameters of the Box-Cox transformation, which was applied to
the relative abundances and the ratios data, in order to stabilize the variance and approach data to a
normal distribution. This transformation enabled us to meet the assumptions of the Gauss-Markov theorem:
Random distribution of residuals, zero mean of residuals, homoscedasticity of residuals (assessed using
the Breusch-Pagan test via statsmodels.stats.diagnostic.het breuschpagan), absence of autocorrelation
in residuals (assessed using the Durbin-Watson test via statsmodels.stats.stattools.durbin_watson), and
normality of residual distribution (assessed using the Shapiro-Wilk test via scipy.stats.shapiro). Given
the multiple comparisons across taxa, the Benjamini-Hochberg (FDR-BH) correction was applied with
the significance level (alpha) set at 0.05.

The non-parametric Mann-Whitney U test with FDR-BH correction was applied to additionally
assess and verify the statistical differences between the abundance of all groups, especially those that
did not meet any of the listed assumptions.

However, the calculation of weighted averages or other similar parameters, alongside their
statistical analysis, was not feasible for taxa with limited amount of data (less than eight studies for
phyla or seven studies for families). To assess the structure and diversity of the microbial community
for these taxa, we listed the individual relative abundance values of bacteria and archaea.

AIMS Microbiology Volume 11, Issue 4, 786—-820.



794

3. Results
3.1. Study selection and characteristics

We searched the NCBI database for studies that have been published since 2000, focusing on the
intestinal core microbial community of conditionally healthy adult donors. Research was conducted
between November 2022 and May 2025, employing well-established search terms that characterize
the microbiome and keywords for major taxonomic representatives (at both phylum and family ranks),
in accordance with PRISMA statement guidelines. Key exclusion criteria for submitted data included
insufficient methodological descriptions and a total percentage of identified bacterial and archaeal taxa
less than 90%. Articles were not restricted by study design, language, or donor location. Included
studies provided descriptions of the selection of healthy subjects, including adequate declarations of
excluded diseases, medication intake, abnormal conditions, or special lifestyle and dietary habits.

Among 4,346 studies published, 4,089 unique reports were identified (see Figure 3). 3,754 records
were excluded from full-text assessment following title and abstract screening. A total of 335 full-text
articles were screened for eligibility; 231 publications were excluded for not meeting all eligibility
criteria (see the “Inclusion and Exclusion Criteria” in the “Searching Process and Article Number at
Each Selection Stage” section).

Of the 104 articles, 86 contained data expressed as means, 15 presented data as medians, 1 did
not report any statistical parameters for the published data, 1 did not report inclusion/exclusion criteria
for controls, and 1 did not identify the phylum Bacteroidetes, resulting in its exclusion from the meta-
analysis (see Table S7). The analysis included 86 studies based on 20,748 unique, healthy adult
participants. A total of 71 of these studies contained data on the representation of dominant bacterial and
archaeal phyla and were included in the meta-analysis, while 54 provided data on family diversity for the
systematic review.

For this systematic review, the included studies were classified into two groups: Those with and those
without preliminary sample mechanical homogenization (bead beating). Summary of studies and
participants characteristics is in the Tables S3—S6. Among the 86 studies included in this analysis (which
summarize study and participant characteristics and basic information on participants in Tables S3—S6), 54
reported pre-homogenization methods (see Tables S3 and S4), while 32 articles used protocols that
excluded this step (see Table S5 and S6), resulting in 57 and 26 samples, respectively.

A significant proportion of the included studies involved participants from various regions in
China (n = 27) and from different regions of Europe (n = 24). Other countries in East Asia (Japan,
Taiwan, and South Korea) contributed ten publications, and Mongolia contributed one; several
Southeast Asia countries (Singapore, Malaysia, Indonesia, and Thailand) accounted for five
publications; and South Asia (India and Pakistan) was represented by five publications. European
countries collectively accounted for 24 publications. In particular, Western and Northern European
countries (United Kingdom, Netherlands, Denmark, France, Belgium, and Sweden)/Southern European
countries (Italy and Spain) were each represented in ten publications; and Central and Eastern
European countries (Poland, Russia, and Slovenia) were represented by four articles. Participants from
North America (the United States and Mexico) contributed nine publications; studies from South
America (Argentina and Brazil) encompassed three publications; and Countries of Oceania (New
Zealand and Australia) each contributed one publication.

AIMS Microbiology Volume 11, Issue 4, 786—-820.
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We formed four subgroups based on the geographical location of the participants and presence of
the bead beating stage, considering that the number of relevant studies available for comparison
was similar within the groups with and without the homogenization stage. These subgroups were
the “Eastern subgroup” (comprising 31 samples with pre-homogenization), likely following a
traditional plant-based diet characterized by a predominance of complex fibers, and the “Western
subgroup” (comprising 26 samples with pre-homogenization), associated with a Westernized diet
predominantly featuring animal proteins. Within the group without bead beating, there were 16
samples from “Eastern subgroup” donors and ten samples from “Western subgroup” donors.

3.2. Correlations of key representatives of the normal human gut at the phylum and family levels with
the sample preparation method: Generalized results show weak correlation with one-study
quantitative findings

Since the sample sizes varied substantially and the data distributions deviated from normality (a
particularly critical factor when the group sizes differ) to compare the two groups based on the
transformed data, the weighted least squares method was applied. Following Box-Cox transformation,
the data for most taxa groups largely satisfied the assumptions of the Gauss-Markov theorem, i.c.,
observed residuals were not systematically skewed, had near zero means, and exhibited normality,
minimal autocorrelation, and homoscedasticity. However, certain taxa demonstrated deviations,
particularly in terms of variance homogeneity and residuals normality (Firmicutes, Bacteroides,
Verrucomicrobia, and Cyanobacteria phyla each failed at least one of the applied tests). Despite these
exceptions, applying WLS to the full dataset remains acceptable, as diagnostic tests failures primarily
indicate suboptimal efficiency of ordinary least squares estimation rather than methodological
invalidity, whereas the used method is robust to mild heteroscedasticity when appropriate weights are
applied, while excluding affected taxa could reduce representativeness.

We identified representatives of 16 major phyla and 27 significant taxa at the family level. Overall,
the reported total relative abundance for each study was at least 90% at the phylum taxonomic rank.
Consequently, the minor and/or unclassified/not reported/unknown portion of the community was
detected as 10% and separately classified as “Other”.

The relative abundances of the predominant bacterial and archaeal phyla were weighted
individually based on the sample size of the subjects and separately for the complete dataset and for
the balanced subset, excluding exceptionally large studies. The meta-analysis of well-represented
phyla and families’ relative abundance and their correlation with sample preparation methods is
presented in Figure 4a and Tables 1 (sections 1 and 2) and 3 (sections 1, 2, 4, and 5), respectively, along
with the Gram-positive to Gram-negative phyla ratios shown in Figure 4b and Table 2. The systematic
review of microbiome composition at the major phylum and family levels based on the sample
preparation method is displayed in Tables 1 (section 3, phylum level) and 3 (sections 3 and 6, family level).

AIMS Microbiology Volume 11, Issue 4, 786—-820.
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Figure 4. Major phyla relative abundance (a) and Gram-positive to Gram-negative phyla
ratio (b) for the data obtained with and without the mechanical homogenization step. P-
values shown are FDR-adjusted WLS significance for the complete dataset (p.A) and for
the balanced subset excluding two overweighted studies (p.B). F/B: Bacillota
[Firmicutes]/Bacteroidota, F/P: Bacillota [Firmicutes]/Pseudomonadota, F/V: Bacillota
[Firmicutes]/Verrucomicrobiota, F/Fu: Bacillota [Firmicutes]/Fusobacteriota, A/B:
Actinomycetota/Bacteroidota, A/P: Actinomycetota/Pseudomonadota, A/V:
Actinomycetota/Verrucomicrobiota, A/Fu: Actinomycetota/Fusobacteriota.
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Table 1. Meta-analysis of major phyla relative abundance (with or without mechanical homogenization step).

Phylum

Without homogenization step
Relative abundance

Reference

With homogenization step
Relative abundance

Reference

Bacillota, %
Bacteroidota, %
Pseudomonadota, %

Actinomycetota, %

Verrucomicrobiota, %

Fusobacteriota [Fusobacteria], %

Mycoplasmatota
[Tenericutes], %
Cyanobacteriota
[Cyanobacteria], %

Euryarchaeota, %

Crenarchaeota, %
Campylobacterota, %
Desulfobacterota
[Thermodesulfobacteria], %
Synergistota [Synergistetes], %

Lentisphaerota
[Lentisphaerae], %
Nitrospinota [Nitrospinae], %
Acidobacteriota, %

1. Median (IQR)
49.51 (40.08-58.81)
33.4 (22.50-46.93)
5.9 (3.75-7.70)

2.65 (1.31-6.10)
1.04 (0.42-1.70)

0.19 (0.10-0.36)
0.0245 (0.00-0.05)

0.0585 (0.00-0.29)

2. Individual values/Median (IQR)

0.24, 0.043, 0.04, 0.03, 0.00015
3. Individual values

2.00, 0.02, 0.01

0.01, 0.024

0.00, 0.00, 0.01, 0.16, 0.26

0.00, 0.00, 0.01, 0.02
0.00, 0.00, 0.00, 0.0002

0.00, 0.00
0.00025, 0.000517

[12,37-41,43,45-49,57-68]
[12,37-40,43,45-49,57-68]
[37-41,43,45-48,59-68]

[37-40,43,45-48,57-59,61-68]

[37,39,43,45,59-68]

[39,43,45,48,61-68]
[43,46,48,61-63,67]

[39,43,45,48,61,63,64,60,67]

[39,43,48,68]

[48,59,60]
[64,66]
[39,43,64,66,68]
[43,48,66]
[43,48,67]

[43]
[43]

59.62 (40.56-68.08)
28.03 (14.58-45.42)
4.2 (1.44-5.68)

3.37 (1.77-8.21)
0.545 (0.12-1.20)

0.42 (0.03-1.04)
0.12 (0.04-0.27)

0.05745 (0.02-0.14)

0.08375 (0.04-0.45)

0.00, 0.0005, 0.0011
0.05, 0.00
1.68,0.31,0.10

0.004, 0.005, 0.005, 0.005
0.02, 0.05,0.10, 0.11

0.00, 0.00, 0.0003, 0.0024,
0.01,0.02,0.20

0.00, 0.00, 0.0011, 0.16
0.0016, 0.003, 0.0035,
0.0057, 0.05, 0.41

[17,50,69-114]
[17,50,69-107,109—114]
[17,50,69-81,83-93,96,98-101,103-107,109—
114]

[17,50,69-71,74-81,83—
91,93,94,96,97,99,101-104,106-114]
[74-81,83,84,86—
91,93,94,99,103,106,107,109,110,112-114]
[74,78,81,96,99,105,106,108-110,112-114]
[17,69,74,80,84,89,90,99,106,109,110,114]

[17,69,78,80,81,89,90,102,106,110,113]

[74,75,78,80,81,89-91,106,113,114]

[114]
[78,113]
[78,91,113]

[69,78,81,89,99,114]
[74,89,99,114]

[89,114]
[78,91,96,114]
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Table 2. Major phyla gram-positive/gram-negative phyla ratios (with or without
mechanical homogenization step).

Ratio Without homogenization step With homogenization step

Median IQR Median IQR
F/B ratio 1.51 (0.93-2.48) 1.82 (1.00-4.73)
F/P ratio 8.23 (5.96-13.03) 17.00 (7.98-29.37)
F/V ratio 51.04 (34.80-164.88) 78.20 (58.79-369.00)
F/Fu ratio 205.21 (125.98-435.00) 88.10 (40.86-1844.89)
A/B ratio 0.05 (0.02-0.20) 0.08 (0.02-0.42)
A/P ratio 0.35 (0.21-0.89) 0.57 (0.17-2.07)
A/V ratio 2.50 (1.13-10.78) 8.28 (2.85-17.12)
A/Fu ratio 11.89 (2.72-55.69) 9.86 (1.52-19.50)

Table 3. Relative abundance of significant gram-positive and gram-negative taxa at the
family level (with or without mechanical homogenization step).

Family (gram-type)

With homogenization step

Without homogenization step

Relative abundance, % Reference Relative Reference
abundance, %
1. Median (IQR)
Lachnospiraceae (+) 16.94 (12.03-27.85) [17,69,71- 17.78 (11.91- [38—
74,76,78,79,81,82,84,8 24.54) 40,57,59,64,67,120,

Bifidobacteriaceae (+)

Clostridiaceae (+)

Erysipelotrichaceae (+)

Streptococcaceae (+)

1.69 (0.83-2.39)

1.25 (0.80-2.34)

9,90,92,95,96,99,101,1
07,108,115-119]
[17,74,76,78,79,81,84,
89,90,96,101,107,108,
119]
[17,74,78,81,82,84,89,
96,101,116]

2. Individual values/Median (IQR)

1.83 (0.59-3.35)

1.54 (0.58-1.96)

Peptostreptococcaceae (+) 0.98 (0.64—1.73)

Coriobacteriaceae (+)

Lactobacillaceae (+)

Eubacteriaceae (+)

Enterococcaceae (+)
Actinomycetaceae (+)

Peptococcaceae (+)

Methanobacteriaceae

0.92 (0.31-2.67)
0.42 (0.24-0.73)

3. Individual values

0.003, 0.006, 3.03, 3.45

0.0006, 0.01, 0.03, 0.04,

0.05,0.19
0.00071, 0.02, 0.07

[17,69,74,78,79,81,84,
89,90,101,119]

[17,78,81,84,89,90,107
,119]

[17,69,71,78,79,81,89,
92,95,117]

[17,74,78,81,84,89,90,
119,123]

[17,78,81,89,95,96,102
,107,119]

[17,78,81,89]
[17,78,81,89,107,119]

[17,78,81]

0.02, 0.06, 0.154, 0.27, 0.51 [17,78,81,89,119]

0.05,0.1, 0.13, 0.55, 1.05

[17,74,78,81]

2.30 (0.92-3.95)

0.92 (0.33-1.31)

0.54,0.78, 0.78,
0.89,2.89

0.30, 0.45, 1.85,
1.98

0.2, 0.3, 0.46,
0.92,1.63,7.78

0.35,0.57, 1.94,
7.17,

0.08, 2.81, 0.94

0.005, 0.27, 9.05
0.03, 1.08

0.01, 0.06, 0.07,
0.27

0.002, 0.01, 0.03
0.24,0.31

121]

[39,40,58,64,67,120,
121]

[37,39,40,59,64,67,1
20]

[59,64,67,120,121]
[59,64,67,120]
[39,59,64,67,120,12
2]

[59,64,67,120]

[64,67,120]

[64,67,120]
[64,120]

[58,64,67,120]

[59,64,67]
[39,120]
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Family (gram-type) With homogenization step Without homogenization step

Relative abundance, % Reference Relative Reference
abundance, %

4. Median (IQR)
Bacteroidaceae (-) [71-

15.25 (11.47-27.19) 74,76,78,79,81,84,89,90,9 ;;'32)(13'04_ 5307;7 64.67,120]
6,99,101,107,119] ’ mhmeEh
Oscillospiraceae/Ruminoc 17.70 (15.19-20.00) [17,69,71— 19.42 (14.00— [37-
occaceae (-) 74,76,78,79,81,82,84,89,9 25.60) 41,57,59,64,120]
0,92,95,96,98,99,101,107,
108,115-118]
Prevotellaceae (-) 8.78 (2.80-13.77) [17,71,72,74,78,79,81,84, 9.87 (2.72-12.59) [37,39,40,42,64,67,1
89,90] 20]
Rikenellaceae (—) 2.75 (1.79-4.05) [17,69,71,72,74,78,79,81,8 2.61 (2.01-3.76) [37,39,40,42,59,64,6
4,89,96,101,116,119] 7,120,124]
Veillonellaceae (—) 2.69 (1.20-4.03) [17,74,78,79,81,84,89,92, 1.74 (1.06-2.22) [37,39,40,59,64,67,1
96,99,101,107] 20]
Enterobacteriaceae (—) 1.14 (0.43-2.43) [17,69,71,72,74,78,81,84,8 1.86 (1.14-2.63) [37,39—
9,92,96,99,101,107] 41,59,64,67,120,124
,125]
Christensenellaceae (-)  0.57 (0.42-2.10) [17,74,78,81,103,115,119] 1.19 (0.51-1.51) [37,39,59,64,67,120,
126]
5. Individual values/Median (IQR)
Porphyromonadaceae (-) 0.90 (0.49-1.35) [17,74,78,79,81,84,89] 0, 0.005, 0.15, [59,64,67,120]
0.97
Desulfovibrionaceae (-) 0.10 (0.05-0.15) [17,74,78,81,84,89,119] 0.01, 0.0013, [37,39,59,64,67]
0.05,0.17,0.26
6. Individual values
Fusobacteriaceae (—) 0.00, 0.00, 0.03, 0.03, [74,78,81,99] 0.0032, 0.03, [39,59,64,67,120,12
1.3 0.17,0.29,0.36, 1]
1.11
Akkermansiaceae (—) 0.14, 0.20, 0.96, [78,107,119] 1.11,1.51,1.80  [39,64,67]
Odoribacteraceae (—) 0.3,0.0498, 0.44,0.66 [17,74,84] 0.03, 1.6 [40,67]
Paraprevotellaceae (-) 0.04,0.26,0.27,0.42, [17,74,81,84] 0.05 [59]

1.6
Verrucomicrobiaceae (-) 0.03, 0.04, 0.1, 0.2, 1.35 [74,81,84,89]

Complete dataset values with exceptionally large studies (n = 893 and n = 582 from the same
research group) at the phylum level showed an expected significant increase in abundance of Gram-
positive phyla Bacillota (p.A =0.003) and decreases in Gram-negative phyla Bacteroidota (p.A = 0.002)
upon mechanical homogenization. However, a significant, opposite-to-expected shift was observed, with
decreased representation of Actinomycetota (p.A = 0.007) and increased representation of
Pseudomonadota (p.A < 0.001) in the presence of the bead-beating step. The corresponding phylum-
ratio boxplots (F/B, F/P, F/V, F/Fu, A/B, A/P, A/V, A/Fu) reveal statistically significant shifts
attributable to the sample preparation method for the F/B, F/P, A/B, and A/P ratio after correction for
multiple testing (p.A < 0.001, p.A = 0.003, p.A < 0.001, p.A = 0.001, respectively). However, this
statistical significance results from the substantial imbalance in sample sizes between the groups (see
balanced p-values on the Figure 4a). No statistically significant changes in the relative abundance of
any bacterial phylum or ratio between the two groups were observed if the balanced subset excluding
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exceptionally large studies was used (all p > 0.05). A supplementary Mann-Whitney U test was
performed as a conservative validation step; it did not identify statistically significant differences (all
p-A > 0.05). However, this does not refute the findings from the weighted least squares estimates,
given the lower statistical power of the Mann-Whitney test.

Notably, only a limited number of taxa at the family level exhibited any dependence of Gram-
type relative abundance on the presence or absence of pre-homogenization. The initial hypothesis
found only indirect support: Across the studies considered, the application of bead beating resulted in
a greater number of detected taxa for both Gram-positive and Gram-negative groups compared to
protocols without mechanical disruption.

3.3. Correlations of key representatives of the normal human gut at the phylum and family levels with
donor geographic location: Generalized results do not correlate with one-study quantitative findings

Meta-analyses of microbiome compositions for Western and Eastern diet groups, based on pooled
datasets for phylum-level comparisons (combining both bead beating and non-bead beating protocols),
are presented in Figure 5a and Table 4 (sections 1 and 2). The Gram-positive to Gram-negative phyla
ratio (meta-analysis) is shown in Figure 5b and Table 5. Family-level comparisons are presented in
Table 6 (sections 1, 2, 4, and 5). The systematic review of individual studies examining regional
differences is shown in Table 4 (section 3, phylum level) and Table 6 (sections 3 and 6, family level).

a b
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Figure 5. Major phyla relative abundance (a) and Gram-positive to Gram-negative phyla
ratio (b) for “Eastern” and “Western” subgroups, collectively with and without the
mechanical homogenization step. P-values shown are FDR-adjusted WLS significance for
the complete dataset (p.A) and for the balanced subset excluding two overweighted studies
(p.B). Only the phyla with 8+ samples in each group are shown (see Methods). F/B:
Bacillota [Firmicutes]/Bacteroidota, A/B: Actinomycetota/Bacteroidota.
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Table 4. Major Phyla Relative Abundance for the “Western subgroup” and “Eastern
subgroup” Donors.

Phylum “Western subgroup” donors “Eastern subgroup” donors
Relative abundance  Reference Relative abundance Reference
1. Median (IQR)
Bacillota, % 58.05 (42.93-71.03) [12,17,37- 50.9 (39.05-61.65) [43,46-50,59-68,92—

Bacteroidota, %

Pseudomonadota, %

Actinomycetota, %

Verrucomicrobiota, %

Mycoplasmatota, %

Cyanobacteriota, %

Fusobacteriota, %

Euryarchaeota, %

Crenarchaeota, %
Desulfobacterota, %

Synergistota, %

Acidobacteriota, %

Campylobacterota, %
Lentisphaerota, %

Nitrospinota, %

33.21 (14.29-46.89)

3.36 (1.25-5.01)

2.31 (1.33-5.47)

1.06 (0.19-1.36)

0.27 (0.23-0.39)

0.08 (0.05-0.29)

41,45,57,58,69—
84,86-91,127]
[12,17,37-
40,45,57,58,69—
84,86-91,127]
[17,37-41,45,69—

81,83,84,86,87,89—

91,127]
[17,37—
40,45,57,58,69—

71,74-81,83,84,86—

91,127]
[37,39,45,74—
81,83,84,86-91]

[17,69,74,80,84,89,9

0]

[17,39,45,69,78,80,8

1,89,90]

2. Individual values/Median (IQR)

0.001, 0.005, 0.025,

0.04,0.19, 0.29

0.18 (0.04-0.98)

3. Individual values

0.17, 1.68

0.02, 0.05, 0.004,
0.11

0.002, 0.41

0.05
0.01,0.02,0.2

0.16

[39,45,74,78,81]

[39,74,75,78,80,81,8

9-91]

[39,78,91]

[69,78,81,89]

[78,91]

[78]
[74,89]

[89]

28.02 (20.76—41.68)

5.63 (2.47-8.35)

3.75 (1.66-8.20)

0.59 (0.12-1.36)

0.03 (0.00-0.07)

0.05 (0.00-0.24)

0.41 (0.14-1.16)

0.00, 0.00015, 0.03,
0.04, 0.04, 0.043, 0.06,
0.11,0.14

0.00, 0.0005, 0.0011,
0.01, 0.02, 2.00

0.00, 0.00, 0.01, 0.10,
0.16,0.26

0.00, 0.00, 0.005,
0.005, 0.005, 0.005,
0.02,0.10

0.00025, 0.0005,
0.003, 0.0035, 0.006,
0.05

0.00, 0.01, 0.02

0.00, 0.00, 0.00, 0.00,
0.00, 0.0002, 0.0003,
0.0024

0.00, 0.00, 0.00, 0.00,
0.0011

114]

[43,46-50,59-68,92—
107,109-114]

[43,46-48,50,59—
68,92,93,96,98—
101,103-107,109-114]
[43,46-48,50,59,61—
68,93,94,96-99,101—
104,106-114]

[43,48,60—
68,93,94,99,103,106,10
7,109,110,112-114]
[43,46,48,61—
63,67,99,106,109,110,1
14]
[43,48,61,63,64,66,67,1
02,106,110,113]

[43,48,61—
68,96,99,105,106,108—

110,112—-114]
[43,48,68,106,113,114]

[48,59,60,114]
[43,64,66,68,113]

[43,48,66,99,114]

[43,96,114]

[64,66,113]
[43,48,67,99,114]

[43,114]
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Table 5. Major phyla Gram-positive/Gram-negative phyla ratio for the “Western subgroup”
and “Eastern subgroup” donors.

Ratio Without homogenization step With homogenization step

Median IQR Median IQR
F/B ratio 1.76 (0.95-5.09) 1.82 (1.13-3.14)
F/P ratio 17.00 (8.39-58.21) 9.09 (5.77-22.90)
F/V ratio 62.46 (44.40-252.12) 70.00 (40.33-369.00)
F/Cy ratio 505.23 (238.49-1198.54) 838.57 (193.74-3700.00)
A/B ratio 0.05 (0.01-0.25) 0.10 (0.03-0.44)
A/P ratio 0.55 (0.19-1.64) 0.58 (0.24-1.96)
A/V ratio 2.95 (0.92-8.84) 8.23 (2.50-14.00)
A/Cy ratio 14.55 (8.28-243.37) 113.85 (23.62-500.00)

Table 6. Relative abundance of major Gram-positive and Gram-negative taxa at the family
level for the “Western subgroup” and “Eastern subgroup” donors.

Family (gram-type)

“Western subgroup” donors

Relative
abundance, %

Reference

“Eastern subgroup” donors

Relative abundance, %

Reference

Lachnospiraceae (+)

Erysipelotrichaceae (+)

Bifidobacteriaceae (+)

1. Median (IQR)

15.20 (11.90-23.39) [17,38-40,57,69,71—
74,76,78,79,81,82,84,89,9

1.74 (0.33-2.55)

1.63 (0.70-2.57)

Peptostreptococcaceae (+) 0.89 (0.60—1.06)

Clostridiaceae (+)
Coriobacteriaceae (+)

Lactobacillaceae (+)

Eubacteriaceae (+)

Streptococcaceae (+)
Enterococcaceae (+)
Actinomycetaceae (+)

Peptococcaceae (+)

0,115-117]

24.60 (10.43-30.23)

[17,69,74,78,79,81,84,89,9 2.89 (2.52-3.95)

0]

[17,39,40,58,74,76,78,79,8 2.09 (0.85-3.03)

1,84,89,90]

[17,39,69,71,78,79,81,89,1

17,122]

2. Individual values/Median (IQR)
[17,37,39,40,74,78,81,82,8 0.56, 0.63,0.96, 1.21,

1.00 (0.80-2.28)

0.62 (0.22-2.73)

4,89,116]
[17,74,78,81,84,89,90]

0.06, 0.23,0.42, 1.31 [39,78,81,89]

3. Individual values

0.01, 0.01, 3.03, 3.45 [17,78,81,89]

0.04, 0.30, 0.581,
1.62,2.29, 6.13

0.0006, 0.01, 0.05,
0.19

0.0007, 0.02, 0.06,
0.07

0.02, 0.06, 0.15,
0.27,0.51

[17,78,81,84,89,90]

[17,78,81,89]

[17,58,78,81]

[17,78,81,89,119]

1.10 (0.45-3.00)

1.9,2.13

0.01, 0.36, 0.57, 1.95,
2.15,7.18

0.65 (0.47-2.63)

0.0055, 0.27, 9.05
0.30, 0.45, 0.57, 1.54,
1.85, 1.98

0.03, 0.03, 0.04, 1.08
0.01, 0.07, 0.28

0.00195, 0.01, 0.03

[59,64,67,92,95,96
,99,101,107,108,1
18-121]

[59,64,67,101,119
“121]

[64,67,96,101,107,
108,119-121]

[59,64,67,92,95,12
0]

[59,64,67,96,101,1
20]

[59,64,67,119,120,
123]

[64,67,95,96,102,1
07,119,120]

[64,67,120]
[59,64,67,107,119,
120]
[64,64,107,120]
[64,67,120]

[59,64,67]
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Family (gram-type) “Western subgroup” donors “Eastern subgroup” donors

Relative Reference Relative abundance, % Reference
abundance, %

4. Median (IQR)

Bacteroidaceae (—) 20.29 (12.64-28.48) [37-40,57,71— 12.57 (7.10-22.97) [64,67,96,99,101,1
74,76,78,79,81,84,89,90,1 07,120]
19]
Oscillospiracea/Ruminoco17.30 (15.25-19.79) [17,37-41,57,69,71- 19.42 (8.88-22.15) [59,64,92,95,96,98
ccaceae (—) 74,76,78,79,81,82,84,89,9 ,99,101,107,108,1
0,115-117] 18,120]
Prevotellaceae (-) 5.89 (2.20-10.72)  [17,37,39,40,42,71,72,74,7 12.65 (4.75-14.69) [64,67,92,96,98,99
8,79,81,84,89,90] ,102,107,118,120]
Veillonellaceae (-) 1.67 (0.95-2.50) [17,37,39,78,79,81,84,89,9 3.30 (2.13-5.95) [59,64,67,92,96,99
0] ,101,107,120]
Enterobacteriaceae (—)* 0.88 (0.46-1.37) [17,37,39— 3.20 (2.41-3.80) [59,64,67,92,96,99
41,58,69,71,72,78,81,84,8 ,101,107,120]
9,124,125]
5. Individual values/Median (IQR)
Rikenellaceae (-) 2.90 (2.68-4.24) [17,37,39,40,42,69,71,72,7 0.26, 0.38, 0.54, 0.9, [59,64,67,96,101,1
4,78,79,81,84,89,116,119, 0.97,1.77 20]
124]
Christensenellaceae (—)  1.25 (0.40-1.92) [17,37,39,74,78,81,115,11 0.008, 0.03, 0.30, 0.5, [59,64,67,103,120,
9] 1.14, 1.6 126]
Porphyromonadaceae () 0.90 (0.49-1.35) [17,74,78,79,81,84,89] 0.00, 0.005, 0.15,0.97 [59,64,67,120]
Desulfovibrionaceae (—) 0.10 (0.02-0.15) [17,37,39,74,78,81,84,89,1 0.0013, 0.05, 0.26 [59,64,67]
19]
6. Individual values
Akkermansiaceae (—) 0.20, 0.96, 1.51 [39,78,119] 0.14,1.11, 1.80 [64,67,107]
Odoribacteraceae (—) 0.05, 0.30, 0.44, [17,40,74,84] 0.03 [67]
0.66, 1.60
Paraprevotellaceae (-)  0.04, 0.26, 0.27, [17,74,81,84] 0.05 [59]
0.42, 1.60
Verrucomicrobiaceae (—) 0.03, 0.04, 0.10, [74,81,84,89] - -
0.20, 1.35
Methanobacteriaceae 0.05,0.10, 0.13, [17,39,74,78,81] 0.32 [120]
0.24, 0.55, 1.05
Fusobacteriaceae (—) 0.00, 0.00, 0.03, [39,74,78,81] 0.00, 0.03,0.17, 0.36, [59,64,67,99,120,1
0.03,0.29 1.11, 1.30 21]

*statistically significant change (p.A < 0.001).

For the merged and complete datasets comprising “Western subgroup” and “Eastern subgroup”
donors, significant relationship between cohort location and relative abundance at the phylum level
was detected for Bacillota, Bacteroidota (p.A < 0.001), Actinomycetota (p.A = 0.032), and also for the
Gram-positive to Gram-negative ratios (p.A < 0.001 for F/B and p.A = 0.004 for A/B). Consistent with
our expectations, no significant changes were observed for these phyla or their ratios in the merged
balanced subsets (see balanced p-values in Figure 5a,b).

At the family level, a notable difference in relative abundance was observed for only the
Enterobacteriaceae family, which prevailed among the “Eastern subgroup” donors (see Table 6).
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a

Log-Transformed Relative Abundance

Log-Transformed Abundance Ratio

Meta-analysis results for the well-represented phyla and Gram-type ratios across the location-based
subgroups are presented in Figure 6a and 6b for samples processed with bead beating, and in Figure 6¢ and
6d for those processed without this step. Within the “Eastern subgroup”, the comparison of data with and
without the mechanical homogenization step is presented in Figure 7a and 7b; the same comparison
for the “Western subgroup” is shown in Figure 7c and 7d.

g

2

=

pAml 32e-05%
p.B=0.0276* p.A=0.00185

p.B=0.566

@ Western subgroup
Q Eastem subgroup

pA=0.117
— .A=0.0007394+ p8=0.566
p.B=0.0719
— pA=0.00287
p.B=0.0773
Bacillota Bacteroidota Pseudomonadota Actinomycetota  Merrucomicrobiota
p.A=0.089
pB=0.377 @ Western subgroup
O Eastern subgroup
p.A=0.089
p.B=0.0133*
p.A=0.000184%
pB=0288
= p.A=0.0225%
pA=0.000424% 5 p.B=0.288
p.B=0.288
pA=0.0526 |—
— ot p.B=0.288
FiB FIP FV AP AV

@ Western subgroup
QO Eastern subgroup

pA=0413
p.B=0.422
p.A=0.413
p.B=0.425
—— p.A=0.413
p.B=0.306
Bacillota Bacteroidota Actinomycetota
@ Western subgroup
O Eastern subgroup
pA=0.351
p.B=0.351
et pA=0.351
—_— p.B=0.197
F/B AB

Figure 6. Major phyla relative abundance and Gram-positive to Gram-negative phyla ratio
for “Eastern” and “Western” subgroups, with (a, b) and without (c, d) the mechanical
homogenization step. P-values shown are FDR-adjusted WLS significance for the
complete dataset (p.A) and for the balanced subset excluding two overweighted studies
(p.B). Only the phyla with 8+ samples in each group are shown (see Methods). F/B:
Bacillota [Firmicutes]/Bacteroidota, F/P: Bacillota [Firmicutes]/Pseudomonadota, F/V:
Bacillota [Firmicutes]/Verrucomicrobiota, A/B: Actinomycetota/Bacteroidota, A/P:
Actinomycetota/Pseudomonadota, A/V: Actinomycetota/Verrucomicrobiota.

In the complete subset of studies employing bead beating, those representing the “Eastern
subgroup” (predominantly plant-based diet) demonstrated statistically significant decrease in the
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Pseudomonadota phylum compared to the “Western subgroup” (p.A < 0.001). Contrary to our
expectations, the “Western subgroup” was associated with an elevated abundance of the phylum
Bacillota, exclusively in the presence of the mechanical homogenization step (p.A < 0.001).
Nevertheless, none of the differences in relative phyla representation between the two balanced groups
reached statistical significance.

The ratio of Gram-positive Bacillota to Gram-negative Bacteroidota, as well as the F/P and A/P
ratios, were statistically significant within the complete dataset but not within the balanced one. In
contrast, the A/V ratio reached statistical significance only after the exclusion of exceptionally large
studies (p.A = 0.089 vs p.B =0.01, see Figure 6b. No statistically detectable effects were observed in
the meta-analysis of studies without the mechanical homogenization step (see Figure 6¢ and 6d).
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Figure 7. Phyla relative abundance and Gram-positive to Gram-negative phyla ratio within
the “Eastern” (a, b) and “Western” (c, d) subgroups, comparing samples with and without
mechanical homogenization. P-values shown are FDR-adjusted WLS significance for the
complete dataset (p.A) and for the balanced subset excluding two overweighted studies
(p.B). Only the phyla with 8+ samples in each group are shown (see Methods). F/B:
Bacillota [Firmicutes]/Bacteroidota, F/P: Bacillota [Firmicutes]/Pseudomonadota, F/V:

Bacillota [Firmicutes]/Verrucomicrobiota,

A/B: Actinomycetota/Bacteroidota, A/P:

Actinomycetota/Pseudomonadota, A/V: Actinomycetota/Verrucomicrobiota.
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In the “Eastern subgroup”, the bead beating step had no significant effect on phylum-level
composition or ratios, except for Fusobacteriota which was significantly higher with bead beating in
both datasets.

The “Western subgroup” exhibited method-related differences at the well-represented phylum
level: Inclusion of the bead beating step led to an increase in the Gram-positive phylum Bacillota (as
well as F/B ratio) and a decrease in the Gram-negative phylum Bacteroidota (p.A = 0.001 each, see
Figure 7b in the full dataset). However, these associations were largely driven by two exceptionally
large studies, both included in the Western cohort; when a balanced subset excluding these studies was
analyzed, the significance for the phylum Bacteroidota was no longer observed.

No other phyla or their ratios showed statistically significant differences within the “Eastern”
or “Western” subgroups, in the absence or presence of the “bead beating” stage for balanced subsets.

4. Discussion
4.1. Meta-analysis outcomes and interpretation of findings

The fecal microbiota is seen as a functional part of the body, and its imbalance is thought to be
one of the markers of various pathological processes, with dysbiosis increasingly viewed as a
dysfunction of this unified “organ”. It is important to note that even commensal members of the normal
gut microbiota may contribute to pathological processes under specific host or environmental
conditions. Evidence, including the “driver-passenger”” model, shows that dysbiosis within otherwise
non-pathogenic communities can promote inflammation and barrier dysfunction and has been linked
to autoimmune disorders and colorectal carcinogenesis [91,108,128]. Establishing a reliable reference
interval for the normal (healthy) gut microbiome, encompassing its microbial composition and the
relationships between taxonomic groups, is of paramount importance.

According to the results of the meta-analysis, the microbiota composition at the phylum level is
predominantly represented by Gram-positive Bacillota (median 49.5-59.6%, depending on the
sampling location and the presence or absence of a pre-homogenization step) and Gram-negative
Bacteroidota (28.0-33.4%). These two phyla consistently contribute the largest proportions across all
included datasets, irrespective of biosample preparation protocols or geographical origin of
participants (Tables 1 and 4). Bacteria from the phyla Pseudomonadota (3.4-5.9%),
Actinomycetota (2.3-3.7%), Verrucomicrobiota (0.5-1.0%), Fusobacteriota (up to 4.6%),
Euryarchaeota (up to 2.1%) Crenarchacota (up to 2.0%), Mycoplasmatota (0.02—0.3%),
Cyanobacteriota (0.05-0.08%), Campylobacterota (up to 0.05%), Desulfobacterota (up to 1.68%),
Synergistota (up to 0.1%), Lentisphaerota (up to 0.2%), Nitrospinota (up to 0.16%), and
Acidobacteriota (up to 0.41%), are significantly less abundant.

Based on the selected reliable studies, we can conclude that the key representatives at the family
taxonomic rank are Lachnospiraceae (the dominant family of the Bacillota phylum), Bacteroidaceae (the
dominant family of the Bacteroidota phylum), Oscillospiraceae, Prevotellaceae, Bifidobacteriaceae,
Coriobacteriaceae, Clostridiaceae, Rikenellaceae, Peptostreptococcaceae, Veillonellaceae,
Erysipelotrichaceae, Streptococcaceae, Enterobacteriaceae, Lactobacillaceae, Christensenellaceae
Akkermansiaceae, Porphyromonadaceae, Enterococcaceae, Odoribacteraceae and Paraprevotellaceae.
Additionally,  representatives of the families Fusobacteriaceae, = Methanobacteriaceae,
Verrucomicrobiaceae, Desulfovibrionaceae, Actinomycetaceae, Peptococcaceae, and Eubacteriaceae are
often found in human feces but are less abundant. The key representatives and their updated taxonomy
are presented in Figure 8.
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Figure 8. Taxonomy classification chart of key representatives.

Numerous individual population-based studies show correlations between the composition of
normal “healthy microbiota” and geographical location (thus specifically referring to diet) when exploring
samples from various subjects (study design: “case-control”) or different ethnic groups. Based on other
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studies, we anticipated a positive association between Bacteroidota and the “Western diet” and a negative
correlation with the “Eastern diet”, as well as an inverse trend for Bacillota [7,10,15,18].

However, our synthesis and comparison of multiple studies either did not reveal significant
differences in microbiome taxonomic profiles associated with cohort location or demonstrate trends
opposite to those predicted by theoretical considerations and prior evidence. One possible explanation
for the lack of associations in such analyses is the substantial variation in sample sizes across the
included studies, which may obscure genuine patterns and introduce bias. In our case, two particularly
large studies (n = 893 and n = 582), both conducted by the same research group, had a
disproportionately strong influence on the overall results. To mitigate this effect, we performed
separate analyses using a complete dataset and a balanced subset. The latter excluded the oversized
cohorts to ensure more comparable contributions of individual studies in the weighted least squares
estimates and to reduce the impact of sample size heterogeneity on meta-analytic outcomes.

The “Western subgroup” was associated with an increased abundance of Bacteroidota in several
sample variants. However, this association was observed only in datasets dominated by the
aforementioned studies from a single research group and not in the balanced dataset, as well as an
increase in Verrucomicrobiota and a decrease in Pseudomonadota. Unexpectedly, the “Western
subgroup” was also associated with higher levels of Bacillota (as well as higher F/B ratio)
exclusively in the presence of the mechanical homogenization step (p.A < 0.001) in all dataset
variants. This finding does not align with prior assumptions of a negative correlation between the
low-fiber diet (expected in the “Western” group) and the phylum Bacillota [15]. No significant
changes were observed for the other phyla in the balanced subsets. Among the phylum-level ratios,
only the increase in the Actinomycetota-to-Verrucomicrobiota (A/V) ratio remained statistically
significant when comparing the “Eastern subgroup” to the “Western subgroup”.

Notably, articles reporting data on the phyla Euryarchaeota, Desulfobacterota, Lentisphaerota,
and Acidobacteriota in studies involving the “Western subgroup” (both with and without the bead-
beating step) were scarce compared to those from the “Eastern subgroup.” Similarly, within the “Western
subgroup” lacking homogenization, Pseudomonadota, Verrucomicrobiota, and other low-abundance
taxa were underrepresented, thereby limiting the feasibility of conducting a robust meta-analysis for
these groups. These findings suggest that these phyla either constitute a minor fraction of the intestinal
microbiota in populations from European and American regions compared to the “Eastern subgroup,”
or remain insufficiently studied in those contexts.

The abovementioned inconsistencies point to deeper methodological challenges in microbiome
research. While variations in the choice and number of subjects, as well as limitations in participant
selection, undoubtedly influence the assessment of taxonomic representation, technical factors may be
equally, if not more, decisive. The generation of reliable and reproducible data in this field is inherently
complex, as outcomes are shaped not only by biological variation but also by technical factors across
multiple stages of the NGS workflow, including sample collection, storage, DNA extraction, and
sequencing protocols.

The introduction of molecular biological techniques has greatly advanced research on the human
intestinal microbiome, which has gained exponentially in popularity. However, the variety of methods
used and the lack of strict interlaboratory standards for DNA extraction and analysis reduce the
likelihood of a reliable meta-analysis of this complex microbial community and its dynamics. These
methodological inconsistencies are particularly important at the stage of sample handling and DNA
isolation, which play a critical role in shaping the observed taxonomic profiles.

The yield of extracted DNA from complex materials such as feces directly depends on the method
and quality of its isolation, as well as on storage conditions and sample preparation. Long-term storage

AIMS Microbiology Volume 11, Issue 4, 786—-820.


https://www.zotero.org/google-docs/?8yAbcL
https://www.zotero.org/google-docs/?0gyqJU

809

of samples without freezing can lead to the growth of facultative anaerobes and a decrease in the number
of strict anaerobes, which may negatively impact the reliability of community analysis results [129].

Extraction methods with inefficient lysis steps significantly affect the detection of Gram-positive
bacteria and archaea, the latter sharing structural similarities in cell wall composition with Gram-
positive bacteria. Individual studies demonstrate the positive influence of the mechanical
homogenization stage on the extraction of genetic material from feces, especially for Gram-positive
bacteria DNA yield (which can increase up to 10-fold) [31-33].

Surprisingly, however, when the data from different studies were pooled for this meta-analysis,
the presence of the mechanical homogenization step was associated only with moderate shifts in the
relative abundance of microorganisms at the phylum and family levels, which were likewise dependent
on dataset balancing. The generalized results revealed a significant relationship between qualitative
and quantitative aspects of microbial composition and the presence of the homogenization step for
several phyla only when the complete dataset was considered. Specifically, this applied to elevated
Bacillota & decreased Bacteroidota (for merged datasets where samples from both dietary subgroups were
pooled, and separately within the subgroup with a Westernised diet), and counterintuitively elevated Gram-
negative Pseudomonadota and decreased Gram-positive Actinomycetota (for merged datasets). None of
these observations regarding phyla remained significant upon exclusion of the outliers to form the balanced
dataset with the exception of the Bacillota phylum; and only in the Western subgroup. The only other
significant difference observed in the balanced dataset was an unexpected increase in Fusobacteriota
abundance within the “Eastern” group following the application of the bead-beating step.

It was initially anticipated that the presence of the homogenization step (recognized as one of the
most effective approaches for cell lysis) would show a significant association with the outcomes of the
meta-analysis of the gut microbiota composition. Despite these expectations, the inclusion or omission
of the bead-beating did not reveal any consistent differences in taxonomic profiles. These findings
suggest that the contribution of this step alone may not be the primary driver of variation observed in
individual studies and may be limited by the influence of other stages of the microbiome 16S rRNA
gene sequencing workflow.

Other drawbacks associated with the qualitative and quantitative analyses using the 16S rRNA
gene sequencing methodology may explain these results [27,130-133]:

1) Universal primers commonly used for amplifying variable regions of the 16S rRNA gene do
not anneal equally well across taxa, resulting in uneven amplification efficiency and distortion
in microbiota structure results.

2) Additionally, major taxa gain a significant advantage over minor (up to 0.5%) taxa during the
initial amplification cycles, which is crucial for the overall process. Consequently, minor taxa
may be underrepresented or completely absent. Unfortunately, since each sample has a unique
taxa composition, a random error, rather than a systematic error, arises from the aforementioned
issues, which cannot be predicted or accounted for in each case.

3) The individual number of 16S rRNA gene copies inherent to each microorganism is rarely taken
into consideration, leading to ambiguous estimates of the relative content of taxa at the genus
level and above [134].

4) Moreover, the estimation of specific taxa content can vary significantly depending on the
database used (for example, RDP or SILVA). For instance, in the RDP database, there is no
genus named Subdoligranulum, which is classified under the Oscillospiraceae family in the
SILVA database. Instead, the corresponding reads in the RDP database are classified as the
genus Gemmiger of the Ruminococcaceae family. This heterogeneity is attributed to differences
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in the nature of database maintenance (manual or automatic) and the entry of sequences (with
or without prior confirmation via culture methods).

5) Since the relative content of taxa, rather than absolute content, is estimated, an increase in one
taxon automatically leads to an underestimation of the content of others.

6) Finally, the universal primer sequences complementary to the 16S rRNA gene are selected
based on already known taxa, which may result in insufficient affinity and sequence specificity
of DNA binding for currently unknown representatives of the microbiota.

7) Different regions of the 16S rRNA gene employed for analysis exhibit unequal phylogenetic
fidelity.

8) Other modifications of sequencing-based analysis include various options for library
preparation, different sequencing techniques (e.g., Platform 454 and Junior “Roche,” SOLiD
and Ion Torrent “Applied Biosystems,” HiSeq and MiSeq “Illumina,” among others), and the
subsequent assembly of “raw” reads. These factors can lead to differences in data normalization,
taxa overestimation, or underrepresentation, particularly at lower taxonomic ranks.

Thus, it is challenging to reliably assess the true contribution of each representative to the
biodiversity of the microbial community when systematizing data obtained using different protocols.
Moreover, this challenge persists even when utilizing the same protocol (refer to reasons 1, 2, and 5)
in fecal microbiome analyses. As we have demonstrated in our paper, we were unable to statistically
confirm even the well-established fact that microbiome composition depends on the biosample preparation
method when analyzing generalized data obtained through the 16S NGS sequencing procedure.

4.2. Study limitations

This study has several limitations that should be considered when interpreting the findings.

First, when analyzing the complete dataset, the results of the meta-analysis were affected by two
exceptionally large studies, which significantly exceeded the sample sizes of the remaining included
datasets. Although we addressed this effect by analyzing both the full and balanced subsets, large
discrepancies in sample size limit the ability to draw generalizable conclusions across all studies, as
aggregated results may reflect weighting artifacts rather than consistent biological patterns.

Second, certain low-abundance phyla (e.g., Crenarchaeota, Desulfobacterota, Campylobacterota,
Lentisphaerota) were underrepresented in datasets originating from “Western” cohorts, regardless of
sample preparation protocol. This constrained the feasibility of comparative analysis for these taxa.

Moreover, although cohort sizes were balanced between plant-based and protein-rich dietary groups
to ensure statistical comparability, the underlying studies were unevenly distributed across global regions.
While the dataset covered a broad range of countries, some regions, most notably Africa, South America,
and Oceania, remain underrepresented due to a lack of studies meeting our inclusion criteria. This reflects
a persistent data gap in the field and limits the generalizability of diet-microbiota associations.

Third, the analysis was restricted to the phylum and family taxonomic ranks, as representatives
at these levels are the most reliably detected by 16S rRNA sequencing, while less abundant groups (up
to 0.5%) may remain undetected due to previously discussed methodological limitations such as primer
bias and uneven amplification efficiency.

In addition, despite the use of stringent inclusion and exclusion criteria addressing participant
selection and sample handling, substantial variation remained in the technical aspects of the included
studies. The reviewed studies differed in several technical parameters, including the targeted 16S
rRNA variable regions, sequencing platforms, and DNA extraction protocols. These factors may serve
as uncontrolled sources of variation and introduce inconsistency into taxonomic profiling outcomes.
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Another important limitation is the absence of standardized dietary metadata in the included
studies, we were unable to assess direct correlations between microbiome composition and nutritional
intake. As a result, geographic classification (e.g., “Eastern” vs. “Western” cohorts) was used as an
indirect indicator of dominant dietary patterns.

Finally, the reported microbial composition was based on relative abundance values derived from
sequencing data. The reliance on taxonomic profiling without absolute quantification (such as the
actual number of DNA copies per unit of sample) leads to ratio-based distortion of compositional structure,
whereby changes in the abundance of one taxon directly affect the measured proportions of others.

5. Conclusions

The findings of this meta-analysis demonstrate that, under current conditions, it is not possible to
establish reliable reference intervals for the normal gut microbiota by generalizing results from the majority
of published studies. This limitation is primarily due to substantial methodological heterogeneity, including
differences in sample preparation, DNA extraction, sequencing protocols, and data reporting practices,
which obscures true biological patterns and prevents meaningful cross-study comparability.

It is important to emphasize that the failure to confirm expected associations in the generalized
dataset does not undermine the validity of the underlying hypotheses. Rather, it highlights the
methodological inconsistencies across studies.

Consequently, transitioning from single-study quantitative findings to broader conclusions based
on generalizations from multiple studies employing 16S rRNA sequencing may only be reliable if
strict control is maintained over all experimental technique parameters across the studies considered.
In this context, we deem it necessary to offer two suggestions for improving the reliability and
consistency of research results.

The first recommendation is to achieve maximum standardization of the sample preparation
methodology and subsequent data processing, adhering to international guidelines. Specifically, when
utilizing alternative extraction techniques, it is essential to demonstrate that the resulting microbiome
profile resembles that obtained with internationally recommended kits or isolation methods. In
particular, mechanical homogenization (“bead beating”) should be universally applied in all
microbiome studies.

For the second recommendation, we advocate for the use of precise reference quantitative
methods (such as quantitative PCR or droplet digital PCR [135]) for quantitatively assessing taxa
representation. When complemented by an absolute quantification method and conducted in a
controlled manner, 16S NGS will not only serve as a research tool but also become a globally
reproducible methodology for assessing microbial community composition.

Only after accumulating a sufficient number of studies with these considerations addressed can
we obtain true reference intervals for normal fecal microbiota. This will enable clinicians to make
informed medical judgments regarding fecal microbiota imbalances, except for strictly pathogenic
bacteria, where current knowledge is adequate.
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