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Abstract: Whether the gut microbiome in obesity is characterized by lower diversity and altered
composition at the phylum or genus level may be more accurately investigated using high-throughput
sequencing technologies. We conducted a systematic review in PubMed and Embase including
32 cross-sectional studies assessing the gut microbiome composition by high-throughput sequencing
in obese and non-obese adults. A significantly lower alpha diversity (Shannon index) in obese
versus non-obese adults was observed in nine out of 22 studies, and meta-analysis of seven studies
revealed a non-significant mean difference (—0.06, 95% CI —0.24, 0.12, 12 = 81%). At the phylum level,
significantly more Firmicutes and fewer Bacteroidetes in obese versus non-obese adults were observed
in six out of seventeen, and in four out of eighteen studies, respectively. Meta-analyses of six studies
revealed significantly higher Firmicutes (5.50, 95% 0.27, 10.73, 12 = 81%) and non-significantly lower
Bacteroidetes (—4.79, 95% CI —10.77, 1.20, 2= 86%). At the genus level, lower relative proportions of
Bifidobacterium and Eggerthella and higher Acidaminococcus, Anaerococcus, Catenibacterium, Dialister,
Dorea, Escherichia-Shigella, Eubacterium, Fusobacterium, Megasphera, Prevotella, Roseburia, Streptococcus,
and Sutterella were found in obese versus non-obese adults. Although a proportion of studies found
lower diversity and differences in gut microbiome composition in obese versus non-obese adults, the
observed heterogeneity across studies precludes clear answers.

Keywords: gastrointestinal microbiome; adult; humans; obesity; BMI; 16S sequencing; shotgun
metagenomics
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1. Introduction

Obesity is a major public health problem worldwide [1]. In the year 2016, the global
prevalence of overweight in adults (defined as body mass index, BMI > 25 kg/m?) was
39% (1.9 billion adults), and the prevalence of obesity in adults (BMI > 30 kg/m?) was 13%
(650 million adults) [1]. It was estimated that by 2030, 2.16 billion (38%) individuals of the
world’s adult population will be overweight and 1.12 billion (20%) will be obese [2]. Obesity
is a risk factor for major chronic diseases, such as cardiovascular diseases [3], various types
of cancer [4,5], and for premature death [6]. Obesity is the consequence of a positive energy
balance resulting from the interaction of genetic and non-genetic factors, including personal,
environmental, and nutritional factors [7]. There is evidence from animal studies that the
gut microbiome may also play a role in the development of obesity [8,9]. Furthermore, some
studies in humans suggest that the microbiome composition may differ between obese and
non-obese persons, and it was speculated whether such differences may contribute to the
higher disease risk observed in obese persons, but findings have been inconsistent [10].

The human gut microbiome is composed of two dominant phyla, Firmicutes and Bac-
teroidetes, accounting for 90% of the total community, as well as the phyla Proteobacteria,
Actinobacteria, and Verrucomicrobia, which are less dominant [11]. Among the 200 dif-
ferent genera belonging to the Firmicutes phylum are Lactobacillus, Bacillus, Clostridium,
Enterococcus and Ruminococcus, whereas the most predominant genera belonging to the
Bacteroidetes phylum are Bacteroides and Prevotella [11], although taxonomic classifica-
tions depend on the reference database used [12]. Animal studies found that when gut
microbiota from conventionally raised wild-type mice was transplanted into germ-free
mice, a rapid increase in their body fat by 60% was observed without changing their food
consumption [13], and when gut microbiota from obese adult female humans were trans-
planted to germ-free mice, a rapid increase in their body weight was also observed [14].
Another study showed that the gut microbiota of genetically obese mice (ob/ob) was
less diverse compared to their lean counterparts, and was also found to be enriched in
Firmicutes and depleted in Bacteroidetes [15]. In humans, findings have been inconsistent,
with some studies finding a higher relative abundance of the Firmicutes as compared to
the Bacteroidetes phyla (often also expressed as ratio) in obese as compared to non-obese
persons, whereas others found no such associations [9,16-21]. Differences in the study
population (e.g., age, sex, geographic region) or specific health-related subgroups (e.g.,
metabolic status in obese persons) could explain the high inter-individual variation in the
gut microbial community of the gut microbiota [8], which precludes the definition of a
reference microbiome in health and disease [22]. In addition, differences in microbiome
measurement techniques and annotation are likely to have contributed to the heterogeneity
of findings in the past [23].

Two systematic reviews exploring the differences in the gut microbiome composition
between obese and non-obese mixing adults and children [24] or in adults only [25] have
previously been conducted, although none conducted meta-analysis. Both these systematic
reviews and other non-systematic reviews [26-28] tried to answer whether obesity is asso-
ciated with a higher or lower gut microbiome diversity compared to lean individuals and
also whether the Firmicutes to Bacteroidetes (F:B) ratio can be considered a relevant marker
of gut dysbiosis in obese persons. The systematic reviews in adults from observational and
intervention studies (bariatric surgery patients) [24,25] concluded that obese persons have
different profiles of gut microbiota compared to the non-obese. Higher relative abundance
of the phyla Firmicutes, Proteobacteria, and Fusobacteria, as well as the genus Lactobacillus
were found in obese compared with lean individuals, whereas the phylum Bacteroidetes, as
well as the species Faecalibacterium prausnitzii, Akkermansia muciniphila, Methanobrevibacter
smithii, and Bifidobacterium animalis were found in lower relative abundance in the obese
compared to the lean [25]. However, inconsistent results were found in the diversity of
the gut microbiota associated with obesity [25]. Both systematic reviews attributed such
inconsistent results to technical factors, such as the inclusion of studies that used different
methodologies for the quantification of microorganisms [24,25]. Other technical factors that
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may contribute to divergent results are: different sequencing techniques for microbiome
quantification, differences in the primers used and methods for DNA extraction, as well
as the reference database used for the classification [23,25,29]. However, none of these
systematic reviews addressed the issue of the lack of definition of criteria to select the
appropriate reference database for taxonomic classification. Non-technical factors that
have been shown to have an impact on the gut microbial composition, but are in available
studies rarely or insufficiently controlled for include sex, season, dietary patterns, exercise,
medication, and geographical aspects [25]. Both systematic reviews make a plea for future
studies quantifying the gut microbiome using high-throughput sequencing techniques
(so-called next generation sequencing technologies) to disentangle the complexity of the
gut microbiome.

This is the first systematic review with meta-analysis addressing differences in the
gut microbiome composition in obese versus non-obese adults focusing on studies using
high-throughput sequencing technologies (e.g., 165 rDNA/rRNA sequencing, shotgun
metagenomics). Our primary aim was to assess differences in the gut microbiome compo-
sition and diversity (alpha and beta-diversity) at the phylum and genus levels between
obese and non-obese adult individuals from the general population based on data from
observational studies. Further, we aimed to test the hypothesis that obese as compared to
non-obese persons have a higher F:B ratio, which could be considered a hallmark of the
pathophysiology of obesity. We also describe microbial taxonomic signatures associated
with obesity reported by the included studies.

2. Materials and Methods
2.1. Data Sources and Search Strategy

This systematic review is reported in accordance with the recommendations set forth
by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement [30]. The protocol was prospectively registered at PROSPERO (CRD42021225730).
A systematic search was conducted in November 2020 using computerized bibliographic
databases, such as PubMed and EMBASE via Ovid from inception to 19 November 2020.
The search included a combination of MeSH terms and free text to retrieve articles on
obesity, including anthropometric measurements, and gut microbiome, and was restricted
to English language (see Supplement Table S1 for the search strategy).

We obtained further references from the reference list of the studies included in the
qualitative synthesis. Search results were imported from PubMed and EMBASE XML
into the CAMARADES Preclinical Systematic Review & Meta-analysis Facility (SyRF)
(https:/ /app.syrf.org.uk/ (last accessed on 5 March 2021)) for title and abstract screening as
well as for full text assessment. To manage the references, we used EndNote X7® (Thomson
Reuters) software.

2.2. Exposures and Comparators

Obesity was the primary exposure of interest. Obesity was defined by body mass
index (BMI) > 30 kg/m? as compared to non-obesity (BMI < 30 kg/m?). Secondary
exposures were: (1) abdominal obesity based on waist circumference >102 cm in men and
>88 cm in women, or waist-to-hip ratio >0.95 in men and >0.80 in women as compared to
non-obesity based on waist circumference <102 cm in men and <88 cm in women, or waist-
to-hip ratio <0.95 in men and <0.80 in women; (2) overweight individuals were defined
by BMI > 25 kg/m? as compared to non-overweight (BMI < 25 kg/m?). Alternative BMI-
based obesity definitions, e.g., for Asian populations, were also considered.

2.3. Outcome Measures

The primary outcomes of interest were: (1) differences in the alpha and beta-diversity
between obese and non-obese persons; (2) differences in the Firmicutes to Bacteroidetes ratio
between obese and non-obese persons; and (3) differences in gut microbiome composition
between obese and non-obese persons.
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Microbial diversity can be expressed as the number of distinct species in a community
(richness), the even distribution of their abundances (evenness) or a combination of both
aspects, commonly termed alpha diversity. Microbial alpha diversity is estimated using the
Shannon and Simpson indices, whereas microbial richness is estimated using the Chaol
index, or number of observed species/operational taxonomic units (OTUs).

The secondary outcome of interest was to describe microbial taxonomic signatures
associated with obesity.

2.4. Inclusion and Exclusion Criteria

Inclusion criteria were human observational studies comparing the composition of
the gut microbiome between obese and non-obese adult individuals (age > 18 years)
recruited from the general population, irrespective of ethnicity. If studies included a
mixed population of children and adults, only those studies presenting their data for
adults separately were included. A further inclusion criterion was that the gut microbiome
was measured by means of high-throughput analyses (e.g., 165 rDNA /rRNA sequencing,
shotgun metagenomics) in fecal samples.

Exclusion criteria were intervention studies and randomized controlled trials. Further
exclusion criteria were: (1) no report of data on obese and non-obese persons, or (2) gut
microbiome measured in samples other than feces or by means of culture-dependent
techniques or other non-high-throughput sequencing techniques, or (3) in adults that have
undergone different types of bariatric surgery. Studies focusing on specific diseases, written
in a language other than English, or published as abstract, editorial or comment were
also excluded.

Systematic and narrative reviews were kept for background only and their data were
not extracted.

2.5. Study Selection and Data Extraction

Two researchers (MP and KN) independently screened the titles and abstracts, and
reviewed the full texts. Disagreements were resolved through discussion and consensus, or
if necessary, with referral to a third researcher (TP). The same investigators designed and
piloted a data extraction form before routine use, and extracted the data independently.
When needed, the primary study author was contacted to obtain further information. For
each included study the following information was extracted: study ID (first author and
year of publication), country, study design, study population, sample size, definition of
obesity, overweight and non-obesity, method used to measure microbiome, DNA extraction
method, platform used, outcomes assessed, results on composition and diversity of gut
microbiome in obese versus non-obese and/or differences in comparison groups, and
characterization of microbiome taxonomic signatures in obese persons. We also selected
relevant titles from the reference lists of those studies that were finally included for qualita-
tive synthesis, obtained their abstract and followed the same procedure as above described
to identify further studies.

2.6. Quality Assessment

Two independent researchers (MP and KN) appraised the risk of bias using an adapted
version of the Risk Of Bias In Non-Randomized Studies of Interventions (ROBINS-I)
tool [31], a tool proposed by Cochrane that can be also applied to appraise the risk of
bias in observational studies. Discrepancies were resolved by discussion and consultation
with a third author where necessary. The adapted version of ROBINS-I tool comprised
six domains of bias due to: (1) confounding, (2) selection of participants, (3) exposure
assessment, (4) missing data, (5) measurement of the outcome, and (6) selective reporting of
the results, together with the signaling questions that facilitated the judgement of potential
risk of bias for each domain as described in Supplement Table S2. The overall judgment
of risk of bias was categorized as low, moderate or serious as previously described [31].
If at least one domain was judged to be of serious risk but not at critical risk in any other



Nutrients 2022, 14, 12

5of 41

domain, then the overall judgment of the risk of bias was deemed as serious. If all domains
were rated as being at low risk of bias, then the overall judgment was deemed as low. If
all domains were rated at low or moderate risk of bias, then the overall judgement was
deemed as moderate.

2.7. Data Synthesis

For the data synthesis studies that presented results separately for different subpopula-
tions defined by sex [32,33] or geographic region [34,35] were counted as separate studies.

For a qualitative data synthesis, we counted the number of studies addressing each
outcome that showed significantly higher or lower or non-significant differences for the
respective outcome in obese versus non-obese adults as reported by the studies and/or
based on nominal p-values (p < 0.05 considered statistically significant).

For the quantitative data synthesis, we used the extracted study-specific means and
nominal p-values or the mean difference (MD) between obese and non-obese adults with
95% confidence intervals (CIs) to combine multiple studies that measured the same contin-
uous outcome using similar methods and the same unit of measurement. We also extracted
the means and standard deviation (SD) to calculate the MD 95% Cls for the meta-analysis. If
standard deviation data were not available, it was calculated based on p values or standard
errors, if possible (https://training.cochrane.org/resource/revman-calculator (accessed on
27 July 2021)). Because we anticipated substantial between-study heterogeneity, a random-
effects model was applied to obtain pooled effect size estimates, 95% Cls and p-values
through the inverse variance method and restricted maximume-likelihood estimator [36].
Statistical heterogeneity was determined by the I statistic, and it was regarded as sub-
stantial if I was found to be between 40% and 70%. A sensitivity analysis was performed
when estimates revealed heterogeneity >70% by removing one study at a time, and the
study driving the heterogeneity was excluded from the meta-analysis. Because fewer than
10 studies for each outcome qualified for meta-analyses, publication bias was not inspected.
The “meta” (Version 4.18-0) and “metaphor” (Version 2.4-0) packages were used to perform
meta-analyses in R and statistical significance was determined at the p < 0.05 level.

3. Results
3.1. Search Flow and Studies Overview

The detailed output of the searches and the process followed for the identification is
displayed in the PRISMA flowchart (Figure 1). From a total of 2445 unique hits, 116 stud-
ies were selected for full-text review. Of these, 33 primary reports [17-21,32-35,37-60],
including 32 studies met the criteria for inclusion and were selected for data extraction
and synthesis.

Table 1 describes the characteristics of the included studies, which were of cross-
sectional design and were published between 2012 and 2020, yielding 13,186 individual
stool samples for microbiome analyses. All studies included both males and females with
the exception of two studies [19,34] that included females only and one study [35] that
included males only. Ten studies were from North and South America (Canada, n = 1; Mex-
ico, n = 1; USA, n = 6; Brazil, n = 1; Colombia, n = 1), nine were from Asia-Pacific countries
(Australia, n = 1; Bangladesh, n = 1; China, n = 1; India, n = 1; Japan, n = 3; Korea, n = 1;
Saudi Arabia, n = 1), seven from Europe (Finland, n = 2; Germany, n = 1; Italy, n = 2; Nether-
lands, n = 1; UK, n = 1), two from Africa (Egypt, n = 1; South Africa, n = 1), and four were
conducted in multiple countries (Table 1). Two studies also assessed the fungal composition
and diversity of the human gut microbiota in obese and non-obese adults [38,48]. The region
of amplification of the 165 rRNA gene varied across studies, such as such V3-V4 (n = 11),
V4(n=9),V3-V5(n=2),V3(n=1),V1-V2 (n=1), V1-V3 (n=1), V1-V4 (n = 1), and V6
(n =1). Three studies [18,56,59] did not specify the amplified region of the 16S rRNA gene
(Figure 2). To explore the fungal composition and diversity of the gut microbiota, one study
amplified the fungal 185 rRNA gene (region V7-V8) with fungal primers [38], and another
study amplified the ITS1 fragment [48]. The most widely used sequencing platform was the
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lumina MiSeq (n = 23). Shotgun metagenomics was conducted in three studies that used
BaseSpace through the 16S Metagenomics app from Mlumina® [45], [llumina HiSeq [55],
and the Ion-Proton sequencing platforms [57]. Two studies used high-throughput meth-
ods that are not considered as next-generation sequencing, but are the microarray-based
HITChip method [56] and parallel Sanger sequencing of cloned amplicons of the 165 rRNA
gene [52]. The database in which taxonomic binning of 16S reads were based on was not
reported in three studies [32,40,53]. The rest of the studies mainly used the Greengenes
database (n = 17) [18,19,37,39,41,43-46,48,50,51,54,58-60], RDP (n = 4) [20,34,52,55], SILVA
(n =3) [35,47,54], NCBI (n = 2) [38,57], or DB-BA9.0 (n = 2) [17,21]. Other databases used
were: Broad Institute Microbiome Utilities microbiomeutil-r20110519 database [33], KEGG
(Kyoto Encyclopedia of Genes and Genomes) Orthology (KO) Database at level 2 and level
3 [54], HUMANN?2 v0.11.1 [55] for shotgun metagenomics, and UNITE reference database
for fungal taxonomy [48] (Figure 2). One study did not use a publicly available database

but a HITChip specific database [56].

Records identified through
g database searching
"é Pubmed: n=947 Additional records identified
=) EMBASE: n=1940 from included studies
= (n =2887) (n=43)
) : |
PR Records after duplicates removed
(n =2445)
o
.5
5 .
&
B Records screened Records exduded
(title/abstract) (n =2329)
(n =2445)
Full-text articles excluded, with reasons
(n=83)
y o Abstract/Congress papers/Reviews (1 = 16)
g Full-text articles . Microbial composition nolt determined by
é assessed for eligibility » hlgh-?hroug}'lput sequencing (n=:40)
RS (n=116) o Hospital patients (n =9)
= o Duplicates (n=13)
¢ No display of microbiome data in obese vs.
non-obese/no categorical analysis (n = 23)
e Other (n=12)
Studies included in
qualitative synthesis
(n =32 studies from 33
primary reports)
"g
E y
z
- Studies included in
quantitative synthesis
(meta-analysis)
(n =11 studies)

Figure 1. Description of the selection of the included studies following a PRISMA flow diagram.
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Table 1. Characteristics of the included studies.
Study Design S le Si gbesity and DNA Extraction
Study Population ample Size omparators Stool Sample Collection Method (Region Sequencing 34
Study ID Country (Recruitment Process and Age, Sex) 12 (Definition, BMI Method and Storage Amplified) Platform RoB
(Age, Sex) g p
Ethnicity) Mean + SD [Range]) 1 Database Used
FastPrep FP100A
Instrument
20 0:38.1 + 3.5 kg/m? Primers used: 341 F and
Andoh Cross-sectional 100;10L [35.7-49.2] 806 R . .
2016 [17] Japan Volunteers Age (31-58 y); L:166 £1.0 kg/m?) R 165 (V3-V4) llumina MiSeq 5
10 gfand 10 @ [14.2-17.7] Techno-Suruga lab
microbial identification
Database DB-BA 9.0
BMI; abdominal s . o red DNA extraction rgethod
_ . 1313: di ity; VEM 21/ SEM amples refrigeratea or not reporte
B ¢ H;ﬁ?ﬁ; i,eocltlll?ggérs 496 MZ, 594 DZ and zaz 1()}/)05}2/ 2 AGR 25; and kept on ice for 1-2 days Primers used: 515F
Yot UK dominantly female twi 223 unrelated individuals; 0P ’ prior to arriving at the and 806R Nlumina MiSeq S
2016 [37] predominantly fema estwms average age 63 y (range WHR 25). High and low laboratory and stored 165 (V4).
from the TUK-D 32-87); 96.4% . groups: >1.55D fromthe - o" il T agoc Greengenes May
mean of the phenotype 2013 database
Fast DNA Spin Kit (MP
Cross-sectional Biomedicals, Illkirch,
p ini Collected in sterile vials France). .
Borges nutfiﬂg;tigrgi%?aat fllg 1ICJFI F 72 Eutrophic, OW, or Oin  given to the participants 185 rDNA using the 12? Iféfgrifo ?Ec?
S Brazil 6 . . average age 39.61 y (range accordance with and sent immediately to universal primers q P S
2018 [38] teaching hospital and from : - Biosystems, San
Eee . 18-60y) their BMI the research laboratory (FungiQuant-F and i
the community (city of Juiz . : Francisco, CA, USA)
de Fora, MG, Brazil) for analysis FungiQuant-R)
! ! NCBI 3> nucleotide
database
Cross-sectional IA DNA
Participants that underwent 40 I\%crgg;gme Kit
a screening colonoscopy for 20 NW (3 48.7 y + 10.2; .
; 1 30.7y -y . Collected 3 weeks after (QIAGEN, Hilden,
Z(i%r%fé;] Ttaly prevenhv; (})31115rp03e between Q:51:7 y + 8.3); 8 ]1331\1\//[111 <> i’)é) ((23253 j:[t f-g’)) the colonoscopy and Germany). lllumina MiSeq S
zgfggf‘ge Dep:rltm]e anuary 200 (5: 538y + 7.7; : S+ stored at —80 °C 165 (region NR).
. 9:51.3y +6.7) Greengenes bacterial
ASST Santi Paolo e Carlo database
of Milan
Vol Cross—sectiona% 67 (25 control (mean age 30_§.g€is’gl/zmz. Méliipl;g}c)%}w]?ZNy?no
Chavez- amo(;unteer lw o?gen d'ronih 23.3y,SD 3.1), 17 obese O class I ! Collected in a sterile Research, Irvine, CA, 316 Chip Kit v2 and
Carbajal Mexico g peopie attending the (mean age 38.8, SD 8.4) 2 stool container, aliquoted USA the Ion T t S
) Nutrition Clinic at the & , ¢ 35-39.99 kg/m?, d d at quoted, 16S (V3 AT et
2019 [19] Universidad Iberoamericana 25 obeszop51us g/IDetlso(;nean O class ITI > 40 kg/m?; and stored at —78 °C Greengene(s d;tabase PGM™ System
in Mexico City ageuoy ) NW: 18.5-24.99 kg /m?

(v13.8)
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Study Population ample Size Comparators Stool Sample Collection Method (Region Sequencing
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socio-economic backgrounds aliquoted and frozen at 16S (V3-V4)
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sex and age range (1840 and
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De la Cuesta- Adults enrolled in healthy 91 (66%), sealed sterile receptacle, DNgwaizxtracthli\I A
Zuluaga July-November 22014, with 36.8 + 10.6'y, 45.1%¢"; NW O:BMI >30.0kg/m?  immediately refrigerated usmgStoilQMir?in%Pt
2018 [41,42] . BMI > 18.5 kg m~2, living in abnormal 47 (34%), OW:25.0 < BMI < in household freezers : . e . .
(ref. [41] as Colombia five Colombian cities. 43.3 +11.8y, 46.8%c: OW 30.0 kg/m? NW: 18.5 < and brought to a facility Prlmersl. 6F gl(%/i?d R806 liumina MiSeq s
the main Participants were enrolled in healthy 60 (35%), BMI < 25.0 kg/ m? within 12 h and stored in Greengenes database
study) similar proportions by BMI, 38.4 +10.8y, 43.3%c: OW dry ice and sent to a g(v 13.8)

city, sex and age

abnormal 111 (65%),
41.5 £ 109y, 56.8%c": O
healthy 21 (16%), 43.1 £ 8.8y,
28.6%¢c": O abnormal 111
(84%),42.7 = 11.1y, 48.6%c

central laboratory
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Table 1. Cont.
Study Design S le Si gbesity and DNA Extraction
Study Population ample Size omparators Stool Sample Collection Method (Region Sequencing 34
Study ID Country (Recruitment Process and (Age, Sex) 12 (Definition, BMI Method and Storage Amplified) Platform RoB
Ethnicity) Mean =+ SD [Range)) 12 Database Used
Cross-sectional [P 0.
USA and African-origin aglults 655 (L= 27:7' ng = 149; O: BMI > 30 kg /m2 OW:
African (258_45 yrs) enrolled in METS Approx. 60% 9. Aged 25.0 < BMI < 30.0 kg/m? DNeasy PowerSoil DNA
countries between 01/2010 and 34.9 & 6.4 y. Participants L: BMI < 25 kg/m? Standard collection kit, Isolation Kit (Qiagen).
Fei 2019 [43] (Ghana, 12/2011 and followed yearly. from South Africa and Results stratified by high brought to the site clinics 16 S (V4). Illumina MiSeq M
Jamaicaand ~ Menand women from Ghana  Jamaica were significantly and low WC 27: Hich and stored at —80 °C Greengenes database
South (n = 196), South Africa younger than US participants WC 2 102 S8 d (v 13.8)
Africa) (n =17 6%15‘““"_1?9(1” =92) (p < 0.001 and p = 0.016, Jog2 em " d'an
o Coellecte(g in 201)4were respectively) mm
Cross-sectional HMP °: DNA extraction method
Ui/?uggll)\{lp Hév[ﬁ 9:1.O.besg arllld notn-obess %: ]];1\1\//1111 5 232 n;)t reported. HMP : Illumina
Finucane ¢ adults living 1n flouston an X . : < HMP ”: 16S (V1-V3 & GAIlx;
2014[44]  Denmark g Louis; MetaHIT 10 o HIMP: (212 MetaHIT: 70) MetaHIT 1 NR, just NR V3-V5) MetaHIT 10: S
(Me taIIZIIT) large survey of healthy obese mentioned healthy O MetaHIT 10: 16S Mumina GA
and non-obese adults and NO adults GreenGenes database
Libraries for NGS ¥
Cross-sectional Fecal swabs. Samples following the 16S
Galle Students attending the 140 (UW: 7; NW: 106; OW: 24; BMI categories as stored at4-8 °Cina NR Metagenomic
2028 [25] Italy University of Naples O: 3) (48.6% &, mean age defined by the WHO refrigerated container Shotgun metagenomics Sequencing Library S
“Parthenope” and University 2254+29y) standards and were taken within Greengenes database Preparation Guide
of Rome “La Sapienza” (Ilumina, San Diego,
CA, USA)
QIAamp Fast DNA Stool
Mini Kit (Qiagen,
WHO Asian BMI cut Self-collected by the Stock?gllll(,)gierrlglany),
: . 2, i
Gao Cross-sectional p(SI“;\t]S 203 %;éik/g / rzn 4 1 ; ?Illlin‘ﬁie:f i (;lr?tl:igr;ﬁi\g recommeﬁdations of the
. : - 0307 m%; . LOI, . .
2018 [46] China Volunteers (information on 551 g 1.0 mL inhibit EX Buftor. THMS 3 guidelines. Ilumina MiSeq S

recruitment NR)

NW: 18.5-23 kg/m?;
UW: <18.5 kg/m?

Samples shipped within
72 h of collection

Universal primer set
341F/806R
16S (V3-V4).
Greengenes database
(v13.8)
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Table 1. Cont.
Study Design S le Si gbesity and DNA Extraction
Study Population ample Size omparators Stool Sample Collection Method (Region Sequencing 34
Study ID Country (Recruitment Process and (Age, Sex) 12 (Definition, BMI Method and Storage Amplified) Platform RoB
Ethnicity) Mean =+ SD [Range)) 12 Database Used
Cross-sectional
Conducted between January WHO criteria, BMI
2015 and December 2015 on categories: . . NucleoSpin1 Tissue Mini
104 volunt : UW =21; Collected t -
Harakeh Saudi gealthy agtlﬂgtsg{)jf both NW \:/%il;noeve\;‘s: %/. O=24 O > 30 kg/m?, Ocoenc d?tiolﬁsaasﬁg 1c Kit (Macherey Nagel, ) )
2020 [47] Arabia genaers, aged 1690 years O 489, gwith median age + IR~ OW 25-30 kg/m2, NW  immediately stored at Hoerdt, France). lllumina MiSeq 5
students (including family was24 + 7.7y 2 Y 16S (V3-V4).
members and friends) from ' 20-25kg/m*, ) SILVA123 SSU database
King Abdulaziz University UW 18-20 kg/m
Medical campus
Cross-sectional
HCHS/SOL a prospective,
population-based cohort
study of 16,415 Plastic applicator into a
Hispanic/Latino adults O class I: 30-35 kg / m2 supplie dpc%ntainer with Qiagen MagAttract
(aged 18-74 years, recruited . 2 PP 1 PowerSoil DNA Kkit.
Kaplan i 2011) selected usi O class II: 3540 kg/m*, a stabilizer and 165 (V4) & ITS1 (Funei
2015 [48] USA in 2008-2011) selecte  usmg 1674 O class III: >40 kg/ m?; 0.5-mm-diameter glass é ) 1(31? 8i)- Ilumina MiSeq M
a two-stage probability 2 beads to mix stool and reengenes 15_
; . OW: 25-30 kg/m~, €ads 10 Imux S100° an UNITE reference
sampling design from . k 2 preservative. Aliquots Database (Fungi
é?niomly San-lt%l-edfcemg; NW: 185 to 25 kg/m frozen at —80 °C atabase (Fungi)
ock areas within four
communities (Chicago, IL;
Miami, FL; Bronx, NY; San
Diego, CA)
Cross-sectional MagDEA DNA 200 (GC)
Subjects aged <65 years who 56 (23 non-obese and 33 Collected prior to bowel (Precision System
. had undergone colonoscopy obese adults). Sex, male o> 2 (4 : Science).
Zolggs[azl_l] ]apan at Mie Prefectural General 30/56 (540/0). Age mean £ SD O: 225 kg/mz 4 (Vl - 33) 1 preparatlg? fOé t4 16S (V3—V4) Ilumina MlSeq S
Medical Center, Yokkaichi, (NO:45.6 £ 9.6 y; O: L: <20 kg/m*, (n = 23) co gnosfcopy. ored a Apollon DB-BA database,
Japan, between 2012 54.4 £ 8.2y (p<0.001)) C after collection ver 9.0 (TechnoSuruga
and 2013 Laboratory)
Birth Cohort .
The NFBC 1966 included BMI at age 46 y: Collected at home, MO-BIO PowerSoil DNA
12,055 expectant mothers 563; (Group 1: n = 167; Group O: BMI > 30 kg /m? immediately frozen at b 1s(:(1)lit1501ré}1:<}téo 6R
Loftfield Finland within two Finnish provinces, 2: n=167; Group 3: n = 163; OW: 25.0 < BMI < —20 °C, brought to the arco erimers Mlumina MiS M
2020 [49] inlan Oulu and Lapland, with Group 4: n = 66) 30.0kg /m2 study laboratory, and f65 V4 umina MiSeq
expfected delivery dates 217 (38.5% &) NW: 185 < Bl;/[l < frozen without Greengenes database
during 1966. They were 25.0 kg/m preservative in —70 °C (v 13.8)

followed up to age 46 years
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Table 1. Cont.
Study Design S les Obesity and DNA Extraction
Study Population ample Size Comparators Stool Sample Collection Method (Region Sequencing
Study ID Country (Recruitment Process and (Age, Sex) 12 (Definition, BMI Method and Storage Amplified) Platform RoB %4
Ethnicity) Mean + SD [Range]) 1 Database Used
Cross-sectional
Nested in the AWI-Gen
project (part of the DNA Gen0t¢k®'$
H3Africa 11). Recruited at 170 HIV-negative women O: BMI > 30 kg/m? OMN{lgeI:_e mlcrgblal DNA was %(tracted
Oduaran . two sites—the 51 at Soweto; 119 at OW: 25 < BMI < _collection an using Qiagen™’s QIAmp. . .
2020 [34] South Africa Bushbuckridge area within ( Bushbuckridge). 30 kg/m? stab:hztialtl(inbkﬂ atnd sent J 1 6Sg(V3—V 4). P [llumina MiSeq M
the Agincourt HDSS, _ . 2 0 the laboratory, 36
MPumaglanga (rural) and Age range of 43-72y L: BMI <25 kg/m aliquoted and frozen at RDP
Soweto, Johannesburg, -
Gauteng (urban)
.Cross-sectiqnal
Ongoing population-based PowerSoil DNA Isolation
o METSIM 2 study, a Collected during Kit (MO BIO
rg . randomly selected cohort of | O: BMI > 30 evaluation at the hospital Laboratories, Carlsbad, . .
2017 [50] Finland unrelated men from the 531 (aged 45-70) NO: BMI < 25 and immediately stored  CA, USA). 165 (V4) lllumina MiSeq s
population register of at —80° reengenes database
Kuopio in Eastern Finland (v13.8)
(pop. 95,000)
Cross-sectional
Ongoing, prospective
HEALS 13 (11,746 married OBIO Sol
adults, 18-75 years old), ‘ 2 : MOBI : Power oil DNA
recruited from October 2000 250 205 (])3 1\</HBIE\/§0 1;%/5111( ?V‘Q Collected in Escl))latuin Kit (é/IOl %I%
Osborne to May 2002. mean age (mean =+ SD): AT <UD xg/m ThermoFisher Scientific aboratories, Larisbad, . .
2020 [51] Bangladesh For the present study, 486 +79y NW:18.5 < Bl;/ﬂ < vial, stored in a —20 °C 16CSA’V[3J.Séi [llumina MiSeq M
randomly selected 41% & 25.0 kg/m freezer G ( d t)'b
400 HEALS B3 participants UW: BMI < 185 kg/m? reeng(infg 8;1 apase

residing in 6 villages aged
25-50 y free from any
major illness
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Table 1. Cont.
Study Design S le Si gbesity and DNA Extraction
Study Population ample Size omparators Stool Sample Collection Method (Region Sequencing 34
Study ID Country (Recruitment Process and (Age, Sex) 12 (Definition, BMI "~ Method and Storage Amplified) Platform RoB
Ethnicity) Mean =+ SD [Range]) Database Used
Cross-sectional . > 2 Bead-treated suspension
Iwaki Health Promotion OO%I\\;/{Izg 20311(\%/ 13 using an automatic
Project launched in 2005 an 1001 30 k g7m2 nucleic acid extractor
annual }}ealth che.ck-t.lp for (391 7, 610 ¢; mean age + SD: NW: 20 < BMI < Collec.ted using a {Precisior} System
Ozato local residents living inthe 575 1'141y 5, 5423 137y 25 kg/m? commercial tube kitand ~_Science, Chiba, Japan).
2019 [32] Japan Iwaki region of Hirosaki City, 9). Confirmati c;n group: 326 UW: BMI < 20 ke /m? cotton swabs within MagDEA DNA 200 (GC) [Mlumina MiSeq M
g Aomori Prefecture. Data ’ o ’ ) & 3 days prior to the study, reagent kit (Precision
; (62% @, mean age . 28 by X
obtained from the 2015 health 50.7 +17.5) E?Ogiou Z VI;%O 13 05% and stored at 4 °C System Science) used for
checkup and a confirmation ) 2y = 2; 4 = automatic nucleic acid.
group from the 2016 health VFA = <150, 16S (V3-V4).
check (not in the 2015 one) VFA % > 150 Database NR
LR 2 QIAamp DNA Stool
20 (5 individuals/group) ©:25-53 kg/m ,.n % Collected from unrelated Mini Kit (Qiagen) with
. . . O (treated): healthy individuals. o
Cross-sectional Median age in years: 2 . o an additional step of
Patil Healthy individuals of L (age: 23 y) 25-36 kg/m'’, regressing Stored at 4 °C and bead beating using a mix ABI 3730 (Sanger
2012 [52] India Indian origin (21-62 years NW ¢ . 4d ') to normal BMI after SG transported to laboratory il E 9 gl ey S
N ongim. Y age: =2yl 2 and AGB ¥ surgeries. on ice, and processed of silica beads. 165 sequencing
old) irrespective of gender O (age: 45y), NW: 1824 ke /m2, n =5, immediately or stored at (V1-V4)
O (treated) (age: 50 y) LomeRKE mz, n=9, _ 8}(; oC RDP-II %
L:BMI<19kg/m*, n=5 database
PowerLyzer PowerSoil
Cross-sectional Beckman Coulter Kit (Mo Bio Laboratory
Two independent study 0: BMI > 30 kg/m? Hgmotcﬁu“ I ?\]/IENISQ? Inc., CA) following
N populations based at 599 (423 from CDU and OW: 25.0 < BMI < ca; lzgora?g;e. forafleial O manufacturer’s protocol.
0198“3[1%53] USA colonoscopy clinics: the CDC 176 from NY study) 30.0 kg/m? 1t bl {1 ; 165 (V4) Mlumina MiSeq M
2 99 14 15 . occult blood testing. Broad Institute
study, and the NYU Aged (62 £ 7y) NW: 18.5 < BMI < Sammoles ref o _Broa ite.
tudy. Predominantly white 25.0 kg/m? ampes refrigeratec a Microbiome Utilities
e (94%) Y ' 4°C,and stgred at microbiomeutil-
o —80° r20110519
database
Cross-sectional
d'or non-pregnant, Plastic b ine th
non-lactating Qaged > Fi }? S lﬁ agdusmg 3 DNA extraction method
Rahat- 17 years recruited via 22 1Sher brand commode Petrof EO et al.
bA . . OW: BMI > 25 specimen collection ( 4 Ion Torrent
Rozenbloom Canada advertisements (University L(35.8+4.2y); L BMI <05 P; Styrof b Microbiome 2013; 1:3) sequencin S
2014 [53] of Toronto campus) and from OW (425 £39y) : = S%Isuerr}.d yro oka m box 16S (V6). q &
a pool of subjects previously ulto _r%/ Olg% ept at Database NR

involved in studies by
their group
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Table 1. Cont.
Study Design . Obesity and DNA Extraction
Study ID Study Population Sample Size Comparators Stool Sample Collection Method (Region Sequencing RoB 34
udy (Recruitment Process and (Age, Sex) 12 (Definition, BMI Method and Storage Amplified) Platform o
Ethnicity) Mean =+ SD [Range)) 12 Database Used
QIAamp PowerFecal
Cross-sectional 1 621?1\%1—(\?4)
Salah et Doty 60 age 95 E1335Y) ( pray gy SILVA SSU Ref INR
2019 [54] mple from EIE)S}E) ki gender (31 &, 29 ?); 5 (C), N ar 8 ) NR dataset v.132 (OTUs), Ilumina MiSeq S
sample tro‘ o tk?E at 25 (0), 5 (D), and 25 (OD) NW: 19-25 kg/m Greengenes (v 13.8),
governa % in tor as KEGG ¥, KO 3
gyp Database at level 2 and
level 3
Cross-sectional 31 MQI'AI?T F DNQAIitg;%lN
. Individuals f th O: BMI >30 no T2D 1ni It from * Illumina MiSeq (16S);
hingho snddabione g gnomy QBB BRI " TSP O mna viseq 165y
2019 [55] R OT2D = 153) T2D 31 RDP % database (163 d
PopGen '© (n = 436) and 31 (165) (shotgun)
FoCus 17 (n = 844) L: BMI < 25 no T2D HUMANN? v0.11.1 8
- (Shotgun)
O: BMI range ;
. . HITChip, a
Cross-sectional . 2. i Collected f 24h . -
From Mar}(/)if_) ;ee}:) ,:g;%er 2010, 28 Non-obese (1 = 13): 9 lean 30.5-60.3 kg/m*; morzbld © etco ihe ?f:::sﬁnalprmr QIAamS_Stool Kit by phylogenetic
Verdam adults recruited through ' and 4 were OW. Obese O: BMI> 40 kg/m ermeability test, kept 1agen profiling DNA
. 18 (n =15): 9 were morbid obese.  (range 40.4-60.3 kg /m?); pern y test, xep 16S (region NR). microarray. Data S
2013 [56] advertising at the Atrium (rang; & ) refrigerated until test : P Y.
Medical Ce%l ter Parkstad in Aged 19-54 years. Sex OW: BMI range and s ;0:) rod in aliquots ét HITChip specific extracted using the
Heerlen, The Netherlands F:M =208 25.2-29.6 kg/ m?; L: BMI —-20° q database Agilent Feature
range 18.6-24.6 kg /m? Extraction
%ross—sectional Collected ?fcording to DI\LA extra;ted f;l}owing
BMIS '® cohort was part of the IHMS °* guidelines the IHMS guidelines
o . 888 (NO (n =414 (@) g
Vé%gg-&lva the overall MetaCardis n ( 474)(f Medi;r‘lleargsgé " O: BMI > 30 (modified SOP 04 V1 (SOP 07 V2 H) Shotgun 11 oot ctom S
[57] recruitment (2013-2015) in [18-76) y; 574 gand 314 & NO: BMI < 30 (colleqtlon without metagenomics
several chmca% 4 anaerobic bag)). Stored NCBI 3> database
departments (less than 48 h) at —20 °C  (November 2016 version)
. Collection kit in small PowerSoil DNA isolation
Cross-sectional insulated cooler bags kit as described by the
Stgdents frqm a larger study O: BMI > 30.0 kg/m? containing ice packs to manufacturer (MoBio
in two residence halls at 82 (UW (5); NW (47); OW OW: 25.0 < BMI < be frozen immediately Laboratories Ltd.,
Whisner Arizona State University in (18); O (12)). 30.0 kg/m? for 3648 h in an Carlsbad, CA, USA) lumina MiS S
2018 [58] Tempe, Arizona (Fall 2014 57.3% @; age mean =+ SD; NW: 18.5 < BMI < insulated container. using a beadbeater umina Miseq
and Spring 2015 semesters). 184+ 06y 25.0kg/ m? Samples delivered to the (BioSpec, Bartlesville,

31.7% Hispanic; 39.0% White;
29.3% Other

UW: BMI < 185 kg/m?

facility within 24 h of
collection, and stored at
—80°C

OK, USA).
16S (V4).
Greengenes database
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Table 1. Cont.
Study Design S le Si gbesity and DNA Extraction
Study Population ample Size omparators Stool Sample Collection Method (Region Sequencing 34
Study ID Country (Recruitment Process and (Age, Sex) 12 (Definition, BMI Method and Storage Amplified) Platform RoB
Ethnicity) Mean =+ SD [Range)) 12 Database Used
Chronic disease state: if
“diagnosed” for CVD 32
diabetes, or KD 33, or
with “obese” for BMI.
Cross-sectional Health status based on Samples collected Method .Of DNA
Wilkins USA (retrospective) 00 (300 H: 300 O self-reported medical (DXCGI_Ilig(e)rl ;Ole and 1%)étr(.?§tli(())r1}1 %II{{) . .
2019 [59] American Gut Project data 600 ( ’ ) diagnoses. Healthy: “I indi 'gn Is f ) romi bal Green en%s database
(2012-2017) do not have this individuals from a globa genes d
condition” entry for population (v13.8)
diabetes, CVD 32, and
KD 33, as well as
“normal” for BMI
France: 28 (O (12) 58%c"; NW
20 (16) 44%3") NucleoSpin Tissue Mini
SA “°: 18 5811(?; NW (9)). Stgol samr;l'es Col(lie‘:'ted Kit (Macherey Nagel,
. France and Cross-sectional . 2 under aseptic conditions Hoerdt, France).
20\1{‘;5[%5] Saudi Volunteers from France and Age mean =+ SD: O: BMI > 30 kg /m ) with clean, dry screw-top  Primers: FwOvAd_341F Illumina MiSeq S
Arabia SA 2 living in urban areas NW (France): 34 + 5y NW: BMI 20-25 kg/m containers immediately and ReOvAd_785R
NW (SA20): 28 +4y stored at —20 °C 165 (V3-V4).
O (France): 39 + 13y SILVA SSU database
O(SA2):26 +3y
Cross-sectional
Kangbuk Samsung Health Revised Asia-Pacific BMI MO-BIO PowerSoil DNA
cohort study: men and criteria by the WHO Isolation Kit according to
1274 (NW (529); OW (326); O e . ,
Yun women who underwent an X , Western Pacific Region: the manufacturer’s . .
2017 [60] Korea annual or biennial (419)); age 457 0.0)y; sex, O-BMI > 25 NR T e Mlumina MiSeq M
examination at Kangbuk OO OW: 23 < BMI < 25 16S (V3-V4). Greengenes
NW:18.5 < BMI <23 database (v 13.8)

Samsung Hospital
(June-September 2014)

TH: Healthy, L: Lean, NO: non-obese, NW: Normal weight, OW: Overweight, O: Obese, UW: underweight, WHO: world Health Organization; 2 3 males, 9: females, MZ: monozygotic,
DZ: dizygotic, SD: standard deviation; 3 RoB: Risk of Bias; * M: moderate risk of bias, S: serious risk of bias; > TUK-D: TwinsUK Adult Twin Registry; 6 UHFJF: University Hospital-Federal
University of Juiz de Fora; 7 GOS: Geelong Osteoporosis Study; 8 METS: Modeling the Epidemiologic Transition Study; ® HMP: Human Microbiome Project; 1 MetaHIT: METAgenomics
of the Human Intestinal Tract; 1 H3Africa: Human, Heredity and Health in Africa consortium; 12 METSIM: METabolic Syndrome In Men; 13 HEALS: Health Effects of Arsenic
Longitudinal Study; * CDC: the Centers for Disease Control and Prevention Study of In-home Tests for Colorectal Cancer; 1> NYU: New York University Human Microbiome and
Colorectal Tumor study; 1 PopGEN: Population Genomic Diversity of Germany; 17 FoCus: Food Chain Plus; ¥ BMIS: transnational Body Mass Index spectrum cohort; 19 departments of
the Pitie-Salpetriere Hospital (Paris, France), the Inte§rated Research and Treatment Center for Adigosity Diseases (Leipzig, Germany), and the Novo Nordisk Foundation Center for
Basic Metabolic Research (Copenhagen, Denmark); 20 SA: Saudi Arabia; 2! VFM: visceral fat mass; 22 SFM: subcutaneous fat mass, 23 PFT: % trunk fat, 24 AGR: android/ gynoid ratio;
25 WHR: waist/ hip ratio; 26 EMI: fat mass index; 2 WC: waist circumference; 28 VFA: visceral fat area where VFA > 100 cm? (obesity); 29 5G; 30 AGB:; 3! T2D: type 2 Diabetes; 32 CVD:
cardiovascular diseases; 33 KD: kidney diseases; 34 THMS: International Human Microbiome Standards guidelines; 35 NCBI: National Center for Biotechnology Information; 36 RDP:
Ribosomal Database Project; ¥ KEGGS: Kyoto Encyclopedia of Genes and Genomes; 3 KO: Kyoto Orthology Database; 3 NGS: next-generation sequencing. NR: not reported.
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Figure 2. STRNA, by amplified region, or Shotgun metagenomics; (b) reference databases used for
taxonomic classification reported in 32 studies. Note that some studies amplified multiple regions or
used multiple databases.

A total of two studies used BMI < 30 as reference [20,57], nine studies used
BMI < 25 [18,26,34,35,43,44,47,53,55], one study used BMI < 20 [21], fifteen studies used
BMI 18.5-24.9 [19,32,33,41,45,46,48,49,51,52,54,56,58-60], and one study from Japan used
BMI < 18.5 as a reference [17]. However, in general, studies from Asia used lower cut-offs
than studies from Europe to define obesity. Three other studies did not specify the BMI
cut-offs of comparison groups [9,37,38]. One study did not use the BMI but instead used
the fat mass index (FMI) [39], and two studies used both the BMI and the visceral fat area
(VFA) [32] or the waist circumference [43].

3.2. Primary Outcomes
3.2.1. Alpha and Beta Diversity (Microbial Diversity and Richness,
Microbial Dissimilarities)

Of the 32 included studies, 25 studies investigated alpha diversity in obese versus
non-obese adults, two did not assess alpha diversity, and five studies did not report alpha di-
versity stratified by BMI (Table 2). At the individual study level, results on the difference in
alpha diversity between obese and non-obese persons were discrepant (Figure 3): the Shan-
non index, reported in 22 studies, was found to be significantly lower in obese compared to
non-obese adults in nine studies [17,32,35,37,41,46,48,51,54], higher in two studies [21,54],
and not significantly different in eleven studies [19,33-35,39,44,45,47,49,52,53]. The study
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of Salah et al. [54] found significantly lower diversity (Shannon index) among obese as
compared to non-obese persons and higher diversity among obese diabetic compared to
non-obese persons. Yasir et al. [35] found significantly lower diversity (Shannon index)
among obese as compared to non-obese persons only among the French participants, but
no significant differences among the Saudi Arabian participants. In order to further explore
the role of methodological factors in microbiome measurement, we restricted the qualitative
analysis of the Shannon index (1 = 22 studies in total) to studies that amplified the V3-V4
region (most commonly amplified region, n = 12 studies), studies that used the Greengenes
database (most commonly used database, n = 10 studies) as well as studies that amplified
the V3-V4 region and used Greengenes database (1 = 3 studies) (Supplement Figure S1).
Restriction to studies amplifying the V3-V4 region revealed that half of the studies (six
out of twelve) observed a lower Shannon index in obese versus non-obese persons and
restriction to studies amplifying the V3-V4 region and using the Greengenes database
revealed that a fifth of the studies (two out of ten) observed a lower Shannon index in obese
versus non-obese persons (Supplement Figure S1).

(a)

25
20
9
15
10
5
. 2
Bpsie ey 2
0 I OO0 PR
Shannon index (n =22) Simpson index (n =4) Phylogenetic distance (n=4)
(b) 25
20 |
15
10 |
4
5 3 S\
g
0 2
Chao 1 estimator (n=5) Number of sp./ OTUs (n=8)

Significantly higher in obese .- Non-significant differences  Significantly lower in obese

Figure 3. Number of studies that reported alpha diversity indices Panel (a) or richness estimators
Panel (b) as significantly higher (grey), lower (diagonal stripes) or not different (dotted) when
comparing obese to non-obese persons.
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Table 2. Description of methods and results of microbial diversity and richness assessment.

Beta Diversity

Study ID
(Author, Year)

Comparison
Groups !

Alpha Diversity Method 2

Alpha Diversity and Richness 12

Beta Diversity Method

PCA?3

PCA 3 at phylum level showed different
distribution of O and L peoples

Andoh 2016 [17]

Ovs. L

Shannon index

Significantly lower in O (2.40 £ 0.17) vs. L (2.80 £ 0.14)
p<0.01

Beaumont
2016 [37]

High vs. Low
BMI

Shannon index

Significantly lower in high vs. low BMI (p = 0.0001)

Borges 2018 [38]

Weighted and unweighted

No separation was obtained between O
and NW subjects (p > 0.05). Significant

Borgo 2018 [18]

Ovs. NW

Shannon index, observed
species and Faith’s PD

Significantly lower x-diversity (PD) in O vs. 1 (p < 0.01).
Shannon index and observed species are not reported by
BMI group

UniFrac # metrics and PCoA >
Bray—-Curtis distances

separation in LAM 7 samples between
NW and O was observed

Chavez-Carbajal
2019 [19]

O vs. OMS vs.
NW

Shannon index, Simpson
index, Chaol, observed
species.

Shannon index: no significant difference between groups
0:6.61 £ 0.36
OMS: 6.56 + 0.38
NW: 6.32 4 0.46
Ovs. NW (p =0.17)
OMS vs. NW (p = 0.09)
Simpson index: no significant difference between groups
0:0.97 £ 0.01
OMS: 0.97 4 0.01
NW: 0.97 &+ 0.02
Ovs. NW (p =0.28)
OMS vs. NW (p = 0.52)
Chaol index: significantly higher in O vs. NW
(%: 787.1 £137.8
OMS: 769.4 + 101.7
NW:583.5 + 87.8
OMS vs. NW (p = 0.003)
O vs. NW (p = 0.002)

Unweighted UniFrac # analysis,

PCoA ®

unweighted and weighted

For the unweighted, PCoA * analysis
clearly grouped the O and OMS
separating them from the NW (ANOSIM

8, p = 0.01). Weighted analysis showed a
similar result (ANOSIM 8, p = 0.01)

NR by BMI groups

Chen 2016 [20]

Shannon index

NR by BMI groups

UniFrac ¢ distances

Davis 2016 [40]

O vs. OW vs.
NW

Simpson’s Index of Diversity,
Chaol, Shannon index
Effective Number of Species

Shannon index Effective Number of Species: No significant
differences reported
0:228.2 + 134.1
OW: 218.1 + 134.2
NW:179.9 4+ 103.1
p = not reported
Chaol and Simpson’s Index NR
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( Alsltﬁgg {(Ear) C‘én:f:;ss? " Alpha Diversity Method 2 Alpha Diversity and Richness 12 Beta Diversity Method Beta Diversity
The alpha diversity and richness indices were lower in the
high versus low FMI ! group:
Shannon index: no significant differences (data not shown)
Hich EMI vs Shannon index, Fishers Fisher index: no significant differences (MD —6.2,
Davis 2020 [39] I:gow EMI index, Chao 1, Observed 95%CI —12.7, 0.4; p = 0.065). — —
species Chaol index: significantly lower in high vs. low FMI
(MD —46.1, 95%CI —90.2, —2.0; p = 0.040);
Observed species: significantly lower in high vs. low FMI
(MD —46.1, 95%CI —86.5, —5.7; p = 0.026)
Shannon index: significant differences
(lower in O/OW vs. L)
0:31+£07
OW:3.0 £0.7
De la Shannon index and number - 3;2 OiOEI) 7 Weighted and unweighted
Cl;%sltg-[i;ﬂilza]ga Ovs. OWvs. L of observed OTUs # observed OTUs: significant differences UPIEE&XNHSSAC? NR by BMI groups
’ (lower in O/OW vs. L) ( )
0O:142.5 + 364
OW:138.6 + 35.6
L:153.5 £38.8
p =0.002
Fei 20 Ovs. OW vs. L Shannon index, Chaol NR by BMI iversi 6 NR by BMI
ei 2019 [43] vs. vs. diversity, observed OTUs y groups Beta diversity (PERMANOVA °) y groups
Finucane Shannon index, observed Shannon index: No differences in O vs. L
Ovs. L — _
2014 [44] : TUs Richness (total number of OTUs): No difference in O vs. L
No significant differences in O/OW (2.5 & 0.2) vs. NW/UW 5 . ANOSIM ? test yielded no significant
Galle 2020 [45] %/\/8)%\‘/7\? : Shannon index (25+0.2) PCoA agzgtg tll; foETAGEN dissimilarity for the BMI groups
p=077 p (R=-0.011,p =0.5)
. Qi . 5 . Fecal microbial communities of the four
G , O vs. NW Shannon, Simpson, Number SS'hannon'mC;:le%. SS}nglffmanilyllower'mg Vs.l\I;TV\\//V (P <00(')%11) PCoA * of sa.mples by We1gh: ed BMI groups were not distinct from each
a0 2018 [46] s of observed OTUs ;m}l))son md gTUlgrll\lllcap t Yf. Owel;il‘rflf s O(p < NW ) and unweighted UniFrac other, indicating low among-group
observe s: No significant difference in O vs. distance dissimilarities
é{()%{)a%(f% %W v?vilj;/,\? ' Shannon index No difference between UW, NW, OW and O individuals — —
Significantly lower in O Class III vs. NW: Beta (95% CI)
NW Ref.
NW vs. OW vs. OW —0.01 (—0.08, 0.10) Bray-Curtis distances NR by BMI groups

Kaplan 2019 [48]

O (class I, 11, I1I)

Shannon index

O Class I —0.08 (—0.18, 0.01)
O Class I —0.09 (—0.21, 0.03)
O Class Il —0.19 (—0.35, —0.03)
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Study ID Comparison 11 a Diversity Method 2 Alpha Diversity and Richness 12 Beta Diversity Method Beta Diversit
(Author, Year) Groups ! pha Diversity Metho pha Diversity and Richness y y
: . Significantly higher in O vs. L 3 L subjects formed a cluster distinct from
Kasai 2015 [21] Ovs. L Shannon index <005 PCA O subjects
Being O compared with normal BMI at
age 46 was statistically significantly
Shannon index, Faith associated with Bray—Curtis, unweighted
Loftfield O vs. OW vs. phylogenetic diversity index Shannon index, PD and number of observed sequence Bray—Curtis and unweighted Uni-Frac, and weighted UniFrac
2020 [49] NwW (PD), and number of variants: No significant differences across groups. UniFrac 4; PCoA 5 distances (all p values < 0.001); whereas
observed sequence variants OW BMI and BMI history were not
statistically significantly associated with
the beta diversity matrices
Shannon diyersity in Bushbuckridge: No significant Beta diversity measurements showed
differences in O (4.56 & 0.39) vs. . statistically significant differences
L (4.49 4+ 0.53 (4.56 + 0.;171_a6t§1é exclusion of an outlier)) between the lean and obese groups in
Oduaran . Qg o _ .. 45 Bushbuckridge with calculated
2020 [34] Ovs. L Shannon index, Chaol s Chao 1 Slg_mﬁ.cantly hlgher in O vs. L = 0.001) ) Bray-Curtis distances, PcoA Bray-Curtis distances using the
annon diversity in Soweto: No significant differences in tational analvsis of vari
O (430 + 0.56) vs. L (4.49 =+ 0.34) E’;E‘I‘{‘;IZI‘\‘I’S; :ﬂitysf (0 "gr(;;rf‘ce
p =045 \ est (p = 0.02 for
Chao 1: No significant differences in O vs. L (p = 0.33) Bushbuckridge and p = 0.84 for Soweto)
Pielou’s index (evenness), s
Org 2017 [50] — and Fisher's alpIEa ( diversi%y) NR by BMI groups Bray—-Curtis distance NR by BMI groups
Shannon index: Significant decrease across BMI tertiles
tertile 1: 4.6 + 0.5
tertile 2: 4.5 + 0.5
tertile 3: 4.4 + 0.5
. p<0.01
12.9:F1e;.tilig1'/m2' Chaol: Significant decrease across BMI tertiles o ) 5 weioh
Osborne Tertile 2: Shannon index, Chaol, tfmtl.(f 1218%%8 :ti3?6%166 Unwe1.g tec}l UniFrac®, we1g. ted NR by BMI erouns
2020 [51] 19.1-234kg/m?;  number of observed OTUs er !le 9162 & UniFrac ,.and Bray-Curtis y group
Tertile 3: tertile 3: 9162 + 3590 distances

23.4-38.9 kg/m?

p=0.02

# observed OTUs: Non-significant decrease across BMI tertiles

tertile 1: 3613 + 1462

tertile 2: 3160 + 999

tertile 3: 3093 + 1317
p =007

Ozato 2019 [32]

High VFA vs.
Low VFA

Shannon index

Significantly lower in High vs. Low VFA in men (p = 0.053)
Non-significantly higher in High vs. Low VFA in women
(p >0.05)
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Study ID
(Author, Year)

Alpha Diversity and Richness 12

Beta Diversity Method

Beta Diversity

Patil 2012 [52]

Shannon index: No significant differences reported

0:2.89 £ 0.56
NW:2.84 4+ 0.75
p = not reported

Simpson index: No significant differences reported

0:0.11 £ 0.08
NW:0.14 £ 0.18
p = not reported

UniFrac # analysis

Library cluster analysis clearly
demonstrates clustering of lean and
normal libraries except L3 (which has an
unusually high Bacteroides genus counts).
Interestingly, libraries O1 and O2 cluster
in the normal/lean clade

Peters 2018 [33]

Shannon index: Non-significantly lower in O vs. NW

(beta = —0.11, p = 0.11, pHolm = 0.22)

Evenness: Non-significantly lower in O vs. NW (beta = —0.01,

p =0.22, pHolm = 0.44).

Richness (i.e., number of OTUs): Significantly lower in O vs.

NW (beta = —9.87, p = 0.04, pHolm = 0.08);

Significantly lower richness in O vs. NW in women (p = 0.03),

but not in men (p = 0.47)

Weighted UniFrac? distance,
PCoA °®

Partial constrained analysis of PCoA * of
the weighted UniFrac distance revealed
separation of obese from both
healthy-weight and OW participants on
the main axis, with OW separated from
healthy-weight participants on the
secondary axis, although PCoA * did not
reveal clustering by BMI category. In
PERMANOVA © analysis of the weighted
UniFrac distance, BMI category was not
associated globally with overall
microbiome composition (p = 0.14). In
pairwise comparisons, overall
microbiome composition differed
between O and HW participants (p = 0.04,
pHolm = 0.07), while OW and HW
participants did not differ significantly
(p = 0.64, pHolm = 0.64)

Rahat-
Rozenbloom
2014 [53]

No significant difference in OW (4.66) vs. L (4.92)

p=0.18

Weighted UniFrac # distances

PCoA ® plots failed to reveal any
difference in between the L and OW
groups (data not shown)

Salah 2019 [54]

Comparison . . 2
Groups ! Alpha Diversity Method
O vs. NW Shannon index and Simpson

index
O vs. NW Shannon index, Richness,
: and Evenness
OWwvs. L Shannon index
O vs. OD vs. Shannon index, Number of
NW OTUs

Shannon index: Significantly lower in O vs. NW (p < 0.01)
Significantly higher in OD vs. NW (p < 0.05)-

Number of OTUs: NR

PCoA 5 unweighted and

weighted UniFrac * distance
matrix

PCoA 5 plot based on unweighted
Uni-Frac was built and showed
significant BMI and diabetes-dependent
clustering of samples (PERMANOVA ¢;
p =0.001)
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C i R s
( Alsltﬁgl}‘: {(Ear) ‘én:f:;s? " Alpha Diversity Method 2 Alpha Diversity and Richness 12 Beta Diversity Method Beta Diversity
Composition (beta-diversity) of
. . taxonomic and functional profiles (adonis
Thineholm PD calculated using the PD sienificantly 1 inOvs. L (p =320310-1 b Ful;iignf‘e]zaiirx;}f: 32};2]etR q < 0.1), and taxonomic evaluation of
2019g [55] Ovs. L phylogenetic tree built on the significantly OEV erinOvs. L (p=3. Y pttin gt & luate dispersion dispersion (genera, betadisper q < 0.1)
. aligned OTU sequences robust regression). s¢ gsbe(’zv?/‘é:r:lareu sspe S10 significantly lower in O vs. L, although
group not for functional features (betadispersion
q>0.1)
Verdam Ovs. NO Simpson’s reciprocal index of Significantl}lf\flgw(zle;i%?t(;? 2‘)7 +332)vs. o o
2013 [56] ) diversity (1/D) e 0.002
NV . PCoA 5 using Bray-Curtis
Vieira-Silva Observed richness was T . .
2020 [57] - calculated using phyloseq NR by BMI groups dissimilarity with Helhnger NR by BMI groups
transformation
Whisner PD metrics calculated by PCoA 5 using weighted and
2018 [58] o QIIME via Faith’s PD NR by BMI groups unweighted UniFrac # distances NR by BMI groups
Wilkins _ _ _ Weighted UniFrac #
2019 [59] beta-diversity NR by BMI groups
Shannon Index, Chao Index, and Number of OTUs reported at
OTU cutoffs of 3, 6 and 9 distance units (I:I)COdA SIShcl)wed tkéat ?i and I(fwl
France 5 . individuals clustered independently.
Yasir 2015 [35] Ovs. NW Slglﬁmorfnlcrlldex O significantly lower diversity and richness than NW at all the PEOA. ca]lgculatgd m QC{.IME by NW individuals from France and Saudi
asir - s Numbae(; of (g")l("Us OTU cutoffs (p < 0.05). ¢ oosl11ng ray}—1 urtis 1lstanlce Arabia clustered together, but O Saudis
Saudi Arabia methods at the genus leve clustered independently from obese
No significant difference in diversity and richness between O French
and NW at all the OTU cutoffs
: L . . . Weighted UniFrac 4 PCoA ° identified
Yun 2017 [60] (0] VSN(&/W vs. PD metrics calculated by Significantly lower diversity (PD) in O vs. NW (p < 0.01) and PCoAS of weighted UniFrac * significant differences between groups

QIIME ?

OW vs. NW (p < 0.01)

(ANOSIM 8; R = 0.020, p = 0.001)

1 1: Lean; NO: non-obese; NW: Normal weight; OW: Overweight; O: Obese; OD: obese diabetic; OMS: Obese and metabolic syndrome; UW: underweight; VFA: visceral fat area; FMI: fat

mass index; 2 PD: phylogenetic distance; OTUs: operational taxonomic units; > PCA: Principal component analysis; * UniFrac: unique fraction metric; > PCoA: Principal Coordinates

analysis; 6 PERMANOVA: permutational multivariate analysis of variance 7 LAM: lumen-associated microbiota; 8 ANOSIM: Analysis of Similarities; 9 QIIME: Quantitative Insights Into
Microbial Ecology. NR: not reported.



Nutrients 2022, 14, 12

22 of 41

The Simpson index, reported in four studies, was found to be significantly lower in
obese compared to non-obese persons in two studies [46,56] and to be non-significantly
different in two studies [19,52]. Another four studies used the phylogenetic distance (PD)
between samples to assess diversity and it was found to be significantly lower in obese
than non-obese persons in three studies [18,55,60] and non-significant in one study [49].

The Chaol estimator for richness, reported in seven studies, was found to be lower
in obese compared to non-obese persons in three studies [35,39,51], and higher in obese
persons in two studies [19,34], and non-significant in two studies for the populations of
Saudi Arabia [35] and Soweto [34]. The number of observed species/OTUs, reported
in nine studies, was found to be lower in obese compared to non-obese persons in four
studies [33,35,39,41], and non-significantly different in five studies [35,44,46,49,51]. Pe-
ters et al. [33] observed significantly lower richness in obese versus non-obese women
(p = 0.03), but not in men (p = 0.47), and Yasir et al. [35] found a significantly lower number
of OTUs among obese as compared to non-obese persons only among the French, but no
significant differences in richness between obese and non-obese persons among the Saudis
(Figure 3). One study [40] used a Shannon index Effective Number of Species to measure
richness and found no significant differences between obese and non-obese persons.

Of the 22 studies that used the Shannon Index as an alpha diversity measure to
compare obese and non-obese persons, only seven studies provided sufficient information
for meta-analysis. The forest plot (Figure 4) showed that differences in microbial diversity
between obese and non-obese persons, as assessed by the Shannon index, did not reach
statistical significance. Given the substantial heterogeneity, we conducted sensitivity
analysis by omitting one study at a time. These analyses suggested that one study from
Japan (DB-BA 9.0 taxonomic reference database used), which observed a significantly lower
Shannon Index in obese versus non-obese persons, contributed the most to heterogeneity
in the meta-analysis on the Shannon index [17]. However, when we excluded this study
from the analyses, the mean difference between obese and non-obese persons changed
direction, but remained statistically non-significant (MD 0.01, 95%CI —0.11, 0.13, 12 = 43%,
n = 6 studies, Supplement Figure 52).

Experimental Control
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl
Andoh 2016 10 240 017 10 280 0.14 1 -0.40 [-0.54;-0.26]
Chavez - Carvajal 2019 17 661 036 25 6.32 046 —'— 0.29 [0.04; 0.54]
De la Cuesta - Zuluaga 2018 132 310 070 138 3.20 0.70 L] -0.10 [-0.27; 0.07]
Gallé 2020 27 250 020 113 250 0.20 :. 0.00 [-0.08; 0.08]
Oduaran 2020 - Bushbuckridge 66 456 041 21 449 053 = 0.07 [-0.18; 0.32]
Oduaran 2020 - Soweto 40 430 056 9 449 034 —-‘—I- -0.19 [-0.47; 0.09]
Patil 2012 5 289 056 10 284 0.75 — 0.04 [-0.63; 0.72]

Random effects model
Heterogeneity: I =83%, p<0.01

297 326 <J‘> -0.06 [-0.24; 0.12]

-1 -05 0 05 1
Favours non-obese Favours obese

Figure 4. Forest plot of the differences in alpha diversity between obese and non-obese persons
by Shannon index. Study references: Andoh et al. [17], Chavez-Carvajal et al. [19], De la Cuesta—
Zuluaga et al. [41], Gallé et al. [45], Oduaran et al. [34], and Patil et al. [52].

A total of 24 studies assessed beta diversity, although nine studies did not report beta
diversity by BMI. Eleven studies [17,19,21,33-35,49,52,54,55,60] found microbial dissimilar-
ities across the BMI groups, whereas only four studies did not find any [18,45,46,53].
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3.2.2. Differences in The Microbial Composition
At the Phylum Level

Differences in the relative abundance of the gut microbial composition at the phylum
level between obese and non-obese persons are depicted in Table 3.

At the individual study level, regarding Firmicutes, out of 17 studies, 11 studies
did not observe statistically significant differences in their relative abundance between
obese and non-obese persons [18,20,21,33,34,41,44-46,52,54], whereas six studies observed
significantly higher proportions in the relative abundance in the obese group compared to
the non-obese group [17,19,32,35,53,56] (Table 3 and Figure 5). The study of Yasir et al. [35]
found significantly higher relative abundance of Firmicutes in the obese group compared
to the non-obese only in the sample from Saudi Arabia (men only) but not in the French
study arm (men and women). Interestingly, Ozato et al. [32] found higher proportions of
Firmicutes in women with a higher BMI (p for trend: 0.004) but not in men. Differences
in the relative abundance of Bacteroidetes showed contradictory results (Table 3). Out of
18 studies, 10 studies did not observe statistically significant differences between obese and
non-obese persons [17-20,33,44,45,52-54], four studies found a higher relative abundance of
Bacteroidetes in obese persons compared to non-obese persons [34,35,46,49], whereas four
studies found lower relative abundance of Bacteroidetes among obese persons compared to
non-obese persons [21,32,41,56] (Figure 3). The study of Ozato et al. [32] found a significant
decrease in the relative abundance of the Bacteroidetes phylum across BMI groups in
women (p for trend: <0.001) but not in men. The study of Yasir et al. [35] found significantly
higher proportions in the relative abundance of Bacteroidetes in French obese persons
compared to their non-obese counterparts (including both men and women). Differences in
the relative abundance between obese and non-obese persons for the phyla of Firmicutes
and Bacteroidetes are also depicted in Figure 5. Study-level meta-analyses could only be
performed for the phyla of Firmicutes and Bacteroidetes in six studies (Figure 6). Sensitivity
analysis were performed by omitting one study at a time, but the heterogeneity was still
substantial (IZ > 70%).

25
20
15
10
5
0 | 1
Firmicutes (n=17) Bacteroidetes (n Actinobacteria (n Fusobacteria (n Proteobacteria (n Verrucomicrobia
-18) -11) =8) -12) (n=4)
Significantly higher in obese . Non-significant differences Significantly lower in obese

Figure 5. Number of studies that reported differences in the relative abundance of phyla as signif-
icantly higher (grey), lower (diagonal stripes) or not different (dotted) when comparing obese to
non-obese persons.
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Table 3. Differences in the relative abundance of bacteria at phylum level.
C : . . 2 3
( Ai:ﬁﬂi {{Ear) E;T(f’ :;1:? n Actinobacteria ! Bacteroidetes ! Firmicutes ! Fusobacterium ! Proteobacteria ! Verruc0{n1crob1a Other B/FRa(goFll B
No significant S L
. - Significantly Significantly .
No significant dlgerenﬁeg_m higher in O vs. L higherin O vs. L No significant Unclassified OBS I;; ria 8%3
Andoh 2016 [17] Ovs. L differences in 31 Zvj:' 14 1;,/ 0O:42.6 £+ 8.5% 0:1.86 +4.20% differences in — (p > 0.05) L: 0‘96 T 0'27
Ovs. L A e L:35.1 +52% L:0.00 = 0.00% Ovs. L p=>5 L o
L:329 + 6.4% 20018 = 0.002 Not significant
p=038 p=0 p=5
Beaumont o . o o o o o . o
2016 [37]
Borges 2018 [38] — — — — — — — — —
No significant d'?o signif.icagt No significant No significant No significant
Borgo 2018 [18] O vs. NW differences in O vs. HIerences I L Vs differences in O vs. _ differences in O vs.  differences in O vs. _ _
& ’ NWO:15+1.2 385+ 12 7NW' NWO:53.8 +£11.3 NWO:35+27 NWO:24+53
NW:14+19 § ’ : NW:51.2 £8.1 NW:45+5.7 NW:09 £ 1.7
41.7+79
No significant No significant Significantly No significant VerrLI?CC(}IL‘[l‘lCils:Obia F/B? ratio
differences differences higher in O vs. differences Spirochaetes and O + MetS: 3.13
Chavez-Carbajal O + MetS vs. O vs. between groups between groups NW o between groups Fusobacteria. O 3.24
2019 [19] NW 0:1.27% 0:22.50% 0:72.97% — 0O: 2.80% — 0: 0.22% C:1.57
O + MetS: 1.29% O + MetS: 23.43% O + MetS: 73.34% O + MetS: 1.45% O+ Meté' 0.37% p = not reported
NW: 2.32% NW: 36.20% NW: 56.95% NW: 4.20% NW: 0 1 4'0/ ° (significance not
p =0.1667 p=0.7125 p =0.0029 p =0.1160 p< 0 (50010 reported)
No significant No significant No significant o
differences in O vs.  differences in O vs.  differences in O vs. Chr1s1ogenete55:
_ NW NW O: NW _ _ 0:1.927 x 10~ _
Chen 2016 [20] Ovs. NW 0:4.339 x 10! 5226 x 10~ 0:1.433 x 102 NW: 1.680 x 104
NW:5.004 x 1071 NW:4.660 x 1071 NW: 1.446 x 10~3 q=0.080

q=0.080

q=0.080

q=0.080

Davis 2016 [40]

Davis 2020 [39]

No significant

Significantly lower

Slgﬁfga\g I{\Ilnger differences in O vs. NW
De la 0:82 i 14.1 between groups O: B/F ! ratio
Cuesta-Zuluaga O vs. OW vs. NW — OW: 108 + 17 53.9 £30.9 — — — — 0:0.15 +0.28
2018 [41,42] NW'il 5 £198 OW: 51.8 +£29.5 OW:0.22 + 0.42
b= 0.04 NW: 48.5 + 20.8 NW: 0.23 + 0.40
p=> p =062 p=0.04

Fei 2019 [43]

Finucane 2014 [44]

Ovs. L

No differences

No differences
(r=0.30)

No differences
(p=0.86)

No differences No differences

— No differences
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C - . ; 2 3
( Ai:ﬁg {{Ear) ?;T(f’:;l:f " Actinobacteria Bacteroidetes ! Firmicutes ! Fusobacterium ! Proteobacteria ! Verrucomicrobia Other B/FRa(t)iroFll B
No significant No significant I:ilgff31gn1f1cap t
differences in differences in bilﬁ%eﬁsm
R O/OW vs. _ NW/UW O/OW: NW/UW O/OW: _ _ o 5oL
Galle 2020 [45] F/B “ ratio
NW/UW 31.8 £89 61.1 £ 8.7 O/OW:22+13
NW/UW: NW/UW: NW/UW' .
33.4+104 589 +13.1 2111
p=0.54 p=047 b= 056
hSi%lnifi_cagtly Significantly Significantly
, Ovs. OWvs. NW  No differences in 1gher M L VS. No differences in higher in O vs. higher in O vs.
Gao 2018 [46] vs. UW Ovs. UW ( EXVOS) Ovs. UW uw Uw - -
p<® (p < 0.01) (p < 0.05)
Significantly lower
Harakeh 2020 [47] O vs. NW — — — " fzv(ibl(};‘fv — — —
FDR = 0.014)
Kaplan 2019 [48] — — — — — — — —
Increase in the
proportion of
“unclassified” Significantly
No differences Significantly lower No differences phylla\l(é);;;? o higher in O vs.
between groups inOvs. NO between groups 0:1.58% 0:091% VS. oo d") uw
Kasai 2015 [21] O vs. NO 0:80+7.1% 0:37.0 + 14.0% 0:40.8 4 15.0% NO: 0.07% NO: 1.20% Wﬁ%ﬁwem F/B 2 ratio
NO: 8.2 + 6.7% NO: 44.0 = 9.8% NO: 37.0 £+ 9.1% p>0.05 p>0.05 e L group 0:17+17
p=0917 p=0033 p=0241 relative to the NO NO: 0.9 + 0.4
_ group p=0.045
Sinergistetes:
0: 0.00%
NO: 0.03%
No significant
differences in O vs.
W
Significantly E/B dr atl% ¢
Loftfield 2020 [49] Ovs. NW — higher in O vs. — — — — expressac as beta
NW coefficients
OW vs. NW:
—29.7 (p = 0.26)
O vs. NW: 4.66

(p = 0.88)
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C - : : 2 3
( Ai:ﬁgﬁ: %(]Zar) ?;T(f’:;l:f " Actinobacteria ! Bacteroidetes ! Firmicutes ! Fusobacterium ! Proteobacteria ! Verrum{mcrobla Other B/FRa(t)iroFll B
No differences Significantly No differences No differences No differences No differences No differences
Oduaran 2020 [34] Ovs. L between groups higher in O vs. L between groups between groups between groups between groups between groups
(p > 0.05) (p < 0.05) (p > 0.05) (p > 0.05) (p > 0.05) (p > 0.05) (p > 0.05)
Org 2017 [50]
Osborne 2020 [51] —
Significant Significant
decrease across increase across
oy <20 BMigoupsin - BMigoup i
G2: 20 < BMI <25 No differences . No differences
Ozato 2019 [32] G3:25 <BMI<30  between groups trend: <0.001). No  trend: 0.004). No between groups
G4: BMI > 30 significant significant
- association across association across
BMI groups in BMI groups in
men men
. . . . Unclassified: No
. = No differences No differences No differences No differences p
Patil 2012 [5] Ovs. L between groups between groups between groups between groups beg\llfefg;egﬁgzps o
F/B 2 ratio
Not associated Not associated (Kruskal-Wallis
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1 D: diabetes; G1-4; Groups 1-4; L: lean; NO: non-obese; NW: normal weight; O: obese; OD: obesity and diabetes; O+MetS: obesity and metabolic syndrome; OW: overweight; UW:
underweight; 2 B/F ratio: Bacteroidetes to Firmicutes ratio; 3 F/B ratio: Firmicutes to Bacteroidetes ratio; * SA: Saudi Arabia. N.A.: not available.
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Experimental Control
Study Total Mean SD Total Mean SD Mean Difference MD 95%-ClI
Andoh 2016 10 4260 850 10 3510 520 — . 750 [ 1.32;13.68]
Borgo 2018 20 5380 11.30 20 51.20 8.10 . 260 [-3.49; 8.69]
De la Cuesta-Zuluaga2018 132 820 14.10 138 11.50 19.80 —4 -3.30 [-7.39; 0.79]
Galle 2020 27 61.10 870 113 58.90 13.10 - 220 [-1.87; 6.27]
Rahat - Rozenbloom 2014 11 8310 4.10 11 6950 5.80 —— 13.60 [ 9.40;17.80]
Verdam 2013 15 8580 850 13 7460 920 —==— 1120 [ 4.60;17.80]
Andoh 2016 10 31.20 14.10 10 3290 6.40 — -1.70 [-11.30; 7.90]
Borgo 2018 20 3850 1270 20 41.70 7.90 —‘—j—__ -320 [-9.75; 3.35)
De la Cuesta-Zuluaga 2018 132 53.90 30.90 138 48.50 20.80 540 [-0.91;11.71]
Galle 2020 27 3180 890 113 33.40 10.40 = -1.60 [-5.47; 2.27]
Rahat - Rozenbloom 2014 11 640 430 11 1940 6.10 o -13.00 [-17.41;-8.59]
Verdam 2013 15 590 580 13 1920 920 —++ -13.30 [-19.10;-7.50]

20 10 0 10 20
Favours non-obese Favours obese
Figure 6. Forest plot of the differences in the gut microbiome composition at phylum level be-
tween obese and non-obese. Study references: Andoh et al. [17], Borgo et al. [18], De la Cuesta—
Zuluaga et al. [41], Galle et al. [45], Rahat—Rozenbloom et al. [53], and Verdam et al. [56].

The forest plot showed a statistically significant higher relative abundance of Firmi-
cutes in obese compared to non-obese persons (MD 5.50 [95%CI 0.27, 10.73]; I? =87%, 1 =6)
but non-significantly lower Bacteroidetes (MD —4.79 [95%CI —10.77, 1.20]; I? = 86%,n= 6)
(Figure 4).

Ten studies reported data on the F:B ratio, although meta-analysis could only be
conducted in two studies. Three studies reported data on the B:F ratio and meta-analysis
could be performed in two of the three studies (Table 3). The results were controversial:
four studies reported significant differences between obese and non-obese persons (higher
F:B ratio in obese than in non-obese persons) [19,21,48,53], while six studies reported no
significant differences [33,45,49,54,58,60]. In the meta-analysis, we found a statistically non-
significantly higher F:B ratio in obese versus non-obese persons (MD 0.43 [95%CI —0.25,
1.12]; I = 66%, n = 2). Regarding the B:F ratio, two studies reported significant differences
between obese and non-obese persons (B:F ratio lower in obese than in non-obese) [41,56],
while one study reported no significant differences in the B:F ratio [17]. In the meta-analysis,
a statistically significantly lower B:F ratio in obese versus non-obese persons (MD —0.08
[95%CI —0.16, —0.00]; I2 = 0%, n = 2) was observed (Figure 7).

Experimental Control
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl
Gallé 2020 27 220 130 113 210 1.10 - 0.10 [-0.43;0.63]
Kasai 2015 33 170 1.70 23 0.90 0.40 = 0.80 [0.20;1.40]
<
Andoh 2016 10 086 063 10 0.96 0.27 - -0.10 [-0.52;0.32]
DelaCuesta-Zuluaga2018 132 0.15 028 138 0.23 0.40 -0.08 [-0.16;0.00]
4
O I T

2 -1 0 1 2
Favours non-obese Favours obese
Figure 7. Forest plot of the differences in the Firmicutes to Bacteroidetes ratio between obese and
non-obese. Study references: Andoh et al. [17], De la Cuesta—Zuluaga et al. [41], Gallé et al. [45], and
Kasai et al. [21].
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Differences in the relative abundance between obese and non-obese persons for the
phyla of Actinobacteria (n = 11 studies), Fusobacterium (1 = 8), Proteobacteria (n = 12) and
Verrucomicrobia (n = 4) are depicted in Table 3 and Figure 5. Regarding Actinobacteria
(n = 11), none of the studies found differences between the groups, with the exception of
one study that found a higher abundance of Actinobacteria in obese persons compared to
the rest of the groups (normal weight, diabetes, and obese with diabetes) (p = 0.04) [54].
Regarding the phylum Fusobacteria (1 = 8), five studies found no differences in their relative
abundance between obese and none obese persons [19-21,34,54], whereas two found a
higher proportion [17,46], and one found a lower proportion of Fusobacteria in obese
persons compared to the non-obese [47]. Regarding the phylum of Proteobacteria (n = 12),
eight studies did not observe statistically significant differences between obese and non-
obese persons [17-19,21,32,34,44,52], three found higher proportions of Proteobacteria in
obese persons [35,46,56], and one found lower proportions [54]. The study of Yasir et al. [35]
found significantly higher proportions in the relative abundance of Proteobacteria in French
obese persons compared to their non-obese counterparts (including both men and women),
whereas no significant differences were observed in Saudi obese persons compared to their
non-obese counterpart (men only). Regarding the phylum Verrucomicrobia (1 = 4), three
studies found no differences in their relative abundance between obese and non-obese
persons [18,34,35], whereas one study found a higher proportion of Verrucomicrobia in
obese compared to non-obese persons [54].

At the Genus Level

A total of 27 studies reported data on the relative abundance between obese and
non-obese persons at the genus level. A list of bacteria found to be statistically significantly
higher or lower in obese compared to non-obese persons is depicted in Table 4.

Table 4. Significant differences in the relative abundance of bacteria at genus level between obese
and non-obese persons.

Genus (#Studies) Significantly Higher in Obese Significantly Lower in Obese

n [Citations] n [Citations]
Firmicutes

Acetanaerobacterium 1 1 [34] — —
Acidaminococcus 3 [32,48,51] — —
Anaerococcus 2 [17,59] — -
Anaerotruncus 1 [45] 1 [48]
Blautia 4 [20,33,49,50] 1 [32]
Butyrivibrio ! — 1 [54]
Catenibacterium 2 [34,48] — -
Clostridium 2 1 [54] 1 [35]
Clostridium_IV ! 1 [34] - —
Clostridium_XIVa 3 1 [34] — —
Clostridium_XIVb 3 1 [34] — —
Coprobacillus — 1 [48]
Coproccocus 3 [17,19,59] 1 [33]
Dehalobacterium — 1 [33]
Dialister 2 [18,19] — —
Dorea * 5 [20,35,43,45,49] — —
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Genus (#Studies)

Significantly Higher in Obese

Significantly Lower in Obese

n [Citations] n [Citations]
Eubacterium 2 [20,45] — —
Faecalibacterium 2 2 [19,54] 2 [17,35]
Finegoldia — — 1 [17]
Fusicatenibacter 3 — — 1 [34]
Gemella 1 [45] — —
Intestinimonas 1 [34] — —
Lachnoanaerobaculum — — 1 [17]
Lachnobacterium 1 [45] — —
Lachnospira 1 [19] — —
Lactobacillus 2 1 [35] — —
Megasphera 2 [43,48] — —
Oscillibacter 3 1 [34] 1 [55]
Oscillospira 1 [37] 4 [18,33,48,51]
Parvimonas 1 [17] — —
Phascolarctobacterium 1 [34] — —
Roseburia 4 [19,43,49,54] — —
Ruminoccocus 3 4 [34,37,41,49] 2 [48,54]
Sporobacter 3 1 [34] — —
Staphylococcus 1 [54] — —
Streptococcus 3 5 [33,34,43,45,48] — —
Subdoligranulum — — 1 [17]
Bacteroidetes
Alistipes 1 2 [17,34] 1 [55]
Bacteroides > 3 [35,52,59] 2 [17,19]
Parabacteroides 13 2 [34,43]1 1 [34]3
Paraprevotella — — 1 [45]
Prevotella 3 [34,48,54] — —
Actinobacteria
Bifidobacterium — — 1 [32]
Corynebacterium 1 [59] — —
Eggerthella ® — — 2 [48,60]
Olsenella — — 1 [17]
Rothia 1 [59] — —
Fusobacteria
Fusobacterium 2 [17,46] — —
Sneathia 1 [45] — —
Proteobacteria
Desulfovibrio 1 [43] 1 [17]
Escherichia-Shigella >3 2 [34,35] — —
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Genus (#Studies) Significantly Higher in Obese Significantly Lower in Obese
n [Citations] n [Citations]
Haemophilus 3 1 [34] — —
Jannaschia 1 [45] — —
Oxalobacter 3 1 [34] — —
Paucibacter 1 [45] — —
Succinivibrio 1 [45] — —
Sutterella 1 2 [34,46] — —
Verrucomicrobia
Akkermansia 1 1 [34] 2 [54,55]
Synergistetes
Cloacibacillus — — 1 [48]
Euryarchaeota
Methanobrevibacter — — 1 [50]
Lentisphaerae
Victivallis 3 — — 1 [34]

1 Ref. [43]: in Bushbuckridge; 2 Ref. [57]: in France; ® Ref. [43]: in Soweto; * Ref. [57]: in Saudi Arabia; ° Ref. [56]:
no longer significant after adjustment for carbohydrate.

Significantly higher in obese

Thirteen genera, namely, Acidaminococcus, Anaerococcus, Catenibacterium, Dialister,
Dorea, Escherichia-Shigella, Eubacterium, Fusobacterium, Megasphera, Prevotella, Rose-
buria, Streptococcus, and Sutterella were found to be significantly more abundant among
obese persons than among the non-obese in at least two studies.

Significantly lower in obese

Bifidobacterium and Eggerthella were found to be significantly less abundant among
obese persons than among the non-obese in at least two studies.

Controversial findings

Discrepant results were found in 13 genera of the bacteria Akkermansia, Alistipes,
Anaerotruncus, Bacteroides, Blautia, Clostridium, Coproccocus, Desulfovibrio, Faecalibac-
terium, Oscillibacter, Oscillospira, Parabacteroides, and Ruminoccocus where they have
been found in higher relative abundance in obese persons in some studies and in lower
relative abundance in others, compared to non-obese persons (Table 4).

Fungi

Only two studies investigated differences in the mycobiota composition between
obese and non-obese persons. The study of Borges et al. [38] found that Penicillium sp.,
Paecilomyces sp., and Fonsecaea sp. fungi separated the obese group from the other groups
(overweight and normal weight). A slightly higher diversity was found in normal weight
persons, and Syncephalastrum sp. (Zygomycota), which was found only in normal weight
persons. Paecilomyces sp. was predominant in normal weight and overweight persons,
whereas Penicillium sp. was the most frequently identified fungi in the obese group.
Furthermore, obese persons displayed higher yeast counts. Whilst Trichosporon sp. was the
most prevalent yeast in normal weight persons, Rhodotorula was increased in overweight
and obese persons. The study of Kaplan et al. [48] failed to find fungal correlates of obesity,
with only Debaryomyces achieving a nominal p value < 0.05.
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3.3. Secondary Outcomes
Microbial Taxonomic Signatures Associated with Obesity

Only two studies explicitly assessed taxonomic signatures associated with obesity [33,44].
In the Peters study [33], a microbiome-based machine learning model accurately classified
obese persons and thus revealed an emerging taxonomic signature of obesity. Obesity
was characterized by a higher abundance of class Bacilli and its families Streptococcaceae
and Lactobacillaceae, and a lower abundance of several groups within the class Clostridia,
including Christensenellaceae, Clostridiaceae, and Dehalobacteriaceae (q < 0.05). Their
findings were consistent across two independent study populations. However, the Finucane
study [44] concluded that there is no simple taxonomic signature of obesity in the microbiota
of the human gut, since they found a large variability between studies (Human Microbiome
Project (HMP) and MetaHIT) in the taxonomic composition of stool microbiomes that did
not allow differences to be evident between lean and obese persons within studies and
even across individuals.

One study [56] classified obese and non-obese persons in two separate clusters, where
15/19 of the obese were classified in cluster 1 and all non-obese were fitted in cluster 2.
The obese cluster showed reduced bacterial diversity compared to the non-obese cluster, a
decreased B:F ratio, and an increased abundance of Proteobacteria. Moreover, in the obese
microbiota cluster, Clostridium cluster IV and XIVa of the Firmicutes phylum were more
abundantly present whereas Bacteroidetes phylum was less abundant.

Another study assessed enterotypes in obese persons and found that the Bact2 en-
terotype, which is characterized by a high proportion of Bacteroides, a low proportion of
Faecalibacterium and low microbial cell densities, is more common in obese (17.7%) com-
pared to non-obese persons (lean or overweight, 3.90%). However, obese persons who
received statin treatment had a lower Bact2 prevalence (5.88%) [57].

3.4. Quality Assessment

A serious risk of bias was mainly found in the first two domains: confounding
(n = 18), because studies did not adjust for potential confounders, and the selection of
participants (n = 12), because nine studies recruited volunteers [17,19,35,37,45-47,52,58],
two studies recruited participants through advertisement [53,56], and one study did not
provide enough information on the recruitment process [54]. Of those studies of moderate
risk for confounding, two studies did not adjust for variables but stratified results or
excluded patients to minimize confounding [34,46], and 12 adjusted mainly for age and/or
sex [20,32,33,37,43,45,48,49,51,53,55,60]. Other variables used for adjustment were dietary
factors (e.g., intake of carbohydrates, vegetables excluding potatoes, intake of whole
fruit, intake of whole grains) [33,48,53,55,60], batch effect [20], country [43], smoking
status [49], BMI [48,49,55], study center [33,48], moderate-to-vigorous physical activity
(MVPA) [48], diabetes [48], heath status [55], polyp status [33], visits returning to home
country [48], education and income [48], and medications, including use of antibiotics and
metformin [48]. Of the 32 studies, 11 were deemed as having an overall moderate risk of
bias and 21 as having an overall serious risk of bias. In general, the meta-analyzed studies
had a serious risk of bias (Table 1, Supplement Table S3).

4. Discussion

In the present systematic review, we found discrepant results on gut microbiome
composition in obese versus non-obese persons across the studies. Statistically significant
lower alpha diversity in obese versus non-obese persons was observed in a substantial
proportion of studies, i.e., less than half for the Shannon index (nine out of 22 studies), half
for the Simpson index (two out of four studies) and number of observed species/OTUs
(four out of eight), and more than half for phylogenic distance (three out of four), and
Chaol (three out of five). No significant differences in obese versus non-obese persons were
observed in meta-analysis of seven studies for the Shannon index. Microbial dissimilarities
(beta diversity) were observed among BMI categories in the majority of the included studies.
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Observed differences in the gut microbiome composition at the phylum level in obese
versus non-obese persons also showed discrepancies across studies. Firmicutes were found
to be significantly higher in obese versus non-obese persons in six out of seventeen studies,
whereas Bacteroidetes were found to be significantly lower in obese persons in four out of
eighteen studies, but also significantly higher in four other studies. In the meta-analyses
of six studies, Firmicutes were significantly higher and Bacteroidetes non-significantly
lower in obese versus non-obese persons. The Firmicutes to Bacteroidetes ratio was found
to be significantly higher in the obese in four out of ten studies, and the Bacteroidetes to
Firmicutes ratio was found to be significantly lower in the obese in two out of three studies.
The Bacteroidetes to Firmicutes ratio was statistically significantly lower in the obese versus
non-obese in the meta-analysis of two studies, and a non-significantly higher Firmicutes to
Bacteroidetes ratio was observed in the meta-analysis of two further studies. At the genus
level, lower relative proportions of Bifidobacterium and Eggerthella were found in obese
versus non-obese persons, whereas Acidaminococcus, Anaerococcus, Catenibacterium, Dialister,
Dorea, Escherichia-Shigella, Eubacterium, Fusobacterium, Megasphera, Prevotella, Roseburia, and
Streptococcus, and Sutterella were found to be higher in obese versus non-obese persons.

Our investigation shows no significant differences in the Shannon index between
the obese and the non-obese in the meta-analysis, although in the qualitative synthesis a
substantial proportion of studies showed statistically significantly lower alpha diversity
in obese versus non-obese persons, and microbial dissimilarities (beta diversity) were
observed among the BMI categories in the majority of the included studies, confirming that
the microbial population abundances in the gut of obese and non-obese groups were distinct
from each other. One previous meta-analysis [61] that included five studies using high-
throughput technologies in the 165 rRNA gene and that were processed using a common
computational pipeline, also showed a lack of a consistent alpha diversity trend (assessed
by the Shannon index and number of observed species), likely due to the small effect
size observed in studies investigating obesity compared to the larger effect size observed
in studies on inflammatory bowel disease. Another previous meta-analysis [62] that re-
analyzed the studies included in the Walters study [61] and added five more studies that
included BMI and 16S rRNA gene sequence data found similar results to our observations.
Only in two out of ten studies was there a significantly lower diversity in obese versus
non-obese persons observed, whereas the rest showed similar trends—although these were
non-significant. However, after applying a random-effects linear model to combine the
studies, they found a statistically significantly lower richness, evenness, and diversity
among obese persons (Shannon diversity index, observed richness, and Shannon evenness),
despite the small effect size [62].

In the present systematic review, we found evidence that the composition of the gut
microbiome of obese persons differs from the non-obese both at the phylum and genus
level. In the qualitative synthesis at the phylum level, although the majority of the studies
did not observe statistically significant differences in the relative abundance of the Gram-
positive Firmicutes and Gram-negative Bacteroidetes between the obese and non-obese, a
substantial proportion of studies observed statistically significantly higher Firmicutes (six
out of seventeen) and lower Bacteroidetes (four out of eighteen) in obese versus non-obese
persons. In the quantitative analysis, Firmicutes were significantly higher in the obese
compared to the non-obese, whereas for Bacteroidetes non-significantly lower relative
abundances were found. In both meta-analyses, significant heterogeneity was observed.

In the qualitative synthesis at the phylum level, a statistically significantly higher F:B
ratio and a lower B:F ratio was observed in obese persons compared to non-obese persons
in a substantial number of studies, and a significantly lower B:F ratio was observed in
the meta-analysis (two studies), whereas the F:B ratio was non-significantly higher (two
further studies). Thus, no clear significant differences between the F:B or B:F ratio and
obesity status was found. In animal studies, the F:B ratio is considered a hallmark of obesity
and is therefore used as an outcome to assess the effects of many anti-obesity dietary
supplements [63,64] based on their capacity to modulate the gut microbiome by reducing
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the F:B ratio in the obese. Two systematic reviews [24,25] that included studies measuring
the ratio by high-throughput sequencing methods and other methods, such as culture,
flow cytometry, and qPCR, among others, found more studies that showed no statistically
significant differences in the F:B ratio between obese and non-obese persons than others
that did, which is in agreement with our findings.

Mechanistic explanations why Bacteroidetes and Firmicutes may be found at differ-
ential proportions in obese versus non-obese persons may be provided by studies investi-
gating the host-gut microbiota relationship by relating the gut microbiome composition
to circulating metabolites [50]. For example, short-chain fatty acids (SCFAs) are formed
during the bacterial fermentation of carbohydrates in the colon, with acetate being the
most common one found in the human colon, followed by butyrate and propionate [52,53].
A positive correlation between Firmicutes and fecal SCFA has been observed [53], which
supports the hypothesis that obese persons have a distinct microbial profile that is more
efficient in fermenting substrates and in producing higher fecal SCFA concentrations than
that of their lean counterparts [52,53]. Whilst members of the Bacteroidetes phylum are
acetate and propionate producers, bacteria belonging to the phylum of Firmicutes are
mainly butyrate producers [65]. In animal studies acetate produced by the microbes is used
as a substrate for the hepatic lipo- and gluconeogenesis, promoting obesity [28]. Diets rich
in fats or carbohydrates favor the increase of Firmicutes and the decrease of Bacteroidetes
both in animals and humans [28], which may also play a role in the differences in gut mi-
crobiome. However, dietary intake was considered only in a minority of the here included
studies [33,48,53,55,60].

In the qualitative synthesis at the genus level, lower relative proportions of Bifidobac-
terium and Eggerthella (Actinobacteria phylum) were found in the obese group compared
to the non-obese, whereas the genera of Acidaminococcus, Anaerococcus, Catenibacterium,
Dialister, Dorea, Eubacterium, Megasphera, Roseburia, Streptococcus (Firmicutes phylum), Fu-
sobacterium (Fusobacteria phylum), Prevotella (Bacteroidetes phylum), Escherichia-Shigella,
and Sutterella (Proteobacteria phylum) were found to be significantly higher in the obese.
The genera of Sutterella and Catenibacterium have been previously associated with obesity
in children and adolescents [66] and pregnant women [67]. Fusobacterium and Megasphera
produce butyrate from glutamate and lysine amino acids releasing harmful by-products like
ammonia, which can have deleterious effects upon the host [65,68]. Discrepant results were
found for the genera of Akkermansia (Verrucomicrobia phylum), Desulfovibrio (Proteobacte-
ria phylum), Alistipes, Parabacteroides, Bacteroides (Bacteroidetes phylum), Anaerotruncus,
Blautia, Clostridium, Coproccocus, Faecalibacterium, Oscillibacter, Oscillospira and Ruminoccocus
(Firmicutes phylum). These findings highlight the complexity of the microbial ecosystem
of the gut and suggest that a greater relative abundance of the phylum Firmicutes and a
lower relative abundance of Bacteroidetes in the obese do not necessarily translate into a
common pattern of all genera belonging to these phyla, since several genera from the same
phylum may be found in higher or in lower proportions in obese persons. For example,
the Firmicutes genus Oscillospira was found to be significantly lower in obese compared
to non-obese persons in four studies (and significantly higher in one study), which is in
contrast to the hypothesis that obese gut microbiome is enriched in Firmicutes, that is also
supported by our qualitative and quantitative analyses at the phylum level. One previous
study meta-analyzing data from individuals with different health statuses found very few
consistent genus-level associations between lean and obese persons [69]. For example, in
agreement with our findings, they found that Roseburia was significantly enriched in obese
persons [69]. Another previous meta-analysis found that, in agreement with our findings,
Bifidobacterium was depleted in obese persons, whereas Eubacterium rectale, and Roseburia
intestinalis were enriched in obese persons [61]. However, they found that Bacteroides
were higher in obese whereas Alistipes, and Oscillospira were lower in obese compared to
non-obese persons [61]. Oscillospira which has been found associated with leanness and
health [70], has also been found to be enriched in metabolically healthy obese persons
compared to metabolically unhealthy obese persons [6], likely due to their capability of
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producing high SCFA concentrations, like propionate and butyrate, which have beneficial
effects on body weight control, inflammatory status, and insulin sensitivity [6,71]. We
found no sufficient evidence of a specific taxonomic signature associated with obesity in
the few studies addressing this question.

Overall, discrepancies found for each outcome when comparing obese with non-obese
persons may be explained by factors such as sex and geographical differences, which may
also reflect differences in their dietary habits. For example, Yasir et al. [35] compared
the gut microbiome of obese and non-obese persons in France and Saudi Arabia with
discrepant results, which may be likely due to, on the one hand, sex-differences, given
that the French study population included both men and women whereas the Saudi
population included only men, and, on the other hand, geographical differences in diet [35].
A large amount of study-specific variation can likely be attributed to differences in DNA
isolation, sequencing and bioinformatic processing. Several studies have demonstrated that
methodological differences can yield substantial variation in the results [72-75]. Our meta-
analysis shows that technical variations may have masked potential biological differences
when comparing across studies. The current method of analysis makes it very hard to make
generic conclusions about the relation between microbiome and health and thereby cannot
yet lead to medical grade interventions. Therefore, standardization and new analysis
techniques are needed. An important factor that only recently has gained attention is the
importance of including absolute counts, e.g., by applying spike-in standards [76] or flow
cytometry based cell counting [77], to overcome the limitations of working with relative
abundances. Additionally, some attempts have been made to unify several reference
databases containing sequences of 165 rRNA genes to improve taxonomic classification [78].
Other factors that may contribute to discrepant findings are differences in the number
and recruitment process of participants, which might preclude the observation of small
differences between groups, as well as lack of adjustment for relevant lifestyle-associated
factors that have an influence in the composition and diversity of the gut microbiome [27,61].
In order to increase the robustness of the available evidence, more individual-level meta-
analyses contributing to the elucidation of the role of the gut microbiome in obesity are
warranted, where the BMI comparison groups can be uniformly defined, and adjustment for
confounders can be done in a comparable fashion covering critical factors influencing the
gut microbiome composition, such as sex, age, diet, physical activity, and the microbiome
data processed in a standardized manner [79].

Strengths and Limitations

This is the first systematic review assessing the differences in the gut microbiome
composition between obese and non-obese persons in a quantitative fashion through meta-
analysis. Furthermore, for better comparability, we only included studies that analyzed
the gut microbiome composition by means of high-throughput sequencing techniques.
Furthermore, we were able to conduct meta-analyses for the two dominant phyla in the gut
microbiome, Firmicutes and Bacteroidetes, although only a third of the included studies
provided sufficient data. Nevertheless, it should be acknowledged that because many
studies could not be included in the meta-analysis due to insufficient availability of data,
our meta-analysis does not necessarily reflect the full available evidence. We conducted
our searches in Pubmed and EMBASE, the two most commonly used databases for search-
ing biomedical literature, although we cannot rule out that we may have missed some
studies given that the search was restricted to the English language. In order to enable
the inclusion of more published studies in meta-analysis, more standardized reporting
is essential. In line with the limited data available for meta-analysis, we were unable to
stratify analysis by country (as a proxy for diet) or sex, two known factors that can greatly
influence the composition of the gut microbiome. Moreover, the definition of obese and
non-obese groups was very heterogeneous, which may lead to an under- or over-estimation
of the observed differences in our meta-analyses. The included studies were conducted in
different countries with distinct eating habits that have an impact on the microbial ecology
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of the human gut microbiome, and were also of observational design, which means that
confounding could have precluded small but significant differences in the composition of
the gut microbiome between obese and non-obese persons. There are other factors, apart
from the aforementioned sex [20,33,45], ethnicity or geographical location [20,34,35,43,48],
and diet [9,41,45,47,53], that have the capacity to influence and therefore modify the compo-
sition of the gut microbiome, such as physical activity [45,58], smoking [47], and changes in
the metabolites produced by gut bacteria [19,50,53,55], among other factors, e.g., fecal cal-
protectin, intestinal permeability [56], or cardiometabolic status [41,42]. These factors may
explain the heterogeneity found among the meta-analyzed studies. However, we were not
able to conduct a meta-regression analysis to examine whether these factors could explain
the variability found in the meta-analyses. Moreover, the majority of the meta-analyzed
studies were judged as having a serious risk of bias, downgrading the value of the level of
evidence provided. Of the eleven meta-analyzed studies, six were not population-based
(participants recruited through advertisements or as volunteers), and ten did not adjust
for covariates.

5. Conclusions

Overall, we observed discrepant findings in the gut microbiome composition of obese
versus non-obese persons across studies both at the phylum and at the genus level. Lower
alpha diversity in obese versus non-obese persons was observed in a substantial proportion
of studies, but our meta-analysis on the Shannon Index yielded no significant differences.
The B:F ratio might be considered as a marker of dysbiosis for obesity, although more
research with standardized technologies is needed to consider it a hallmark of obesity or to
replace it with a more fine-grained measure than comparing communities merely on the
level of phyla. However, caution is required to infer these findings to any population given
that few studies could be meta-analyzed and substantial heterogeneity was found. For the
sake of data accuracy, reproducibility, and comparability of the results, standardization and
harmonization of DNA extraction, amplification methods, high-throughput sequencing
technologies and reference databases for taxonomic classification are needed to allow for
better interoperability between studies, given that extensive omics data require more com-
putational expertise and resources to manage and interpret results. More individual-level
meta-analyses—preferably with standardized bioinformatics pipelines—allowing for more
flexible and standardized approaches than study-level meta-analysis may help to clarify
the here observed discrepant findings. Together with new studies using standardized and
advanced methodologies this would allow for the design of disease prevention strategies,
as well as personalized microbiome-modulating treatment strategies against obesity.
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