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Diet may influence the gut microbiota and subsequently affect the host’s health.
Recent developments in methods analyzing the composition and function of the
gut microbiota allow a deeper understanding of diet—gut microbiota relationships.
A state-of-the-art methodology, shotgun metagenomics sequencing, offers a higher
taxonomic resolution of the gut microbiota at the bacterial species and strain
levels, and more accurate information regarding the functional potential of gut
microbiota. Here, the available evidence on the relationship between diet and gut
microbiota was critically reviewed, focusing on results emerging from recent meta-
genomics sequencing studies applied in randomized controlled trials and observa-
tional studies. The PubMed and Embase databases were used to search publica-
tions between January 2011 and September 2023. Thus far, the number of studies
is limited, and the study designs and methods utilized have been variable.
Nevertheless, the cumulative evidence from interventions relates to dietary fiber as
a modifier of bacterial species, such as Anaerostipes hadrus and Faecalibacterium
prausnitzii. Furthermore, observational studies have detected associations between
different dietary patterns and food groups with certain microbial species.
Utilization of metagenomics sequencing is becoming more common and will
undoubtedly provide further insights into diet—gut microbiota relationships at the
species level as well as their functional pathways in the near future. For reproduci-
ble results and to draw reliable conclusions across various studies on diet—gut
microbiota relationships, there is a need for harmonization of the study designs

and standardized ways of reporting.

Key words: diet, dietary pattern, gut microbiota, metagenomics, shotgun sequencing,

intervention.

INTRODUCTION

The gut microbiota, a diverse and complex community
of microorganisms, plays a significant role in overall
human health. It contributes to the nutrient and energy
metabolism not only via the synthesis of vitamins and
amino acids but also via the production of short-chain
fatty acids (SCFAs), such as butyrate, acetate, and

propionate.' > Although not clearly defined, in general,
a gut microbiota that is considered healthy is repre-
sented predominantly by the presence of the following
phyla: Bacillota (formerly, Firmicutes), Bacteroidota
(Bacteroides), and Actinomycetota (Actinobacteria),
with lower abundances of Verrucomicrobiota (Verruco-
microbia) and Pseudomonadota (Proteobacteria).”®
The term “dysbiosis” refers to a perturbance of the
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composition of the gut microbiota; most often this is
evident as reduced overall microbial species diversity
(eg, a decrease in butyrate-producing bacteria but an
increase in the numbers of opportunistic pathogenic
bacteria).® Gut dysbiosis has been linked to an increased
risk of cardiovascular diseases and metabolic disorders
such as obesity or type 2 diabetes.””®

A range of factors may influence the composition and
function of the gut microbiota. These include age, geogra-
phy, diet, stress, physical activity, intake of antibiotics,
alcohol consumption, and smoking.”'® Here the focus is
on diet and indeed previous reports have demonstrated
that variations in diet and duration of dietary exposure
can affect the overall abundances of various bacteria as
well as the functionality of gut microbiota."'** Most of
these studies used 16S rRNA sequencing as the primary
method to analyze the gut microbiota as it is the most rou-
tinely used technique due to its cost-effectiveness, avail-
ability of large reference databases, and established
pipelines for data analysis."> However, this method does
have a few disadvantages: (1) a robust identification of
bacteria but only at the taxonomical levels of phyla and
genus and (2) amplification of a specific bacterial region
often means that the genes regulating function cannot be
identified."> These limitations can be overcome by shot-
gun metagenomics. Metagenomics amplifies all of the
genomes present in a sample and consequently provides
more detailed information, for example, on bacterial spe-
cies/strain levels and functional potential of the gut micro-
biota, topics currently of interest to many researchers.

The aim of this review was to understand the status
of and knowledge on diet-gut microbiota relationships
by summarizing the evidence emerging from the studies
that applied metagenomics in the analysis of the gut
microbiota. This review also suggests that there is a
need for harmonization of the study designs and stand-
ardized ways of reporting, which can allow reproducible
results and help draw reliable conclusions on diet-gut
microbiota relations. A better understanding of the
diet-gut microbiota relations would be advantageous
when designing novel dietary approaches to modify the
gut microbiota and to study the related health benefits.

METHODS

A search was conducted for articles using the terms
“diet* AND microbio* AND metagenom™ NOT
review” in PubMed and Embase. The inclusion criteria
for research papers were as follows: (1) primary focus
on the diet-gut microbiota relations in adult humans
and (2) gut microbiota analyses based on metagenom-
ics. Studies that applied metagenomics to confirm 16S
rRNA findings were also included. Studies that used 16S
rRNA as the only sequencing method for gut

microbiota analysis, those that focused on disease con-
ditions, or used only animal models were excluded. A
total of 33 articles were included for this review from
the years January 2011 to September 2023; 16 were
intervention trials and 17 were observational studies
(Figure 1).

RESULTS

The current review presents the results of the diet-gut
microbiota associations based on study design—that is,
either intervention (Table1)'*' or observational
(Table 2)**™*® studies. In each section, the following
topics will be briefly described: the study design, diet
(intervention, diet components, or dietary pattern;
observational studies), and their association with the
gut microbiota with regard to alpha (a)-diversity (e,
within community diversity), beta (f)-diversity (ie,
between-communities diversity), abundances of bacte-
rial taxa, specifically bacterial species, and their pre-
dicted functions (metabolic pathways).

Findings of Diet-Gut Microbiota Associations
Emerging From Intervention Studies

The study designs and intervention diets were variable,
as described in Table 1 and Table S1. The interventions
varied in terms of duration, from a couple of days to 6
months.'®* The participants were mostly healthy men
and women, with a few studies focusing on groups with
overweight/obesity'®*°*****” and 1 study involved a
mixed group of healthy participants and those with met-
abolic syndrome."’

Impacts of Diet Interventions on Gut Microbiota
Diversity. The results of the studies revealed that
a-diversity had been modulated by a diet intervention
only in 4 out of 16 studies. The Shannon index was sur-
prisingly decreased in a trial in which 20 young adults
were instructed to consume a high-fiber diet for 3 weeks
with an increasing fiber content (40 to 50 g/d).”” In 25
volunteers, an increase in Shannon index was detected
after underfeeding (50% of the weight-maintaining diet:
20% protein, 30% fat; 50% carbohydrate of daily energy
intake) compared with overfeeding (150% of a weight-
maintaining diet)."” Gene richness was evaluated in 2
studies; it increased after a 6-week energy-restricted,
high-protein diet in the participants with overweight
and obesity (n = 18) with a low microbial gene count™
and after an 8-week isocaloric Mediterranean diet in
participants with overweight and obesity (n=43).”*
p-Diversity was affected after a 3-month short-term
lacto-ovo-vegetarian diet (n=15), as measured by the
Jensen-Shannon distance,®® after a 12-week fiber
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Figure 1. PRISMA Flowchart for the Selection of the Articles for the Current Review. Abbreviations: MCT, medium-chain triglycerides; MGS,
metagenomics sequencing; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses

supplement by Bray-Curtis dissimilarity index (n=39;
10g/d inulin + 10g/d resistant maltodextrin),”® and
after 3 weeks of a high-fiber diet by Bray-Curtis distan-
ces (n=20)."> A 3-week study” where staple carbohy-
drates—namely, wheat, rice, or oats—were consumed
for 1 week in a sequence reported a change in the
microbial community composition (Bray-Curtis distan-
ces). In the same study, it was observed that wheat had a
higher impact, followed by rice and oats on the phyloge-
netic distance (weighted UniFrac distance). In contrast,
there was no difference in f-diversity after either a 10-
day high-fiber/low-fat diet or a low-fiber/high-fat diet
compared with the control,” in an 8-week study with a
whole-grain diet compared with a refined-grain diet,”®
with an 8-week low-gluten diet compared with a high-
gluten diet (no difference in dietary fiber content),”* or
after a 3-week short-term calorie-restricted diet.”!

Impacts of the Intervention Diets on the Composition of
the Gut Bacterial Species. The results from 2 studies
indicate that short-term consumption of a calorie-
restricted diet,>! as well as a whole-grain vs refined-
grain diet,”® did not modify the gut microbiota at the
gene or species level. In contrast, 1 study™ in which a
diet was changed from an omnivorous to a short-term
vegetarian diet resulted in changes in approximately 12
bacterial species. Furthermore, for the control groups,
differences in 55 species were observed between
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omnivorous and vegetarian diets. Compared with the
individuals consuming a high-fat diet (4.7 g fiber), those
fed the 2-week fiber-enriched Mediterranean diet
(54.2 g fiber) increased the abundances of 2 butyrate
producer species, Agathobaculum butyriciproducens and
Anaerostipes hadrus."® Another study where the partici-
pants consumed a Mediterranean diet for 8 weeks
showed evidence of an increased abundance of the
fiber-degrading Faecalibacterium prausnitzii, as com-
pared with the control group (ie, habitual diet).** In 1
study in which the fiber content of the diet was
increased during the 3-week intervention, from 21.0g
per day (+14.2 g/d) to 46.4 g per day (+12.5g/day), the
abundance of A hadrus was associated with an elevated
fiber intake,” but not when corrected for multiple test-
ing. The abundances of Bifidobacterium species as well
as  butyrate-producing species, A hadrus and
Eubacterium hallii, were found to be reduced in those
consuming the low-gluten compared with the high-
gluten diet.>* One study in which a fiber supplement
was used simultaneously with an energy-restricted diet
showed an increase in Bifidobacterium adolescentis and
Parabacteroides distasonis as compared with the diet
with a placebo supplement.”® Underfeeding resulted in
an increase in Akkermansia muciniphila and 4 Alistipes
species, as compared with overfeeding.'® In another
trial, a 4-week ketogenic diet (baseline diet) decreased
the relative abundances of several Bifidobacterium
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species.'® The abundance of A muciniphila was also
increased in a Mediterranean diet group of another
study in which a Mediterranean diet was combined
with weight loss, whereas that of Lactobacillus ruminis
decreased.”” In that same study, a green Mediterranean
diet, containing green tea (3-4 cups/day), Wolffia glo-
bosa (Mankai strain, 100 g/day) and green shake (800
mg/day polyphenols) and weight loss increased the
abundances of several species—that is, Bacteroides mas-
siliensis, Paraprevotella clara, Alistipes putredinis, and
Bacteroides vulgatus. A 3-week trial”” in which the staple
carbohydrate foods were changed every week altered
the gut microbial species. For example, wheat consump-
tion (vs rice and oats consumption) resulted in an
increase in 3 species- Bifidobacterium catenulatum,
Bifidobacterium bifidum, and Alistipes indistinctus,
whereas decreases were observed in Lactobacillus del-
brueckii, Ruminococcus gnavus, B vulgatus, and B massi-
liensis. Subsequently, rice consumption reduced the
abundances of  Bifidobacterium adolescentis,
Bifidobacterium longum, Weissella cibaria, and Rothia
mucilaginosa; and finally, the oat-rich diet increased the
abundances of B adolescentis. In a study in which the
aim was to quantify and predict individual variations in
metabolic responses to standardized meals, it was
observed that the abundances of A hadrus were associ-
ated with healthy plant-based foods and F prausnitzii
with healthier foods, whereas those of Clostridium spe-
cies were linked to the consumption of less-healthy
plant-based (plant-based foods with a higher saturated
fat and lower fiber content) and animal-based foods.!”
One study”® that observed relations between the omniv-
orous, vegan/vegetarian, and planetary health diet and
the gut microbiota also reported an increase in the
abundances of the species of Bifidobacterium, Prevotella,
and Gemmiger (for vegan/vegetarian diet at baseline vs
omnivorous diet). Changing the diet to a planetary
health diet showed an increase in the abundances of
Bacteroides species, while it lowered the abundances of
Firmicutes species (Table 1).

Impact of Intervention Diets on Functional Potential of
the Gut Microbiota. Of all the 16 intervention studies
examined here, 12 analyzed the predicted function pro-
file and, of those, 9 reported statistically significant
results (Table S2). In 1 study,”® many Kyoto
Encyclopedia of Genes and Genomes (KEGG) ortholo-
gous modules were associated with the consumption of
both a short-term and a long-term vegetarian diet as
well as an omnivorous diet. In the participants consum-
ing the omnivorous diet, enrichment of the module of
the osmoprotectant transport system, mediating the cel-
lular uptake of choline, carnitine, and betaine (linked to
meat intake), and modules of type II and IV general
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secretion systems were associated with cholera toxin
and intracellular toxins. In both short- and long-term
vegetarians, pyruvate:ferredoxin oxidoreductase, which
is involved in the production of SCFAs, was enriched. A
calorie-restricted diet with a fiber supplement evoked
more changes in the functional profile than that of a
similar calorie-restricted diet but with a placebo instead
of fiber.”® Other investigators evaluating the effect of
fiber on the functions of the gut microbiota have
claimed that a high-fiber vs a high-fat diet led to distinct
differences in the bacterial secretion system, protein
export, and lipoic acid metabolism.”> Another group
reported an increase in the p-lactose/L-arabinose trans-
port system substrate-binding protein and a glycosyl-1-
phosphate transferase in individuals consuming a
whole-grain diet,”® but this result was not verified in
another study.”> Three groups found that a
Mediterranean diet influenced the functional profile
(eg, enrichment of the genes related to carbohydrate
degradation which are linked to butyrate metabolism)>*
and resulted in an increase in 2 sulfate degradation
pathways and a decrease in the oxidative phase of the
pentose phosphate pathway”” as well as alterations in as
many as 27 different metabolic pathways.'® It is note-
worthy that in 1 of the studies, a lifestyle intervention
(physical activity) was implemented along with 2
Mediterranean diet groups (with and without Wolffia
globosa, an aquatic plant) and a control group, and this
phase lasted 6 months.”” In the Mediterranean diet
intervention studies, the duration of the dietary inter-
vention was only 2 weeks'® or 8 weeks** without any
changes in other lifestyle parameters. When compared
with a high-gluten diet (18 g gluten), a low-gluten diet
(2 g gluten) changed 88 KEGG orthologs and 38 KEGG
modules; for example, the abundances of the modules
related to carbohydrate metabolism (eg, arabinose deg-
radation) and uptake (eg, the L-arabinose/lactose trans-
port system) were decreased in the individuals
consuming the low-gluten diet in comparison to those
consuming the high-gluten diet.”” The authors sug-
gested that a low-gluten diet had affected bacterial car-
bohydrate degradation, which may have been attributed
to the differing arabinose content in these 2 diets.”” The
study with a change in the staple carbohydrate food*
reported that there was a reduction in microbial biosyn-
thesis of branched-chain amino acids following wheat
consumption, whereas more extensive changes occurred
in fructose metabolism and glycolysis as the diet
changed from wheat to rice and finally to oats.

Summary of the Evidence From Diet Intervention
Studies. Most intervention studies evaluated the effect of
fiber on the composition and function of the gut micro-
biota. It seems that fiber intake is associated with an
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https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuae192#supplementary-data

increase in the Shannon index and in the abundances of
beneficial fiber-degrading and butyrate-producing bac-
teria species as well as the activation of certain path-
ways—for example, those related to the bacterial
secretion system, protein export and lipoic acid metabo-
lism, and the lactose/L-arabinose transport system
substrate-binding protein. Most of the studies evaluated
differing aspects of the diet, and the results were varia-
ble; thus, it is rather difficult to draw any comprehen-
sive conclusions on how the different aspects of diet
interact with the gut microbiota.

Findings of Diet-Gut Microbiota Associations in
Observational Studies

The reviewed observational studies included both cross-
sectional and longitudinal study designs, with diet being
evaluated in several ways, including dietary patterns,
foods or food groups (eg, cereals, fruits, vegetables), and
nutrients in relation to the composition, diversity, and
predicted functions of the gut microbiota (Table 2).

Diet and Gut Microbiota Diversity. In the reviewed stud-
ies, a higher a-diversity (gene richness and diversity,””
Shannon index®>*®) was found to be associated with the
recommended healthy diet patterns. The remaining
reviewed studies®>>**%**"*" reported no association of
foods, food groups, or diet patterns with either a- or
p-diversity.

Diet and Gut Microbiota Composition. The results of
diet-gut microbiota relations at the species level are
shown in Table 2. The key findings include an observa-
tion that higher scores on a plant-based diet index
(healthy plant-based diet index [hPDI]*®; details in
Table S1) were associated with higher abundances of
Bacteroides cellulosilyticus (cellulolytic bacterium) and
Eubacterium eligens (pectin-degrading, butyrate pro-
ducer), and lower abundances of Ruminococcus torques,
R gnavus (mucolytic species), and Clostridium leptum
and Lachnospiraceae sp (SCFA producers). Another
study’’ examined the relationship with the dietary
diversity score (DDS) (Table S1) and observed that a
lower score was associated with higher abundances of
Paraprevotella clara, Paraprevotella xylaniphila (acetate
producers), and Oxalobacter formigenes (formate pro-
ducer), whereas a higher score with a higher abundance
of B vulgatus, Anaerotruncus colihominis (butyrate-
producing bacteria). When different dietary types
(lacto-ovo-vegetarian/vegetarian/vegan, omnivore, or
pescatarian) were examined, abundances of the bacteria
differed in the diets compared. For example, as
compared with omnivores, the higher abundances of
Lachnospira species (SCFA producers; vegetarians and

Nutrition Reviews® Vol. 00(0):1-22

vegans)>® and 4 Prevotella species (lacto-ovo-vegetarians
and vegans),*>*' and the lower abundances of R torques
(mucolytic bacterium), Streptococcus thermophilus,
Clostridium phoceensis, and Clostridium saccharolyticum
(vegans), and E eligens (pescatarians),”” were detected in
these different vegetarian diets. However, as compared
with the different vegetarian diets, in omnivores higher
abundances of some of the butyrate-producing bacte-
ria,”**>*" and a few bile-tolerant bacteria such as
Alistipes and Bilophila,*' were reported. A higher fiber
intake in these observational studies was positively asso-
ciated with the abundances of B cellulosilyticus, E eli-
gens,*>*® R torques, R gnavus,*® and F prausnitzii
(butyrate producer),”> and negatively with abundances
of the species of Clostridium, Lachnospiraceae, and
Ruminococcus.*

Diet and Gut Microbiota Functional Potential. Twelve of
17 observational studies (with the exception of referen-
ces 32773942 reported the predicted functions of the
gut microbiota (Table S3). Overall, a healthy diet pat-
tern was positively associated with the pathways related
to cofactor, carrier, and vitamin biosynthesis and the
tricarboxylic acid (TCA) cycle, and negatively with
pathways related to the biosynthesis of certain sugars,
sugar nucleotides, amines, and aromatic compounds.48
Another study®” that used a diet diversity score reported
a positive association between a high DDS and pathways
involved in bacterial urea cycle function and amino acid
biosynthesis. One study®® reported that higher hPDI
scores were positively associated with the pathways for
branched-chain amino acid biosynthesis and fermenta-
tion. When considering certain specific types of diets
(vegetarians or omnivores), SCFA metabolism-related
pathways were different in vegetarians/vegans (butyrate
production from pyruvate/acetyl-CoA) in comparison
to omnivores (butyrate production from amino acids).
Additionally, nitrogen metabolism pathways were
enriched more in vegan/vegetarians than in omni-
vores.’® There is also a report describing an enrichment
of the pathways related to fatty acid degradation, buta-
noate metabolism, tyrosine metabolism, branched-
chain amino acid degradation, and xenobiotic degrada-
tion pathways processing aromatic compounds (eg,
chloroalkane) in vegans/vegetarians when compared
with omnivores.*' Similarly, 1 study® observed a posi-
tive relationship of the pathways related to the biosyn-
thesis of amino acids, biogenic amines, or their
precursors and the biosynthesis of vitamins in omni-
vores. Interestingly, only 1 study’® considered differen-
ces in the species-specific contribution to the gut
metabolic modules between diet groups (vegans, vegeta-
rians, omnivores, and pescatarians) (Table S3), and
reported differences in the contribution of 9 bacterial
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species to the amino acid degradation module and 8
species in the carbohydrate degradation module.

Summary of the Evidence From Observational Studies.
To summarize, diet choices that reflect dietary recom-
mendations (such as a higher consumption of fruits,
vegetables, dairy, fish/seafood, nuts, and legumes, and a
lower consumption of refined grains and red and proc-
essed meat) seem to have positive associations with a-
and f-diversity, although an association with f-diversity
was not observed in some studies.*® Food choices and
dietary patterns seem to be associated with the abun-
dances of certain bacterial species as well as with the
abundances of the functional pathways related to cofac-
tor, carrier, and vitamin biosynthesis; TCA cycle; as well
as fermentation. However, one should also consider the
potential functional redundancy of the gut microbiota,
where several gut bacteria can contribute to similar
functional roles.

DISCUSSION

In this section, the authors critically discuss the meth-
odological aspects that relate to the design and execu-
tion of the studies, the criteria for the selection of study
participants, the collection of data, and downstream
analyses that may have influenced the interpretation of
the results. Furthermore, the authors compare the
results obtained by metagenomics sequencing with
those obtained by 16S rRNA sequencing for diet-gut
microbiota relations, taking dietary fiber as an example.

Factors Related to Study Design, Execution, and
Participants

Randomized controlled trials (RCTs) are the gold stand-
ard for studying the effect of a treatment on any out-
come variable—in this case, diet on the gut microbiota.
A few of the reported interventional studies were not
randomized but only had a single-arm or had 1 or more
intervention groups but not a control group, which may
lower the quality of these study designs.'”*>*>*! In the
crossover studies, the duration of the washout period
ranged from 2 weeks'® to 6 weeks,””*® but in most of
the cases this duration had not been justified. The
appropriate duration of the washout period has not
been defined and it is not known if these rather short
washout periods are truly sufficient. On the other hand,
longer washout periods may increase the total duration
of the study and, in turn, can affect the motivation and
compliance of the participants.

In terms of randomization, not all review articles
mentioned how the allocation into the groups had been
made. If one performs randomization, this diminishes
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the risk of bias arising from the selection of the study
population. Furthermore, in general, there is a recruit-
ment bias related to RCTs, as health-conscious and
motivated individuals are more likely to enroll, and
therefore these studies might lack a target group that
would likely benefit most from the intervention.*” The
choice of a control arm is commonly challenging. In
dietary supplement studies, the control is usually a pla-
cebo supplement. However, not all of the dietary inter-
vention studies provided a control diet.'”*>*! In
these trials, as well as in the single-arm studies, some
variables might have changed regardless of the interven-
tion, and these could have influenced the gut micro-
biota. In this respect, it is self-evident that the
investigators should monitor the background diet, but
unfortunately, this is not always done.

The study participants’ characteristics are factors
that may account for the significant differences in the
research results reported (eg, age, country of residence,
including aspects related to food culture, and body mass
index [BMI]). Most of the intervention studies included
overweight and/or obese adult participants in addition
to normal-weight participants; only 1 study examined
only normal-weight participants,'® whereas 4 studies
did not provide information on BMIL*»****%° An
increase in both BMI and visceral fat is linked to
adverse metabolic effects and altered gut micro-
biota.’>*" Studies indicate that individuals with obesity
may already have different gut microbiota as compared
with their normal-weight counterparts.”> Therefore,
BM]I, and optimally, body composition, should be taken
into consideration either while planning the study or
taken into account in the analyses. For instance, in the
studies using fiber-rich diet or foods,1820-24:25:28:29 pa ]
was between 19 and 35 kg/m® (normal-weight to obese)
(Table S4), which may also influence the overall conclu-
sions. BMI was included as a covariate in 12 stud-
jes, 17:20:2429-32404243.47.48 oioht in 2 studies,? and
fat mass and fat-free mass in 1 trial,'"> while others
included no covariates,'®!®2%2326:34363839414% 1t g of
importance that the covariates included must be care-
fully chosen and justified since the number of covariates
influences the statistical power of the analyses. Most
intervention and association studies controlled for age
and sex (Figure2). In one of the studies, fiber supple-
mentation showed gender-dependent effects on the gut
microbial species.”’ The reviewed studies were con-
ducted in different geographical regions, which may
affect the gut microbiota, possibly due to distinct life-
style habits or genetic background. Most of the studies
defined the study participants as healthy, which was an
inclusion criterion for the publications in this review,
but some studies nevertheless included participants
with conditions such as metabolic syndrome,42
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Figure 2. Factors That Affect the Diet and Gut Microbial Data: Potential Covariates in the Studies That Can Influence the Overall Diet-Gut
Microbiota Interactions, Related Results, and Interpretations. Abbreviations: BMI, body mass index; FFQ, food-frequency questionnaire

impaired glucose tolerance,'” or dyslipidemia.”” While
some studies controlled the analyses for the disease status
or medications,”>*>*>*’ the majority did not take these
factors into account.'***
24729,33,3437-40.43,49,48,33 1) the evaluation of the gut micro-
biota, treatment with oral antibiotics near to sampling
should definitely be an exclusion criterion, since antibiot-
ics exert a large impact on the microbiota. This criterion
should extend to any other medical treatment with known
effects on the gut microbiota (eg, the antidiabetic drug
metformin).”* Tt is still poorly understood which medical
treatments and drugs influence the gut microbiota; this
issue needs to be clarified in the future. The lapse of time
when a past antibacterial treatment still exerts effects prior
to sampling may also affect the findings. In a recent
Estonian cohort study, it was shown that the administra-
tion of antibiotics as long ago as 10years, as well as the
number of antibiotic courses, had altered the gut micro-
biota.>® However, it is usually more feasible that individu-
als receiving antibiotic therapy within the past weeks or
months should be excluded rather than those who
received these drugs years ago. Overall, the exclusion crite-
ria applied in the articles included in this review are shown
in Table S5.

In sum, well-defined inclusion and exclusion crite-
ria can solve many of the problems related to the partic-
ipants’ characteristics within a study, but since the
criteria so often differ from study to study, the compari-
son is challenging.
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Data Analysis

Dietary Data. The steps involved in the collection of
dietary data and analysis are shown in Figure 3A. In the
reviewed studies, the dietary data-collection methods
included food diaries (some using a weighed approach),
dietary recalls as well as food-frequency questionnaires
(FFQs) (Table S1). Another dietary data collection
method available is food-propensity questionnaire
(FPQ), although it was not used in the reviewed articles.
The food-propensity questionnaire is a qualitative FFQ
that assesses both the variation and the frequency of
food consumption and is often used together with
quantitative methods (eg, 24-hour recall).’® Recalls are
filled in by the research personnel, which requires good
training of the personnel and a reliable memory from
the study participant, while food diaries and FFQs are
completed by the participants themselves. In all diet
recording methods bias may arise from the study partic-
ipant’s behavior (eg, bias related to recall, workload,
and social desirability) and can lead to missing data and
thus will affect the quality of the data.*’

Diet quality indices assess the quality of the diet in
relation to certain nutrition recommendations or
known healthy foods but do not try to make a detailed
assessment of nutrient intakes. Some of the studies
included in this review used the Healthy Eating Index
(HEID),”>*** the hPDL* the DDS,* and the healthy
diet score (HDS),*® as shown in Table S1. These types of
indices/scores do not always consider energy intake and
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Abbreviation: FFQ, food-frequency questionnaire

their development and validation were optimally con-
ducted for the respective study population in that dis-
tinct geographical area. Indices specifically developed to
depict the dietary quality in reference to that recom-
mended are also available®” and may serve as an impor-
tant tool in gut microbiota studies.’®>* It is important
to note that dietary recommendations and food cultures
vary from 1 country to the next.®” The usage of indices/
scores developed in certain countries needs further eval-
uation, so that those could potentially be applied in
other countries or used to compare findings from dif-
ferent locations.’

Many dietary data-collection methods are prone to
reporting bias. One way to deal with underreporting is
to use formulas for the calculation of nutrient intakes
that consider underreporting (eg, the Goldberg
method).”’ The compliance to the intervention can be
measured, for example, by analyzing the degradation
products of the diet** or by using the biomarkers.”® It is
noteworthy that biomarkers of food intake are not nec-
essarily very specific or sensitive to single foods, and the
validation of food-intake biomarkers is an area that
requires more research.®” In 1 study,’’ the participants
utilized a mobile phone application that monitored their
adherence to the diet. If food and nutrient intake analy-
sis could be accurately conducted from images from
smart phones, this would be a major step forward, but
the research is yet to be conducted.®>**
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To conclude, the variability within and between
methods may account for the differences in the results
emerging from the various studies because of different
food groupings, recipes, fortification strategies in each
country, calculation systems, real differences in the food
content, and missing values in the food-composition
database.®® Considering these variables in the method-
ology, it is critical that the dietary intake assessment
should be validated for the population of interest.

Gut Microbiota Data. The analysis of gut microbiota
includes several common steps, as shown in Figure 3B.
Details regarding the collection of samples and their
transport and storage, subsequent nucleic acid extrac-
tion and sequencing methods, followed by the bioinfor-
matics analysis tools applied in the reviewed articles are
provided in Table Sé6.

Sample collection, processing, and sequencing methods.
Fecal sample collection is a noninvasive method and
provides a way to estimate the gut microbiota. Although
not convenient, optimally, a fresh sample would be
directly subjected to DNA extraction. Typically, in a
clinical study setting, a sample is immediately frozen at
-20°C or below until DNA extraction and sequencing
procedures,’® but freezing a fecal sample for storage at
-80°C until further analysis is considered to be the gold
standard.®” In the reviewed studies, the collected fecal
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samples were frozen either immediately or transferred
within a few hours to a household freezer or stored at
-20°C and then transferred to —80°C until DNA extrac-
tion (Table S6). Only 4 studies reported immediate
freezing at either —80°C*>>* or —70°C."” Most often,
the samples were collected at home, then transported to
the laboratory with cold packs or on dry ice. Two stud-
ies'”*” described storing samples with a preservative or
a stabilizing solution, and held at room temperature
before they were transported to the laboratory for stor-
age at —80°C. To avoid artefacts due to degradation and
changes in the microbial composition, it is essential to
maintain the ambient temperature and humidity condi-
tions, with minimal fluctuations while the sample is in
transit. Only 2 studies'®*’ mentioned homogenization
of the fecal samples before processing. The entire fecal
sample should first be homogenized, sub-sampled, and
then used for DNA extraction, as this can overcome a
sub-sampling bias (ie, a heterogeneous distribution of
microbiota in a fecal sample).®®*’

Researchers have demonstrated that the choice of
DNA extraction method may affect the overall quantity,
purity, and integrity of DNA and subsequently the
assessment of the microbial composition (ie, relative
abundances of microbial taxa), and have advised that
these factors should be considered when comparing the
results between studies.””"

For the identification and characterization of
microbiota, 16S rRNA sequencing and metagenomics
are the 2 most commonly used methods. Although
metagenomics is the optimal choice in gut microbiota
studies, it can be expensive for handling larger
cohorts,”” and the downstream processing of metage-
nomics reads can be computationally extensive. All of
these processes require specific expertise and resources.
Additionally, standardized metagenomics data analysis
pipelines and comprehensive reference databases are
still in progress.

Here, the focus was to include the studies that
either used metagenomics solely or applied metagenom-
ics to confirm 16S rRNA findings. The authors made
this choice due to the fact that more accurate informa-
tion is obtained when using metagenomics: metage-
nomics can achieve taxonomic identification at the
species and strain levels'>”> and provides more compre-
hensive prediction of the functional potential of the
microbiota as compared with 16S rRNA. For example,
when investigating, eg, gut microbiota diversities, 16S
rRNA may use only genus-level information, while
metagenomics analysis is based on species-level infor-
mation. Further, in terms of relative abundances, there
are several older studies demonstrating the impact of
dietary fiber on gut microbiota using the 16S rRNA
method and providing information mostly at the genus
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level (reviewed, eg, in Swanson et al’*). When reviewing
the recent studies utilizing 16S rRNA for evaluation of
how dietary fiber might modify the gut microbiota, 1
study showed compositional changes at the genus level
(eg, Bifidobacterium following polydextrose supplemen-
tation) but not at the species level.”” Another study in
adults with obesity also reported genus-level modifica-
tion, including an increase in Bifidobacterium after sup-
plementation with inulin-type fructans and an increase
in Anaerostipes and Catenibacterium and a decrease in
Actinomyces and in the family Erysipelotrichaceae
(UCG003) after supplementation with a prebiotic.”®
The lack of detection of species-level differences could
be due to the inability of targeted 16S sub-regions (such
as V1-V3) to capture sequence variation in closely
related microbial taxa.”” Interestingly, similar findings
with 16S rRNA”® and metagenomics approaches have
also been obtained. For example, changes in certain
Bifidobacterium species or species of other genera,
including Alistipes shahii and A hadrus, were reported
in response to dietary fiber consumption (chicory long-
chain inulin consumption) (Table1). Fundamentally,
the species-level information obtained by metagenomics
sequencing is more reliable than that obtained by 16S
rRNA; in metagenomics, the species are directly identi-
fied, while 16S rRNA uses bioinformatics pipelines to
predict this information. In some studies, the analytical
challenge has been resolved by using 16S rRNA
sequencing as a main sequencing method and then
metagenomics is applied on a smaller subset for confir-
matory analysis.** All in all, due to the differences in the
sequencing methods, these 2 approaches are not compa-
rable, both regarding diversity and in areas where
higher taxonomic resolution is needed (eg, when inves-
tigating how diet influences gut microbial species).
Interestingly, few investigators have applied the shallow
metagenomics approach to study the relationship
between diet and the gut microbiota.”” ®" Shallow meta-
genomic sequencing, a method of sequencing DNA at a
shallower depth than deep metagenomics, is a middle-
ground solution between 16S rRNA and deep metage-
nomics. However, it is important to note that sequenc-
ing depth can affect the sequence read assignment,*
and can be considered as a potential confounding factor
in gut microbiota studies. Of the selected articles, only 3
studies’*>*® included the sequencing depth as a covari-
ate. Also, the use of differing sequencing platforms can
introduce variance into the results obtained.*> The
sequencing platforms used, and the sequencing depth
applied in the reviewed articles, are listed in Table S6.
All in all, it remains for further validation studies to
demonstrate which sequencing methodology, and the
subsequent bioinformatics pipeline, is the most accurate
method for the study question.
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Overall, each of the steps mentioned above poten-
tially can introduce bias and error. For the evaluation of
the probable error due to sampling and the subsequent
handling, it would be a good practice for investigators
to provide detailed reports regarding fecal samples
(method and time of collection, defecation frequency/
day, and bowel transit time), and transport and storage
conditions. Additionally, details regarding sequencing
should be included (method, platform, and depth).

Data analysis. Metagenomics produces a vast amount
of data, which are processed and then analyzed to
yield the taxonomical and functional annotations of
the gut microbiota. Bioinformatics analyses comprise
the pre-processing of data including the removal of
primers, adapters, low-quality reads and host
sequence reads, mapping of sequence reads, followed
by taxonomic and functional annotations. Although
all of the articles included in this review followed cer-
tain general bioinformatics analysis steps, it has to be
noted that different software and programs were used
(Table S6). While there is no single perfect method/
platform/tool, a standardized approach would be an
asset to researchers. It should be noted that microbial
taxonomical and functional data are high-dimensional
(ie, they contain numerous variables). The choice of
analytical and visualization tools depends on the
research questions and the type of metadata (clinical
and confounding variables), which can affect the
interpretations. It is crucial to have a detailed and
clear reporting of data analysis steps, parameters
chosen, and analytical environment. Checklists such
as STORM (Strengthening The Organization and
Reporting of Microbiome Studies)®* can be helpful.
These practices can assure both the reliability and
reproducibility of the results, which, in turn, supports
open data science. One noteworthy limitation for
sharing and making data open access is need for the
consent of the participants and data protection of the
participants, which is a particular issue in clinical tri-
als. In order to preserve the anonymity of the study
participants, it is not always possible to openly share
metadata. Hence, such data are either available with
restricted access or not available at all. However, code
sharing related to data processing and analyses should
still be possible. In summary, if researchers are to
gain accurate insights, standardized methods are
needed to control biological and technical variations
and assure the reliability and reproducibility of the
results described in the various studies. Also, the
application of a multi-omics approach (ie, metage-
nomics, metabolomics, proteomics, etc) in future
studies can provide new insights regarding the diet-
gut microbiota relations.
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CONCLUSION

The reviewed literature on diet-microbiota relations
indicated that the metagenomics approach yields cumu-
lative evidence that the intake of dietary fiber influences
the gut microbiota; this is particularly true from the
conclusions described in the intervention studies. This
is observed as an increase in the abundances of benefi-
cial fiber-degrading and butyrate-producing bacteria as
well as modulations in the functional potential of the
microbiota. It is noteworthy that both the intervention
and observational studies reviewed here were heteroge-
neous in their design; selection criteria of the partici-
pants; methods and practices of the sample collection;
processing, handling, and transport processes; as well as
the ways in which the data were analyzed.
Metagenomics is becoming more popular, with increas-
ing numbers of recent scientific publications. Thus, it is
anticipated that there soon will exist much more
research-based evidence on diet-microbiota relation-
ships in healthy human participants, including studies
that apply multi-omics approaches to better understand
these relationships. For example, a recent review dis-
cussed the use and application of several ’omics meth-
ods in investigating diet-microbiota metabolism and
cardiometabolic health.* One of the fields where fur-
ther insight is needed is dietary fat-gut microbiota rela-
tions. Contrary to dietary fiber, the role of gut
microbiota in mediating the impacts of dietary fat on
health is less well characterized.*® In addition, the diet-
gut microbiota relationships in diseased populations
also need to be examined in future intervention or
observational studies, as these may differ as shown by
the research in women with gestational diabetes mellitus
(GDM).*” The women with GDM did not show changes
related to the diet intervention (fish oil and/or probiot-
ics), while in healthy women, modulation of the gut
microbiota was seen. Finally, there is a need for more
well-designed, conducted, and reported studies, which
include standardizing analytics in various phases of the
studies, so that researchers can draw more reliable con-
clusions on diet-gut microbiota relationships.
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