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ABSTRACT In 1680, Antonie van Leeuwenhoek noted compositional differences in
his oral and fecal microbiota, pioneering the study of the diversity of the human mi-
crobiome. From Leeuwenhoek’s time to successful modern attempts at changing the
gut microbial landscape to cure disease, there has been an exponential increase in
the recognition of our resident microbes as part of ourselves. Thus, the human host
and microbiome have evolved in parallel to configure a balanced system in which
microbes survive in homeostasis with our innate and acquired immune systems, un-
less disease occurs. A growing number of studies have demonstrated a correlation
between the presence/absence of microbial taxa and some of their functional mole-
cules (i.e., genes, proteins, and metabolites) with health and disease states. Never-
theless, misleading experimental design on human subjects and the cost and
lack of standardized animal models pose challenges to answering the question
of whether changes in microbiome composition are cause or consequence of a
certain biological state. In this review, we evaluate the state of the art of meth-
odologies that enable the study of the gut microbiome, encouraging a change in
broadly used analytic strategies by choosing effector molecules (proteins and
metabolites) in combination with coding nucleic acids. We further explore micro-
bial and effector microbial product imbalances that relate to disease and health.
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We are populated by microbes, which comprise what is commonly known as the
microbiota. The gastrointestinal tract harbors the most diverse fraction, consti-

tuting an ecosystem with many millions of microbes from several thousand genera,
which collectively weigh between 1.5 and 2 kg in a reference 70-kg human (1). From
our births onward, we establish an intimate symbiotic relationship with our gut
microbiota and their genes, known as the gut microbiome (2), which is inherited from
one generation to the next throughout the evolution of primates (3). It is speculated
that the gut microbiome has an active role in the absorption/synthesis/degradation of
around 40% of molecules inside the human body (4). This exemplifies its quantitative
importance in our daily life. To date, at least 105 diseases or disorders (e.g., systemic
lupus erythematosus [5–7], Clostridium difficile infection [8–10], human immunodefi-
ciency virus [HIV] infection [11–13], and colorectal cancer [14–16]), 22 different types of
major covariates (e.g., aging [17–19], delivery mode [20, 21], sexual preference [22], and
residence zone [23–25]), and 68 antibiotic treatments (alone [26–28] or in cocktails [29,
30]) have been associated with changes in our microbes. As our gut microbiome plays
an essential role in our immune response by, for example, outcompeting and occa-
sionally actively engaged in direct antimicrobial activity, these changes may influence
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our life and health condition. During development, the human microbiome is contin-
uously responding to environmental stimuli. In a recent study in preterm infants, it was
suggested that the more microbial species we shelter and the more balanced our
microbial community is, the better we are able to compensate for environmentally
induced alterations, such as those induced by antibiotic uptake (30). Still, this associ-
ation needs to be demonstrated in a broad sense in controls and case individuals; while
healthier individuals tend to have more diverse microbiomes than those with disease,
this is not a characteristic that is that robust. The effects of having altered populations
and different numbers and abundances of bacterial species may have still-
unpredictable consequences yet to be demonstrated, e.g., at the level of our predis-
position to suffer diseases. However, the concept of what constitutes a balanced (or
healthy) microbiome remains to be defined. This is difficult, given the inter- and
intrapersonal variation among individuals and the resistance and redundancy level of
different microbial communities when confronted with alterations (31). Indeed, al-
though in constant evolution (32), the microbiome’s composition is highly resilient to
changes (33, 34). Moreover, there is another factor complicating efforts to unambigu-
ously find what a balanced microbiota is and how our health status is affected,
depending on how far or close from this status we are. This factor is that health status
is most often discussed at the clinical level but not often discussed in the context of the
microbiome, or for that matter in the context of disease.

As has recently been reported, a correlation exists between taxonomic imbalances
in the microbiome and metabolic alterations associated with them, thus raising the
question of how this influences our health status (32, 35). In the present report, we
briefly discuss general information about complementary technologies for gut micro-
biome analysis and the main findings that revealed their utility to find close associa-
tions between gut microbiome components (taxa, genes, proteins, and metabolites)
and human health status.

TECHNIQUES FOR GUT MICROBIOTA ANALYSIS

During the last few decades, we have experienced great development in high-
throughput techniques to unveil the impact that the gut microbes have on our health
and vice versa (36). The focus of these studies has been the analysis of stool samples.
Researchers and clinicians consider stool as the most convenient sample to study gut
microbiota, although they have also recognized that monitoring mucosal microorgan-
isms is crucial to understand disease progression and complications. Endoscopy is a
current standard to access this material, but it is an expensive and invasive procedure
with a risk of complications; this is why stool samples are commonly considered for
investigations of gut microbiota in large cohort studies or clinical trials.

Scientists have mostly focused on decoding the identities of microbial taxa by
sequencing the gene encoding the small subunit of the ribosome, which is considered
to be an evolutionary chronometer. Using this technology, we know that there are over
5,000 species of microbes in the human body and that not all microbes inhabiting our
organism are active (37). Nevertheless, taxonomic diversity does not allow us to infer
gene content and function of the microbiome per se (38). Function can be identified by
directly sequencing the microbial nucleic acids, then quantifying the expression level of
genes and their encoded proteins (39–44), and finally by measuring the metabolites
(45) produced by the proteins being expressed. A graphical summary of all technolo-
gies that can be used for assessing a complete understanding of our microbiota can be
found in Fig. 1.

A selected series of methods for phenotyping (46–48), genomics, transcriptomics
(49, 50), proteomics (51), and more recently, metabolomics (52) of fecal material are
available. We would like to highlight that depending on each laboratory and based on
the type of sample and the period for which it will be preserved until processing, it will
be necessary to choose the most suitable sample collection method according to
different criteria. These include the price, availability, difficulty of use, time required for
management, and whether the collection method is compatible with other methods
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that would be applied to the same sample. In any case, before proceeding to the
nucleic acid, RNA, protein, and metabolite isolation, it is recommended to collect a
minimum amount of 0.4 to 1.0 g of feces and to freeze it immediately at �80°C,
although higher temperatures are also acceptable (up to �20°C). Freezing is likely to
prevent changes in microbial communities until microbial product extraction(s) can be
performed. Quick-freezing is especially important if RNA will be extracted, because RNA
is easily degraded at room temperature. Frozen samples can undergo up to four
freeze-thaw cycles without significantly affecting the composition (5).

Each of the techniques mentioned above has its own pros and cons (5). For example,
sequencing the gene encoding the 16S subunit of the bacterial ribosome (the 16S rRNA
gene) offers a fast and cheap method to analyze the community structure; however, the
short reads obtained after sequencing are not ideal for a deep phylogenetic assignation
or to identify microbial lineages present in low abundance. On the other hand,
genomics and transcriptomics are convenient tools for uncovering microbial diversity
and to find new genes and presumptive functions associated with them, but the cost
of shotgun sequencing is still higher than that of targeted amplicon sequencing, and
subsequent bioinformatics analyses remain a challenge for small research institutions
lacking well-established computation facilities. Moreover, the instability of mRNA and
its difficult purification complicate transcriptomic analysis. On the other hand, high-
throughput proteomics requires complex and time-consuming wet lab procedures, as
well as specialized and difficult bioinformatics analyses. Moreover, the number of
proteins commonly identified as being synthesized is in the order of a few thousand,
which is much lower than the millions of genes that can routinely be identified by DNA
sequencing. Finally, metabolomics has a relevant advantage compared to previous
techniques, namely, that the metabolome produced by microbes is the best represen-
tative of the host-microbiota interaction (5). However, the technical challenges are
more evident in metabolomics (52, 53) than in any other technique previously men-
tioned. For example, genes and proteins can be identified by a single platform,
namely, shotgun sequencing and mass spectrometry (MS) with a coupled separa-
tion technique, respectively. However, metabolites need to be analyzed using

FIG 1 The strong impact of today’s techniques for the analysis of our microbiota. The figure illustrates the different components of the
microbes living inside, on, or around our body, whose identity can be achieved by using multiple complementary techniques. As shown,
the first step is high-throughput DNA and cDNA/mRNA sequencing, which enables us to quantify alteration at the level of genes which
can be directly related with the total (genomics) or with the expressed functionality (transcriptomics). The next logical step is assessing
the proteome and the metabolome, the truly active components in the functional hierarchy. In more detail, the microbial genes encode
proteins whose expression level can be studied by (proteomic) MS analysis. Finally, active proteins participate in biochemical reactions
in which a number of substrates are converted into products. All of these metabolites can be studied by metabolomics.
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multiple extraction methods (water, single solvents, or mixtures), and analytical
platforms (MS or nuclear magnetic resonance [NMR]) coupled with multiple sepa-
ration techniques liquid chromatography (LC), capillary electrophoresis (CE), or gas
chromatography (GC), which are required because each analytical technique is
suited to a certain fraction of the metabolome (54–57). For example, NMR is most
recommended for the analysis of short-chain fatty acids, amino acids, and amines;
LC-MS for bile acids, lipids, and aromatic compounds, CE-MS for amino acids,
amines and carboxylic acids; and GC-MS for short-chain fatty acids, amino acids,
alcohols, aldehydes, ketones, and esters. In addition, not everyone is following the
Metabolomics Standards Initiatives (58), and the availability of large MS equipment
remains a challenge for small research institutions. Important aspects in the
metabolomics workflow, such as experimental design, sample storage, analytical
quality assurance, and data treatment have been recently reviewed (5).

THE IMPACT OF DISEASES AS SEEN BY 16S RIBOSOMAL GENE SEQUENCING

Different factors that produce alterations in the microbes residing inside and on our
bodies have recently been listed. Each of these disturbances differs in nature, strength,
and duration, and can be categorized into three main groups: diseases, antibiotics, and
others. Focusing on diseases, literature records exists for at least 105 diseases; they have
been associated to changes in the total composition of our gut microbiota as revealed
by sequencing the gene encoding the 16S subunit of the total bacterial ribosome (the
16S rRNA gene) (5). A review of the effect of each of these illnesses has revealed
significant changes in only 231 out of the 5,000 bacterial species inhabiting our gut (5).
This suggests that not all microbes residing in our body are affected by diseases, but
a limited number of them are. While there are microbial lineages that are affected by
only one disease, there are others that are affected by multiple diseases; some of those
are affected by at least 50% of the illnesses, and therefore they are the most susceptible
to disease. This can be seen in Fig. 2, which shows the major archaeal and bacterial
lineages representing the human microbiome (5). Families assigned to archaea and

FIG 2 The gut microbiota is affected by diseases. The figure illustrates the all-species living tree
highlighting all clades for which gut microbial isolates have been obtained (archaea are presented in
yellow, and bacteria are in blue). Collapsed clades illustrate phyla, and colored boxes include the
archaeal/bacterial orders. Order-level taxa that have been reported to be influenced mainly by disease
are indicated in boldface. Database obtained from “The All-Species Living Tree” Project (https://www
.arb-silva.de/projects/living-tree/). Information about the microbiome isolates was obtained from both
the Human Microbiome Project (http://www.hmpdacc.org/; 103) and the MetaHIT (http://www.metahit
.eu/; 43, 104, 105) initiatives.
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bacteria that are commonly affected by disease are indicated in boxes, with the most
susceptible ones being indicated in bold letters. These include bacteria of the orders
Lactobacillales (genus Lactobacillus), Clostridiales (genus Faecalibacterium), and Bifido-
bacteriales (genus Bifidobacterium) that are essential for our bodies to function properly
(59–63).

We now also know that not all of the microbes inhabiting a healthy person’s colon
are active (5). Their identities can be established by sequencing the gene encoding the
16S subunit of the bacterial mRNA (16S rRNA). By using this technique, it has been
found that bacteria of the phylum Bacteroidetes are the most dormant, dead, or
quiescent microbiome fraction in a healthy state, whereas those of the phylum Firmi-
cutes are much more metabolically active (12, 13, 40). When confronted with disease,
microorganisms from taxa other than Firmicutes become activated (8, 11, 13, 64–74).
Thus, bacteria of the phyla Actinobacteria, Proteobacteria, Fusobacteria, Verrucomicrobia,
archaea of the phylum Euryarchaeota, and fungi of the division Basidiomycota also
become the most transcriptionally active. Bacteria of the phylum Bacteroidetes were
also found to become activated when confronted with disease. This clearly indicates
that some microbes only become activated under certain conditions, including the
presence of a disease.

It is also interesting to point out the existence of a common core microbiome, which
is crucial in the maintenance of ecosystem balance (34). The core of the human
microbiome has been reported to include the following species: Faecalibacterium
prausnitzii, Bifidobacterium spp., Akkermansia spp., Prevotella melaninogenica, Rumino-
coccus bromii, and Bacteroides fragilis, all of them with a clear association with host
health (34). In the future, it will be important not only to decipher the microbial taxa
that are altered in the health/disease context but also to assess the conditions under
which they become activated. This is relevant in order to gain insight into the diagnosis
of disease through the knowledge of its effects on the microbiota. It is increasingly
becoming clearer that medical treatments do not influence only the human host; the
microbiome is also affected and vice versa (35).

THE IMPACT OF DISEASES AS SEEN BY GENE AND PROTEIN ANALYSIS

Although taxonomic studies are useful, the actual function of our microbiome is
mainly related to gene expression and protein activity (33). As mentioned above, minor
or major illnesses can have huge impacts on our microbes and, furthermore, on in our
predisposition to illness. Diseases can likely influence the microbial gene and protein
contents and their expression levels. By using techniques based on direct sequencing
of microbial DNA or cDNA, we know which of the microbial gene functions are altered
in the frame of different diseases (5). For example, gut microbial genes and proteins
involved in pathogenicity, cell wall component biosynthesis, transport, bacterial trans-
location, and in amino acid, energy and short-chain fatty acid metabolism have been
found to be altered when humans are confronted with HIV infection (13), colorectal
cancer (14, 75), nonalcoholic fatty liver disease (76), type 1 diabetes (64), inflammatory
bowel disease (65), and Crohn’s disease (77, 78). Systemic lupus erythematosus (6), C.
difficile infection (79), and obesity (41, 66, 80–82) are also associated with an overrep-
resentation of genes implicated in oxidative phosphorylation and phosphotransferase
transport systems. Furthermore, abnormalities in genes implicated in the metabolism of
carbohydrates and sugar alcohols have also been observed in the contexts of C. difficile
infection (79), colorectal cancer (14), nonalcoholic fatty liver disease (76), inflammatory
bowel disease (65, 83), systemic lupus erythematosus (6), and Crohn’s disease (78).
Genes implicated in aromatic amino acid biosynthesis are significantly underrepre-
sented during C. difficile infection (79). This information suggests that a certain number
of core functions are the most sensitive to change during disease, although more
conclusive evidence is needed (5, 34), as frequently the same diseases are quoted in
different context.

To the best of our knowledge, there are just a few investigations in which protein
analysis by MS was undertaken in the context of different diseases (5). For example, a
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recent proteomic analysis has revealed that a different cocktail of glycoside hydrolases
is expressed in obese than in lean individuals (81, 84). At a different scope, it was shown
that a group of transport proteins from the bacterial family Succinivibrionaceae are
actively synthesized during HIV infection; these proteins actively transport molecules
that help reduce inflammation and immune recovery during infection (12).

THE IMPACT OF DISEASES AS SEEN BY METABOLITE FINGERPRINT

The metabolites are the final outputs of the functional hierarchy of the “omics”
cascade (Fig. 1). Since they represent the phenotype, they provide the most reliable
snapshot of the human-microbial exchange and health condition (5), are considered
the active agents in health (5, 35), and some of them are beneficial. Some metabolites
produced by microbiota are neurotransmitters that regulate the gut-brain axis (85);
others help to maintain the large intestine, to control intestinal inflammation (86) or
cancer cell proliferation (87). Nevertheless, their influence may be also negative, as in
the expansion of enteric pathogens due to the host sugars released (88), the patho-
genicity of C. difficile (67, 89), carcinogenesis in different regions of the intestine (68), or
atherosclerosis (69).

To date, the metabolite content of stool samples, which is somewhat representative
of the microbes colonizing a person’s colon, from groups of individual confronted with
any one of 37 diseases has been investigated through fingerprint metabolomics (5).
Through extensive analysis of the metabolome, we now know that diseases which
mostly affect the colon produce major disturbances in the gut microbial metabolism,
that some microbes become activated only under certain health conditions but not
under others, and that the same microbial taxa can undergo different metabolic
alterations when faced with two different situations. For example, lactobacilli are less
able to metabolize sugars or synthesize vitamins when faced with dietary change,
whereas their ability to produce amino acids is hindered in inflammatory bowel
diseases (5). This evidence, which previously was known by microbiologists from
culture techniques, is now being confirmed at the genomic and metabolic levels.

Analogous to the alterations in microbial genes and protein content, the first
question to answer is which metabolites are most altered in the context of the above
diseases, and possibly in others yet to be investigated. To answer this, we have recently
provided a panoramic view of a large set of metabolites identified by multiple analytic
platforms (5). A comparative analysis revealed that not all metabolites from microbes
residing in our gut are affected in disease, but a limited number of them (�0.1%) are
some of the most influenced. Short-chain fatty acids are among these, and their
alterations have been associated to intestinal inflammatory diseases such as
Hirschsprung’s-associated enterocolitis (70), irritable bowel syndrome (71–74) or ulcer-
ative colitis (73), autoimmune diseases (7), celiac disease (90), chronic kidney disease
(91), colorectal cancer (16), nonalcoholic fatty liver disease (76), or mental disorders
such as autism and pervasive developmental disorder (92), to mention a few. Analo-
gous examples can be found for other compounds, such as bile acids and amino acids
(5, 35).

ANALYZING THE IMPACTS OF DISEASES: CRITICAL COMMENTS

As mentioned above, the bacterial constituents of a microbial population are
identified by high-throughput analytical approaches and the changes associated to
diseases. However, in many cases there is a lack of agreement between the studies,
leaving the search for biomarkers (bacterial species, genes, proteins, and metabolites)
in the gut sadly lacking. Maybe it reflects individual differences because of different
environmental contexts, perhaps it reflects the complexity of some diseases, or perhaps
it reflects biases because of technical considerations (see below). Hopefully, as
follow-up research into the field of gut microbiota continues, a consensus will begin to
appear. It should also be highlighted that most of the studies are based on single fecal
samples collected from limited cohorts at just one time point. A better experimental
design would be to collect multiple samples over time, allowing for variability within
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and between individuals and study of patients in relation to disease progress and
clinical variables. In addition, it is recognized that environment can alter disease risk
and susceptibility and thus our microbes. Analyzing differences between case individ-
uals in multiple contexts is crucial to understand the gut components (bacteria, genes,
proteins, and metabolites) implicated in disease status.

EXPLORING THE MICROBIOME REQUIRES HIGH-THROUGHPUT PROTOCOLS FOR
SAMPLING AND STORAGE

With the recent progress in multiomics and bioinformatics, we can now track the
total microbiota and also the active microbiota with unprecedented resolution using
multiple and complementary high-throughput analytical approaches by measuring the
expressed genes, proteins and metabolites. Nevertheless, there is an urgent need to
standardize these methods (5) with regard to RNA processing and turnover, protein
synthesis rate, and synthesis, processing, and transport of metabolites. Does sample
processing induce any potential bias in the results? Few studies really take this into
consideration with sufficient detail. For example, storage of a stool sample in different
preservation reagents (i.e., PowerMicrobiome kit, RNA Later, or RNA Protect) introduces
a bias into the mRNA profile which may also vary from person to person depending,
among other factors, on the relative abundance of hard-to-lyse species versus the
relative abundance of species that are easier to lyse (50). The preservation reagents
have also been found to influence the transcripts for, e.g., the cluster of orthologous
groups (COG) category of “carbohydrate metabolism and transport” (50). Other exam-
ples, which consider the effect of sample storage and shipping, have been mentioned
above. Some studies recommend immediate freezing to prevent changes in microbial
communities (5). Others recommend adding RNA Later as preservation reagent when
stool samples need to be shipped to the laboratory at ambient temperature, since the
RNA will be stable for up to 6 days. When shipping can be realized within 24 h or
samples can be shipped on ice, RNA Protect may represent a better alternative as
preservation reagent, since the introduced bias is smaller (50). The take-home message
for cohort studies or clinical trials is that investigations directed to unambiguously
defining the best protocols for sampling and stabilization of samples may be an area
where more research is needed. This should be of practical importance for both
patients and hospital staff in order to guarantee sample quality. Focusing on the
metabolites (56), it is also crucial to maximize their stability, which is mainly affected by
storage duration, temperature, and freeze-thaw cycles. In that sense, it can be pointed
out that a processed sample is more stable compared to crude feces. Ideally, the
metabolome should be extracted from a homogenized sample within 24 h after
collection and then stored at �80°C; however, it can be impossible in the case of large
cohorts where samples cannot be simultaneously collected from the donors and
processed. In any case it is better to process all the samples at the same time in order
to minimize interbatch variability. Finally, in a multiplatform analysis, it is recom-
mended to aliquot the material, avoiding more than one freeze-thaw cycle.

BIGGEST CHALLENGE IN MICROBIOME RESEARCH: DISTINGUISHING
ASSOCIATION FROM CAUSATION

As described above, a clear link exists between the cooccurrence of dysbiosis and
multiple diseases; however, in the majority of the cases there is insufficient evidence of
a cause-effect relationship (5). In the last decade, a multitude of studies have been
conducted to determine the existing deviations in diversity, community structure, and
its metabolic landscape in case and control individuals. Among them, we can cite
ulcerative colitis, intestinal inflammatory diseases, Crohn’s disease, enterocolitis, gas-
trointestinal cancer, etc. (64, 65, 68–70). These relationships have also been explored in
disorders that affect organs or functions whose relation with any microbial community
is only indirect, such as autism, depression, Parkinson’s disease, and diabetes, to cite
just a few (5, 67).

Once the taxonomic dysbiosis has been deciphered and the differences in genes,
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proteins, and metabolites are determined, the opportunity arises to correct those
alterations affecting the microbiome. This correction to reestablish the normal func-
tional abundances requires determining with higher precision the taxonomic groups
that are needed to promote or to inhibit a function. While this may seem obvious
attending to the taxonomic differences between case and controls, it is not so much to
the extent that the contribution of each taxon to the abundance of a specific function
may not be indicative of its contribution to a specific functional deviation. In other
words, a taxon may be highly abundant in case and controls and contribute to a
specific function but may not be responsible for the deviations related to a disease. In
general, this means that whereas the abundance of a gene can be seen as the sum of
all contributions at taxonomic level, an analysis is needed that defines strictly how to
spread among taxa the differential abundances of each gene and the activity supported
by the proteins encoded by each gene. Today, integration of both types of data,
taxonomic and functional, is still lacking in the study of microbiota to unambiguously
identify cause-effect relationships and to define the contribution of specific microbes
and functions supported by specific genes, proteins, and metabolites to disease.

In this line, Manor and Borenstein (93) have recently developed the FishTaco
software, which allows tracking of the functional deviation of a microbiome in the
context of a disease and conversion of these deviations into deviation in the taxonomic
composition. That allows clarification of which taxa positively or negatively influence
the observed functional deviation. And, what is more, for each of the altered functions,
different taxa may exist in case or control individuals that attenuate the alterations in
a positive or negative way. The quantification of the contribution of each altered taxon
will allow, from one side, unveiling which of these alterations are the cause or
consequence of a disease and, from the other side, the design of therapies directed to
correct these alterations in diseases for which a clear evidence of causality exists. This
will require the exploration of imbalances in microbiome composition and effector
microbial products to understand the strong influence of microbiome-dependent
metabolic pathways on critical aspects of pathogenesis.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Microbiome profiling by targeting of the hypervariable regions of the 16S subunit of
the microbial ribosome (generated from DNA or RNA) is a widespread analytic tool to
begin decoding the identities of microbes residing inside our bodies. In spite of the
existence of differences with direct shotgun sequencing of microbial nucleic acids, 16S
ribosomal gene sequencing can provide a comprehensive comparative tool to under-
stand how our relationship with them is altered. The presence of curated repositories
for this phylogenetic marker (Greengenes, http://greengenes.lbl.gov/; Ribosomal Data-
base Project, https://rdp.cme.msu.edu/; EZBioCloud, http://www.ezbiocloud.net/; or the
SILVA database, https://www.arb-silva.de/) constitutes one of the main advantages for
its use. The lack of resolution using short sequences has been stated previously, but
new approaches using a combination of 16S ribosomal gene hypervariable regions
have been proposed to enhance the accuracy of the technique (http://acai.igb.uiuc
.edu/bio/tutorial.html). Nevertheless, amplification of a DNA-encoded gene, such as the 16S
ribosomal gene, or of any other of the at least eight million microbial genes that coexist
in our organism alongside the 23,000 human genes, does not ensure that they are
being expressed. Studies based on selection of RNA followed by amplification of the
target 16S ribosomal gene region from the corresponding cDNA are scarce. A recently
published protocol explores the possibility of performing direct 16S rRNA-seq from
bacterial communities using a PCR-independent approach (94). Most studies reporting
microbiome nucleic acid profiling are conducted without previous selection of micro-
bial cells, that is, by using raw fecal or tissue material (5). In contrast, when a negative
selection of microbial cells in subsequent filtering procedures is avoided, the host’s
DNA is normally extracted together with microbial DNA. The use of cell preenrichment
methods by multiple low-speed centrifugation steps (5) or the use of a gradient media
such as Nycodenz (95) has been proved to yield 1010 viable bacteria per 2 g of feces
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without affecting the original microbial composition, as assessed by shotgun metag-
enomics (96). One of the challenges to be addressed in the future is the creation of a
comprehensive and reproducible bioinformatics workflow (Fig. 3) to efficiently inte-
grate such data sets and those generated by the analysis of effector molecules (proteins
and metabolites) by MS analysis. Through the reconstruction of the so-called genome-
scale metabolic models (GEMs), genome sequences and similarity-based annotations
are correlated with biochemical reactions based on gene-protein associations of the
target organism. The stoichiometric coefficients of a given biochemical reaction are
then used to construct a stoichiometric matrix, in which rows and columns consist of
all metabolites involved in the network, and in which the values correspond to
conversion of substrates and generation of products. This formulation of the different
microbial, genetic, protein, and metabolite networks constitutes a key feature for
computational tool development, which will pave the path toward integrated medicine
and microbiota tinkering in the near future (97).

We must identify all microbial members of the resident microbiome and discover
how they react to factors influencing well-being by integrating multiple data sets. This
should be crucial for future microbiota transplantation (35), an efficient therapeutic tool
in vivo to restore disease-related alterations that cannot be restored by common
therapeutic methods. Fecal microbiota transplantation (FMT) has consistently demon-
strated high success rates against recurrent C. difficile infection in hospitals since the
early 1950s. Contemporary research is trying to decipher the dynamics of FMT. For
example, a recent publication tracked the composition of the gut microbiome through
analysis using shotgun metagenomics of compositions of donor and recipient feces
after the transplantation event. About 22% of the metagenome-assembled genomes
(MAGs) with high level of completeness from the donor successfully colonized and
prevailed in the recipients for at least 8 weeks (98). In order to avoid undesirable
outcomes, such as weight gain after fecal microbiota transplantation (99), controlled
transplants of the microbiota by using defined microbial cocktails have been suggested
in the literature as a synthetic stool substitute (microbiota ecosystem therapeutics,
MET) (99–101). Research in this area is promising, since the advantages of this approach
are numerous, including standardization of the microbial composition and enhanced
stability of the inoculum to be transferred, pathogen exclusion, or inclusion of
antibiotic-sensitive organisms only. This is just one example of how the integration of
multiple data sets may help treat recurrent infections.

FIG 3 A focus on metabolomics as the methodology of choice for direct pathway reconstruction. Microbiome
alterations in health and disease through sequencing of the 16S rRNA gene might not represent real changes in
the active fraction (the 16S rRNA gene that is being transcribed) of microbes that change under a certain condition.
Nevertheless, integration of 16S rRNA gene (rDNA) sequencing with shotgun metagenome sequencing and
metaproteomics provides a more precise understanding of the function of the system. As an alternative solution,
metabolomics alone could provide the pieces missing in pathway reconstruction and allow direct interference of
function. Further integration with shotgun metagenomics, metaproteomics, or target gene amplicon sequencing
would incorporate all layers of complexity in the biological system, allowing deep understanding of the mecha-
nisms within.
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In summary, as recently mentioned in the literature, the human microbiome should
be viewed as a complex landscape, and its modulation with therapeutic purposes
should account for all of this complexity (34). Future efforts should be directed toward
the unification and optimization of metabolomics strategies in microbiome research, as
this methodology provides an accurate snapshot of the system’s function. The pheno-
typing era is mature enough to open new research avenues that will enable a better
understanding of the mechanisms from a systems microbiology perspective (102),
which will greatly impact modern medicine.
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