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Synbiotics, mixtures of live microbes and substrates selectively utilized by host
organisms, are of considerable interest due to their ability to improve gastrointestinal
health. However, formulating synbiotics remains challenging, due in part, to the absence
of rational strategies to assess these products for synbiotic activities prior to clinical
trials. Currently, synbiotics are formulated as either complementary or synergistic.
Complementary synbiotics are made by combining probiotics and prebiotics, with each
component acting independently and with the combination shown to provide a clinical
health benefit. Most commercial synbiotics as well as those used in clinical trials have
been of the complementary type. In contrast, synergistic synbiotics require that the
added microbe is specifically stimulated or it's persistence or activity are enhanced by
the cognate substrate. Although several innovative examples have been described in
the past few years based on this principle, in practice, relatively few synbiotic studies
have tested for synergism. In this review, selected recent examples of complementary
and synergistic synbiotics and the rationale for their formulation will be described. In
addition, pre-clinical experimental approaches for identifying combinations that provide
a basis for satisfying the requirements for synergism will be discussed.

Keywords: probiotic, prebiotic, synbiotic, complementary, synergistic

INTRODUCTION

Research over the past two decades has demonstrated that the gut microbiome has a profound
influence on human and animal health (Fan and Pedersen, 2020). When the gut microbiome is
disrupted by antibiotics, diet, stress, or other factors, a dysbiotic state—an imbalance or adverse
departure from a microbiome of a normal healthy control may occur (Kriss et al., 2018). Such
a condition may lead to the onset of a range of complex diseases and disorders (Proffitt et al.,
2020; Khor et al.,, 2021). Thus, the specific composition of the microbiome and interactions
of the microbiome with host cells in the gastrointestinal (GI) tract are now actively being
studied (Kinross et al., 2011; Wu et al., 2021). Moreover, since gut microbes are responsible
for digestion, carbohydrate metabolism, energy production, protection against pathogens, and
immunomodulation (Barengolts, 2016), there is considerable potential in modifying the gut
microbiota to enhance host health. One way of doing this is via consumption of probiotics and
prebiotics (Krumbeck et al., 2018b).
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SYNBIOTIC CHALLENGES

Despite decades of research on probiotics and prebiotics,
it remains challenging to obtain consistent positive clinical
outcomes with these products. Certainly, this is partly due
to the wide assortment of probiotic species and strains, the
diversity in prebiotic structures, varying doses of probiotics and
prebiotics, and the specific target outcomes that are defined
in these studies. But another important consideration are the
ecological constraints that influence the ability of probiotic
microbes or prebiotic substrates to effect changes in the GI tract.
After all, probiotics are often out-numbered a million-to-one by
the commensal microbiota. For many probiotic products, the
microbes are not of human origin and lack the necessary traits
to compete and persist in the GI tract (Walter et al., 2018).
In particular, the ability to capture and consume non-digestible
carbohydrates and other specialized resources is a major factor
that determines if a given microbe can occupy a niche, even
transiently in the GI environment.

The effectiveness of prebiotics alone is also subject to similar
personalized constraints. For example, for prebiotics to serve
as selective substrates, relevant microbes capable of consuming
those substrates and converting them into beneficial products
or other outputs to the host, must be present in an individual’s
microbiome. It is also possible that substrates that lack sufficient
structural or chemical specificity instead promote non-targeted
enrichment of members of the gut microbiome, resulting in
a lack of beneficial effects on the host (Hamaker and Tuncil,
2014). Collectively, these ecological considerations, in addition to
immunological, physiological, and other host factors, contribute
to the non-responder phenotype commonly observed across
different studies and study populations (Arnold et al., 2021;
Ojima et al, 2022). Thus, one of the advantages of the
synbiotic concept is the possibility to circumvent these ecological
limitations by providing the microbe along with a substrate that
supports the growth of that microbe (Swanson et al., 2020).

CONSENSUS DEFINITIONS

Although numerous groups have suggested definitions for these
terms, arguably the most authoritative definitions are those
proposed by consensus panels organized by the International
Scientific Association for Probiotics and Prebiotics (ISAPP).
Accordingly, probiotics were defined as “live microorganisms
which when administered in adequate amounts confer a health
benefit on the host” (Hill et al., 2014), and a prebiotic was defined
as a “substrate that is selectively utilized by host microorganisms
conferring a health benefit” (Gibson et al., 2017).

More recently, another ISAPP consensus panel defined a
synbiotic as “a mixture comprising live microorganisms and
substrate(s) selectively utilized by host microorganisms that
confers a health benefit on the host” (Swanson et al., 2020).
Interestingly, synbiotics had first been described more than 25
years ago in the paper that first introduced the prebiotic concept
(Gibson and Roberfroid, 1995). Later, Kolida and Gibson (2011)
distinguished between two types of synbiotics, complementary

and synergistic. The former consists of a probiotic and a prebiotic,
both acting independently, whereas for the latter, the prebiotic is
chosen to specifically stimulate the selected probiotic.

In the synbiotic consensus review, the main features of the
complementary type were retained (Swanson et al., 2020). They
clarified that complementary synbiotics “are not designed so
that its components function cooperatively.” Although each
component of a complementary synbiotic should, by definition,
independently provide a health benefit, they stated that the
combined synbiotic should still be clinically demonstrated to
be beneficial to the host. In contrast, for synergistic synbiotics,
the panel proposed that neither a probiotic nor a prebiotic
were required components. Rather, they referred to the two
constituents as “substrates” and “microorganisms.” However,
they did specify that the substrate should be selectively utilized
by the co-administrated microorganism and that the latter is the
main target of enrichment (Swanson et al., 2020). Furthermore,
an important distinction between these two types is that
synergistic synbiotics must provide a benefit greater than either
the substrate or microbe treatments.

SYNBIOTICS IN THE MARKETPLACE

Synbiotics (or at least products labeled as synbiotics) have
received considerable consumer attention in recent years despite
not being very common in either the supplement or food
marketplace even a decade ago (Cielecka-Piontek et al., 2020; Li
et al.,, 2020; Chaturvedi et al., 2021; Voss et al., 2021). Indeed,
in a recent survey using data obtained from the National Health
and Nutrition Examination Survey (NHANES), more than 1% of
U.S. adults and children reported consumption of non-food (e.g.,
supplements) synbiotics, compared to 5 and 2%, respectively, for
probiotics and prebiotics (O’Connor et al.,, 2021). Older adults
(>60 years of age) in particular, were more frequent consumers
of these products, with synbiotic use near 2% among this group.
The authors considered these as relatively high prevalence values
for non-vitamin or non-mineral dietary supplements. Likewise,
food applications for synbiotics have been predicted to increase
globally across both dairy and non-dairy and fermented and non-
fermented categories (Mishra et al., 2021; Cosme et al., 2022).
Collectively, sales of synbiotic-containing foods and supplements
are nearing $1B (Cosme et al., 2022).

GENERAL CRITERIA FOR SYNBIOTICS

Given that definitions and characteristics of probiotics and
prebiotics are now well established, satisfying the relevant
criteria for each of these categories should be a straight-forward
process (Binda et al, 2020; Scott et al., 2020; Cunningham
et al., 2021). However, systematic approaches for formulating
synbiotics that are in accordance with the ISAPP definition are
lacking. Furthermore, for many of the clinical studies described in
the literature, the scientific basis for combining a given probiotic
with a specific prebiotic is either vague or simply not stated. In
general, when a justification is given, combinations are chosen
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based either on the independent properties of each component
or on the suggested ability of the prebiotic substrate to support
growth of a known or putative probiotic microbe (Furrie et al.,
2005; Scorletti et al., 2018).

To clarify these issues, one of the main goals of the ISAPP
consensus panel on synbiotics was to provide guidelines and
criteria for formulating both complementary and synergistic
synbiotics with an emphasis placed on the need to demonstrate
a health benefit through a well-designed clinical study. Thus,
the ISAPP guidelines also include criteria for ensuring sufficient
statistical power, appropriate blinding and randomization, and
reporting of inclusion and exclusion criteria among many others.

Beyond the specific recommendations of the ISAPP report,
additional criteria may also be relevant for designing studies to
test synbiotics. For example, investigators should clearly state the
rationale for the synbiotic pairing and if the synbiotic being tested
is of the synergistic or complementary type. Accordingly, the
controls must be appropriate for the study design, especially for
synergistic synbiotics, such that they account for effects exhibited
by either of the two individual components. Ultimately, the study
design for complementary synbiotics is far easier to satisfy and
test for than synergistic synbiotics.

FORMULATING AND TESTING
COMPLEMENTARY SYNBIOTICS

For complementary synbiotics, the choice for each component
depends on the targeted clinical endpoint and the capacity
of those components to achieve that endpoint. Because
the individual probiotic and prebiotic components must, by
definition, each confer a health benefit, it would be expected
that the combined product would also do so. Nonetheless,
the synbiotic must be shown to have a health benefit in an
appropriately designed, randomized controlled study (RCT). It
is possible, for example, that the prebiotic is consumed by a
commensal gut microbe that out-competes or inhibits the growth
or biological activity of the administered probiotic, resulting in
a null effect. Indeed, in one recent study, a probiotic improved
constipation symptoms, but the synbiotic reduced that effect (Ito
et al,, 2022). Also, if a synbiotic was formulated such that the
dose of one or both components were below the effective range,
a clinical trial would also be warranted. Based on stated doses on
the labels, many commercial synbiotic products as well as those
used in clinical studies apparently contain prebiotics doses well
below that which would be expected to confer a health benefit
(Ghavami et al., 2021; Quero et al., 2021; Ito et al., 2022).

For many reasons—convenience, ease of formulation, and
simple experimental design, nearly all synbiotics used in clinical
trials have been of the complementary type. As reviewed
previously (Swanson et al., 2020), many have been reported to
provide important health benefits on the tested population. More
recent RCTs have also been reported (Table 1), again with some
showing positive outcomes, and others not.

Perhaps the most successful synbiotic trial reported in the
literature was for a complementary synbiotic to reduce sepsis
in a population of infants (Panigrahi et al., 2017). This was

a large RCT (more than 2,000 participants per arm) using an
oral synbiotic containing Lactiplantibacillus plantarum ATCC
202195 (10° CFU/day) and fructooligosaccharides (FOS) as the
intervention. Significant reductions in sepsis and mortality were
observed in the synbiotic treatment group. Although the strain
had been selected based on its ability to colonize the infant
gut and block adherence and translocation of Gram-negative
bacteria, they did not assess for the presence and persistence
of the strain in fecal samples. Thus, it was not possible to
determine which component—the strain or the prebiotic, was
responsible for the health outcome. Similarly, in another infant
study, Bifidobacterium breve M-16V was combined with GOS and
FOS (Phavichitr et al., 2021). Although the synbiotic enhanced
abundance of the target organism and increased acetate and
lactate, the study design did not include substrate- or microbe-
only controls arm, so synergism could not be determined.

FORMULATING SYNERGISTIC
SYNBIOTICS

Compared to complementary synbiotics, it is much more
challenging to formulate and test synergistic synbiotics. As noted
above, there are few reports in the literature that provide any
specific rationale or strategy for how these synbiotics could be
formulated (Kearney and Gibbons, 2018; Kumari et al., 2021).
Without such a strategy, one cannot expect that combining a
probiotic with a prebiotic will necessarily result in synergism.
Rather, there should be a metabolic, functional, or other scientific
basis for expecting the two components to provide a synergistic
effect. Moreover, successful formulations of synergistic synbiotics
requires an appreciation of the ecological constraints that exist in
the gut environment. This is in contrast with the oversimplified
notion that a single nutrient can drive colonization of a
companion microbe (Edwards et al., 2020). This is especially
apparent as recent research has substantiated the ecological
complexity and individuality of the human gut microbiome
(Nayak and Turnbaugh, 2016; Ryu et al., 2021) and the important
role of fiber cross-feeding in the gut (Boger et al., 2018; Cantu-
Jungles and Hamaker, 2020).

Indeed, it is conceivable that a prebiotic substrate could
be partially degraded initially by members of the resident
microbiota, with the remaining constituents consumed by
and enriching the co-administered probiotic microbe, which
then provides a health benefit on the host. Conversely, it is
also possible that the added microbe converts the substrate
into components that are then metabolized by commensal or
companion microbes. An example of the latter case was described
in an in vitro study (Boger et al, 2018), where investigators
showed that a probiotic strain of Lacticaseibacillus paracasei
subsp. paracasei (formerly Lactobacillus) produced a GH32
extracellular exo-inulinase that degraded fructans with a high
degree of polymerization (DP). Smaller DP molecules were
then formed which were consumed by companion lactobacilli
unable to use larger DP substrates. Thus, these strains, combined
with inulin or other longer chain fructans, could be formulated
as cross-feeding synbiotic mixtures. A clinical trial would be
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TABLE 1 | Summary of recent (since 2020) synbiotic clinical trials.

Microbe/day Substrate/day Subjects Controls Primary clinical References
outcome
Microbe only Substrate only
Bifidobacterium infantis HMO, 1.6 g Infants with severe Yes No Promoted weight gain Barratt et al.,
EVCO001, 8 x 10% CFU acute malnutrition and reduced 2022
inflammation markers
Lactiplantibacillus plantarum Inulin/FOS Elderly patients with No No Reduced MetS Cicero et al.,
PBS067, Lactobacillus (1:1) metabolic syndrome symptoms and 2021
acidophilus PBS066 and cardiovascular risk
Limosilactobacillus reuteri factors
PBS072
2 x 10° CFU each
Lactobacillus, Bifidobacterium, Plant fiber Adult patients with Yes Yes Reduced Huang et al.,
and Enterococcus (about 2.8 x mixture, 60 g mental disorders antipsychotic-induced 2022
109 CFU) weight gain
Bifidobacterium longum NT GOS, 19 Adults with constipation Yes No Synbiotic attenuated the Ito et al., 2022
positive effect of the
probiotic on
constipation
Lacticaseibacillus paracasei GOS, 759 Obese adults with T2D No No No change in Kanazawa
strain Shirota and interleukin-6 et al., 2021
Bifidobacterium breve, each 3 x
108
CFU
Lactobacillus acidophilus, Inulin Adults with prediabetes Yes No No significant change in Kassaian et al.,
Bifidobacterium bifidum, <6 g/day the gut microbiome 2020
Bifidobacterium lactis, and
Bifidobacterium longum (1.5 x
109 CFU for each)
Bifidobacterium animalis subsp. FOS,9.9¢g Middle-aged adults No No Reduction in days with Neyrinck et al.,
lactis Vesalius 002, abdominal discomfort 2021
10 x 10° CFU
Bifidobacterium breve M-16V GOS/FOS (9:1), Infants aged from 6 to No No Increase of Phavichitr et al.,
1 x 10* or 1 x 108 CFU 659 19 weeks bifidobacteria and 2021
decrease of
Clostridioides difficile in
the synbiotic groups
Nine strains, 10° CFU FOS, 1.43¢g Colicky infants No No Higher responder rate Piatek et al.,
2021
Bifidobacterium animalis FOS, 89 Patients with No No No effect on markers of Scorletti et al.,
subspecies lactis BB-12 non-alcoholic fatty liver liver disease 2020
109 CFU disease
Lactobacillus acidophilus, GOS, Obese or overweight No No Change in body Sergeev et al.,
Bifidobacterium lactis, 2.75 g/day adults composition or weight 2020
Bifidobacterium longum, and loss
Bifidobacterium bifidum
15 x 10° CFU
Five strains, 10" CFU FOS, 1.89g Adult IBS patients No No Improved IBS Skrzydto-
symptoms Radomanska
et al., 2020
Lactobacillus acidophilus LA-5, Inulin, 2.3 g Military personnel, No No Decreased tenseness Valle et al., 2021

2.1 x 108 CFU and
Bifidobacterium animalis
subspecies lactis BB-12,
2.7 x 10° CFU

18-22 years of age

and sleepiness

necessary, however, to determine if this formulation provided a

synergistic health benefit for the host.

Another example of synergism based on an indirect effect
was recently reported for an oral synbiotic (Bijle et al., 2020). In
this in vitro study, the well-studied probiotic, Lacticaseibacillus
rhamnosus GG (formerly Lactobacillus rhamnosus), was paired

with the amino acid, arginine. The goal was to develop a synbiotic
that could inhibit Streptococus mutans, the causative agent of
dental caries. Arginine is utilized by commensal microbes via
the arginine deiminase system (ADS), yielding ammonia. The
latter raises the pH, which is inhibitory to S. mutans. Although
L. rhamnosus GG did not appear to express the ADS, its growth
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was enhanced by arginine, and it therefore indirectly contributed
to S. mutans inhibition.

Polyphenol-based synbiotics may also be mediated by indirect
metabolism in the gut, as recently proposed Sharma and Padwad
(2020). Polyphenolic-rich foods, including red wine (Moreno-
Indias et al, 2016), olive oil (Martin-Peldez et al., 2016),
pomegranates (Cortés-Martin et al., 2021), and berries (Jamar
etal., 2020) have been suggested to enrich for bifidobacteria. How
their metabolism occurs in the gut is less clear, but appears to
occur via several cross-feeding steps (Parkar et al., 2013). Thus,
the polyphenolic substrate could be transformed directly into
bioactive molecules that confer a health benefit on the host or
indirectly into metabolites used by other microbes to produce
beneficial end-products.

SYNERGISTIC STATISTICS

Importantly, a clinical study must be conducted that is sufficiently
powered such that it is possible to demonstrate that the effect
of the synbiotic is statistically greater than the individual
components, as well as the placebo. Several statistical tests are
commonly used in pharmacology and biomedicine to determine
synergism from biological datasets (Demidenko and Miller, 2019;
Lederer et al., 2019), but are rarely applied to test for efficacy
of synbiotics. These synergistic models are built on previous
principles of non-interactions whereby interaction effects can

be described as either synergistic or antagonistic. Similarly,
these principles and statistical models can be used to determine
significant synergistic effects whereby the prebiotic and probiotic
act as independent references in a null-response model.

RECENT APPROACHES FOR
DESIGNING SYNERGISTIC SYNBIOTICS

Accounting for the considerable costs involved in conducting
clinical trials, pre-clinical approaches to design and test for
potential synergism may be warranted. Thus, identifying strains
and substrates, a priori, that would be expected to satisfy criteria
for synergistic synbiotics remains a formidable challenge. Toward
this goal, several pre-clinical or in vitro platforms have been
described (Figure 1).

This first approach, called in vivo selection (IVS), was
described by Krumbeck et al. (2015). In an earlier human trial,
GOS was administered to human subjects and GOS-enriched
strains of bifidobacteria were isolated (Davis et al., 2010, 2011).
Subsequent analyses revealed that one isolate, Bifidobacterium
adolescentis IVS-1, had been enriched eightfold during GOS
feeding in its autochthonous host. Pairing this strain with GOS
provided a rational basis to test for synergism in a rodent
model. Although IVS-1 alone enhanced relative abundance of
B. adolescentis to about 3% in the colon, when combined with
GOS, abundance increased to 37% and to more than 2 logs as

Administer
substrate

Enrichment
and selection

Strain bank

/ / \

Phenotype Genotype
screening screening

\ 7

Select for enriched microbe or
microbe of interest

l

Selected strain +
substrate

l

Human RCT for health
benefit + microbiome
analysis

Select for enriched microbe or
microbe of interest

l

Selected strain +
substrate

l

Human RCT for health
benefit + microbiome
analysis

Prebiotic
targeted strains
+ substrate

l

Human RCT for health
benefit + microbiome
analysis

In vivo selection

In vitro enrichment

Gene-trait matchmaking

FIGURE 1 | Pre-clinical approaches for identifying potential synergistic synbiotics. Several strategies for rationale identification of probiotic strains that can act
synergistically with prebiotic substrates have been described in the literature. These pre-clinical approaches can be high-throughput and cost-effective
implementations prior to a clinical study using either in vivo (A) or in vitro approaches (B,C). Images created by BioRender.com.

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 919725


https://BioRender.com
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Gomez Quintero et al.

Future of Synbiotics

measured by IVS-1 specific- qPCR. When the B. adolescentis IVS-
1 strain (at 10°) was combined with GOS (5 g) in a human
RCT, a treatment effect (improved gut barrier function) was
observed compared to the baseline values (Krumbeck et al,
2018a). Although the IVS platform remains an ecologically
rational approach to obtain putative synergistic synbiotics, its
main disadvantage is that it requires human clinical trials from
strain isolation to final efficacy studies.

An alternative approach, called in vitro enrichment (IVE),
was described by Kok et al. (2019). The investigators used
an in vitro method in which xylooligosaccharides (XOS) were
added to fecal fermentation vessels, followed by daily stepwise
dilutions to mimic gastrointestinal flux. Similar to the IVS
approach, the IVE method has an ecological basis, in that
the method selects for strains that were able to resist dilution
pressure, grow rapidly, persist in the in vitro environment,
and out-compete commensal microbes for the XOS substrate.
After ~20 generations, autochthonous strains enriched by
XOS were isolated and identified. When one of the enriched
strains, Bifidobacterium longum subsp. longum CR15, was re-
inoculated into fresh fecal fermentations in the presence or
absence of XOS, the CRI5 strain persisted, but only when
XOS was present. Thus, assuming enhanced persistence reflects
synergism, the IVE platform would appear to be an effective high-
throughput method for identifying putative synergistic synbiotic
combinations prior to clinical trials.

Another in vitro approach was recently described that relied
on matching phenotypic and genotypic properties of putative
probiotic strains (Fuhren et al, 2020). A collection of 77
Lactiplantibacillus plantarum (formerly Lactobacillus plantarum)
strains were screened for their ability to grow on a range of
prebiotics, including GOS, FOS, inulin, isomaltooligosaccharides
(IMO), arabinoxylooligosaccharides, and fucoidan along with
characterization of carbohydrate utilization patterns identified
through chromatographic methods. Genomes from strains
having relevant substrate utilization phenotypes were analyzed to
match those growth patterns to specific carbohydrate utilization
gene clusters. Accordingly, strains were identified whose FOS,
inulin, and IMO phenotypes were consistent with the presence of
the relevant gene clusters. In a subsequent study, the researchers
were able to identify genes involved in utilization of long chain
GOS in strains of L. plantarum, suggesting that combining those
strains with specific GOS fractions would enhance the selectivity
of the formulated synbiotic (Fuhren et al., 2020). Ultimately,
this high-throughput in vitro screening approach, like the IVE
method, provides a rational basis for formulating highly selective
synbiotic pairs prior to clinical trials.

RECENT EXAMPLES

The updated definition of a synergistic synbiotic does not require
that the individual component parts (i.e., substrate and microbe)
satisfy the probiotic or prebiotic definitions. This view was
intended to provide a basis for innovative, ecologically based
combinations of substrates and microbes. Accordingly, several
examples have emerged in the past few years based on this

understanding. One such example, consisting of L. rhammnosus
GG and arginine, was described above (Bijle et al, 2020).
Although neither of these individual components would appear
to qualify, by definition, as oral probiotics or prebiotics, together
they inhibited S. mutans in vitro. If this effect could be
demonstrated, in vivo, it would meet the requirements of a
synergistic synbiotic.

Another putative  synbiotic formulation
recently described (Perraudeau et al, 2020) that contains
Bifidobacterium longum subsp. infantis, plus four so-called
next generation probiotic bacteria, including Akkermansia
muciniphila, Clostridium beijerinckii, Clostridium butyricum,
and Anaerobutyricum hallii. These strains were selected based
on their ability to degrade oligosaccharides (A. muciniphila and
B. infantis) and to produce butyrate (A. hallii, C. beijerincki, and
C. butyricum). When combined with inulin and administered
to participants with type 2 diabetes, the synbiotic improved
postprandial glucose compared to a placebo treatment.
However, this was a two-arm study, so it was not possible
to ascribe the outcome to the synbiotic or to one of the
individual components.

In addition to the complementary synbiotics described above
for reducing sepsis and modulating microbiome composition in
infants, other potentially synergistic synbiotics have also been
developed using B. infantis. In a recent report (Barratt et al.,
2022), infants with acute malnutrition were given B. infantis with
or without HMO lacto-N-neotetraose. Although both treatments
led to engraftment of the B. infantis strain and promoted weight
gain in the infants, the synbiotic did not enhance the effect
compared to the B. infantis-only treatment. This synergistic
relationship between B. infantis and HMOs was also reported
in Button et al. (2022) where B. infantis, which is typically
absent in adults, could be engrafted in adults when paired with
concentrated HMOs. In this study, the inclusion of the relevant
controls (B. infantis-only and HMO-only) provided a basis for
demonstrating specific utilization of the substrate by the microbe,
one of the requirements for synergism.

Collectively, the studies described above suggest that an
effective strategy for restoring bifidobacteria and repairing a
dysfunctional microbiome in infants as well as adults is by
supplementing feeding regimens with synbiotics containing
selected strains and relevant substrates.

Finally, in addition to human studies, a synergistic synbiotic to
promote animal health was recently investigated (Mohammadi
et al., 2022). In this study, a lactic acid bacterium used as an
animal feed supplement, Pediococcus acidilactici CNCM 1-4622,
was combined with a plant polysaccharide derived from pistachio
nut hulls. Individually, these components enhanced growth and
infectious disease resistance of farmed tilapia fish. However, when
combined as a synbiotic, expression of immune biomarkers and
resistance to Aeromonas hydrophila, a fish pathogen, were greater
than the individual components, indicating the combination
had synergistic activity. In addition, intestinal concentrations of
acetic and propionic acids were higher in the synbiotic. The
authors suggested these short chain fatty acids may contribute to
the observed antibacterial activity as well as support growth of
intestinal epithelial cells.

novel was
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CONCLUSION

Synbiotics have considerable potential to modulate the gut
microbiome and improve human and animal health. From
both a commercial, as well as a clinical perspective, enhanced
health outcomes beyond that conferred by the probiotic
microbe or the prebiotic substrate would be advantageous to
consumers. Synergistic synbiotics can enhance establishment
and/or persistence of the companion microbe and may improve
clinical outcomes compared to probiotics or prebiotics alone. In
addition, well-designed synergistic synbiotics can be an effective
strategy to convert non-responders into responders, thereby
increasing treatment efficacy in a greater number of consumers.
Despite these opportunities, synergistic synbiotics have been
difficult to formulate and few, if any, have been shown to have
clinical efficacy. Most clinical trials have not included relevant
prebiotic or probiotic controls, and many have not conducted

REFERENCES

Arnold, J. W., Roach, J., Fabela, S., Moorfield, E., Ding, S., and Blue, E. (2021).
The pleiotropic effects of prebiotic galacto-oligosaccharides on the aging gut.
Microbiome 9:18. doi: 10.1186/s40168-020-00980-0

Barengolts, E. (2016). Gut microbiota, prebiotics, probiotics, and synbiotics in
management of obesity and prediabetes: review of randomized controlled trials.
Endocr. Pract. 22, 1224-1234. doi: 10.4158/EP151157.RA

Barratt, M. J., Nuzhat, S., Ahsan, K., Frese, S. A., Arzamasov, A. A., Sarker,
S. A, et al. (2022). Bifidobacterium infantis treatment promotes weight gain
in Bangladeshi infants with severe acute malnutrition. Sci. Transl. Med.
14:eabk1107. doi: 10.1126/scitranslmed.abk1107

Bijle, M. N., Neelakantan, P., Ekambaram, M., Lo, E. C. M,, and Yiu, C. K. Y.
(2020). Effect of a novel synbiotic on Streptococcus mutans. Sci. Rep. 10:7951.
doi: 10.1038/541598-020-64956-8

Binda, S., Hill, C., Johansen, E., Obis, D., Pot, B., and Sanders, M. E. (2020). Criteria
to qualify microorganisms as “probiotic” in foods and dietary supplements.
Front. Microbiol. 11:1662. doi: 10.3389/fmicb.2020.01662

Boger, M. C. L., van Bueren, A. L., and Dijkhuizen, L. (2018). Cross-feeding
among probiotic bacterial strains on prebiotic inulin involves the extracellular
exo-inulinase of Lactobacillus paracasei strain W20. Appl. Environ. Microbiol.
84:€01539-18. doi: 10.1128/AEM.01539-18

Button, J. E., Autran, C. A, Reens, A. L., Cosetta, C. M., Smriga, S., Ericson,
M., et al. (2022). Dosing a synbiotic of human milk oligosaccharide and B.
infantis leads to reversible engraftment in healthy adult microbiomes without
antibiotics. Cell Host Microbe 30, 712-725.e7. doi: 10.1016/j.chom.2022.04.001

Cantu-Jungles, T. M., and Hamaker, B. R. (2020). New view on dietary fiber
selection for predictable shifts in gut microbiota. mBio 11:¢02179-19. doi: 10.
1128/mBi0.02179-19

Chaturvedi, S., Khartad, A., and Chakraborty, S. (2021). The potential of non-
dairy synbiotic instant beverage powder: review on a new generation of healthy
ready-to-reconstitute drinks. Food Biosci. 42:01195. doi: 10.1016/j.fbio.2021.
101195

Cicero, A. F. G,, Fogacci, F., Bove, M., Giovannini, M., and Borghi, C. (2021).
Impact of a short-term synbiotic supplementation on metabolic syndrome and
systemic inflammation in elderly patients: a randomized placebo-controlled
clinical trial. Eur. J. Nutr. 60, 655-663. doi: 10.1007/s00394-020-02271-8

Cielecka-Piontek, J., Dziedzinski, M., Szczepaniak, O., Kobus-Cisowska, J.,
Telichowska, A., and Szymanowska, D. (2020). Survival of commercial
probiotic strains and their effect on dark chocolate synbiotic snack with
raspberry content during the storage and after simulated digestion. Electron.
J. Biotechnol. 48, 62-71. doi: 10.1016/j.ejbt.2020.09.005

Cortés-Martin, A., Iglesias-Aguirre, C. E., Meoro, A., Selma, M. V., and Espin, J. C.
(2021). Pharmacological therapy determines the gut microbiota modulation

the relevant microbiota analyses. In addition, the rationale for
selection of the prebiotic substrates and probiotic microbes
is often absent. Certainly, formulation of effective prebiotics,
probiotics, and synbiotics that can deliver health benefits will
continue to rely on advances in gut microbiome research.
In particular, the increased sequencing and computational
capabilities will provide a better understanding of the complex
ecological relationships within the gut microbiome and enhance
development of synbiotics and other gut health products.

AUTHOR CONTRIBUTIONS

DGQ wrote the main draft and edited the manuscript. RH
conceived, co-wrote, and edited the manuscript. CK co-wrote and
edited the manuscript. All authors contributed to the article and
approved the submitted version.

by a pomegranate extract nutraceutical in metabolic syndrome: a randomized
clinical trial. Mol. Nutr. Food Res. 65:2001048. doi: 10.1002/mnfr.202001048

Cosme, F., Inés, A., and Vilela, A. (2022). Consumer’s acceptability and health
consciousness of probiotic and prebiotic of non-dairy products. Food Res. Int.
151:110842. doi: 10.1016/j.foodres.2021.110842

Cunningham, M., Azcarate-Peril, M. A., Barnard, A., Benoit, V., Grimaldi, R.,
Guyonnet, D., et al. (2021). Shaping the future of probiotics and prebiotics.
Trends Microbiol. 29, 667-685. doi: 10.1016/j.tim.2021.01.003

Davis, L. M. G., Martinez, 1., Walter, J., Goin, C., and Hutkins, R. W. (2011).
Barcoded pyrosequencing reveals that consumption of galactooligosaccharides
results in a highly specific bifidogenic response in humans. PLoS One 6:¢25200.
doi: 10.1371/journal.pone.0025200

Davis, L. M. G., Martinez, 1., Walter, J., and Hutkins, R. (2010). A dose dependent
impact of prebiotic galactooligosaccharides on the intestinal microbiota of
healthy adults. Int. J. Food Microbiol. 144, 285-292. doi: 10.1016/j.ijffoodmicro.
2010.10.007

Demidenko, E., and Miller, T. W. (2019). Statistical determination of synergy
based on Bliss definition of drugs independence. PLoS One 14:€0224137. doi:
10.1371/journal.pone.0224137

Edwards, P. T., Kashyap, P. C., and Preidis, G. A. (2020). Microbiota on biotics:
probiotics, prebiotics, and synbiotics to optimize growth and metabolism. Am.
J. Physiol. Gastrointest. Liver Physiol. 319, G382-G390. doi: 10.1152/ajpgi.00028.
2020

Fan, Y., and Pedersen, O. (2020). Gut microbiota in human metabolic health
and disease. Nat. Rev. Microbiol. 2020, 55-71. doi: 10.1038/s41579-020-0
433-9

Fuhren, J., Résch, C., ten Napel, M., Schols, H. A., and Kleerebezem, M. (2020).
Synbiotic matchmaking in Lactobacillus plantarum: substrate screening and
gene-trait matching to characterize strain-specific carbohydrate utilization.
Appl. Environ. Microbiol. 86:¢01081-20. doi: 10.1128/AEM.01081-20

Furrie, E., Macfarlane, S., Kennedy, A., Cummings, J. H., Walsh, S. V., and
O’Neil, A. (2005). Synbiotic therapy (Bifidobacterium longum/Synergy 1)
initiates resolution of inflammation in patients with active ulcerative colitis:
a randomised controlled pilot trial. Gut 54, 242-249. doi: 10.1136/gut.2004.
044834

Ghavami, A., Khorvash, F., Heidari, Z., Khalesi, S., and Askari, G. (2021). Effect
of synbiotic supplementation on migraine characteristics and inflammatory
biomarkers in women with migraine: results of a randomized controlled trial.
Pharmacol. Res. 169:105668. doi: 10.1016/j.phrs.2021.105668

Gibson, G., Hutkins, R., Sanders, M., Prescott, S., Reimer, R. A., Salminen, S.]., et al.
(2017). Expert consensus document: the international scientific association for
probiotics and prebiotics (ISAPP) consensus statement on the definition and
scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 14, 491-502. doi: 10.1038/
nrgastro.2017.75

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 919725


https://doi.org/10.1186/s40168-020-00980-0
https://doi.org/10.4158/EP151157.RA
https://doi.org/10.1126/scitranslmed.abk1107
https://doi.org/10.1038/s41598-020-64956-8
https://doi.org/10.3389/fmicb.2020.01662
https://doi.org/10.1128/AEM.01539-18
https://doi.org/10.1016/j.chom.2022.04.001
https://doi.org/10.1128/mBio.02179-19
https://doi.org/10.1128/mBio.02179-19
https://doi.org/10.1016/j.fbio.2021.101195
https://doi.org/10.1016/j.fbio.2021.101195
https://doi.org/10.1007/s00394-020-02271-8
https://doi.org/10.1016/j.ejbt.2020.09.005
https://doi.org/10.1002/mnfr.202001048
https://doi.org/10.1016/j.foodres.2021.110842
https://doi.org/10.1016/j.tim.2021.01.003
https://doi.org/10.1371/journal.pone.0025200
https://doi.org/10.1016/j.ijfoodmicro.2010.10.007
https://doi.org/10.1016/j.ijfoodmicro.2010.10.007
https://doi.org/10.1371/journal.pone.0224137
https://doi.org/10.1371/journal.pone.0224137
https://doi.org/10.1152/ajpgi.00028.2020
https://doi.org/10.1152/ajpgi.00028.2020
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1128/AEM.01081-20
https://doi.org/10.1136/gut.2004.044834
https://doi.org/10.1136/gut.2004.044834
https://doi.org/10.1016/j.phrs.2021.105668
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1038/nrgastro.2017.75
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Gomez Quintero et al.

Future of Synbiotics

Gibson, G. R,, and Roberfroid, M. B. (1995). Dietary modulation of the human
colonic microbiota: introducing the concept of prebiotics. J. Nutr. 125, 1401-
1412. doi: 10.1093/jn/125.6.1401

Hamaker, B. R., and Tuncil, Y. E. (2014). A perspective on the complexity of dietary
fiber structures and their potential effect on the gut microbiota. J. Mol. Biol. 426,
3838-3850. doi: 10.1016/j.jmb.2014.07.028

Hill, C., Guarner, F.,, Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., et al.
(2014). Expert consensus document: the international scientific association for
probiotics and prebiotics consensus statement on the scope and appropriate
use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 11, 506-514. doi:
10.1038/nrgastro.2014.66

Huang, J., Liu, C., Yang, Y., Kang, D., Xiao, J., Long, Y., et al. (2022). The
effects of probiotics plus dietary fiber on antipsychotic-induced weight gain:
arandomized clinical trial. Transl. Psychiatry 12:185. doi: 10.1038/s41398-022-
01958-2

Ito, D., Yamamoto, Y., Maekita, T., Yamagishi, N., Kawashima, S., Yoshikawa,
T., et al. (2022). Do synbiotics really enhance beneficial synbiotics effect on
defecation symptoms in healthy adults?: randomized, double-blind, placebo-
controlled trial. Medicine 101:¢28858. doi: 10.1097/MD.0000000000028858

Jamar, G., Santamarina, A. B., Casagrande, B. P., Estadella, D., de Rosso, V. V.,
Wagner, R, et al. (2020). Prebiotic potencial of jugara berry on changes in gut
bacteria and acetate of individuals with obesity. Eur. J. Nutr. 59, 3767-3778.
doi: 10.1007/s00394-020-02208- 1

Kanazawa, A., Aida, M., Yoshida, Y., Kaga, H., Katahira, T., Suzuki, L., et al.
(2021). Effects of synbiotic supplementation on chronic inflammation and the
gut microbiota in obese patients with type 2 diabetes mellitus: a randomized
controlled study. Nutrients 8:558. doi: 10.3390/nu13020558

Kassaian, N., Feizi, A., Rostami, S., Aminorroaya, A., Yaran, M., and Amini, M.
(2020). The effects of 6 mo of supplementation with probiotics and synbiotics
on gut microbiota in the adults with prediabetes: a double blind randomized
clinical trial. Nutrition 79-80:110854. doi: 10.1016/j.nut.2020.110854

Kearney, S. M., and Gibbons, S. M. (2018). Designing synbiotics for improved
human health. Microb. Biotechnol. 11, 141-144.

Khor, B., Snow, M., Herrman, E., Ray, N., Mansukhani, K., Patel, K. A, et al. (2021).
Interconnections between the oral and gut microbiomes: reversal of microbial
dysbiosis and the balance between systemic health and disease. Microorganisms
9:496. doi: 10.3390/microorganisms9030496

Kinross, J. M., Darzi, A. W., and Nicholson, J. K. (2011). Gut microbiome-host
interactions in health and disease. Genome Med. 3:14.

Kok, C. R, Quintero, D. F. G., Niyirora, C., Rose, D., Li, A., and Hutkins, R. (2019).
An in vitro enrichment strategy for formulating synergistic synbiotics. Appl.
Environ. Microbiol. 85:e01073-19. doi: 10.1128/ AEM.01073-19

Kolida, S., and Gibson, G. R. (2011). Synbiotics in health and disease. Annu. Rev.
Food Sci. Technol. 2, 373-393.

Kriss, M., Hazleton, K. Z., Nusbacher, N. M., Martin, C. G., and Lozupone, C. A.
(2018). Low diversity gut microbiota dysbiosis: drivers, functional implications
and recovery. Curr. Opin. Microbiol. 44, 34-40. doi: 10.1016/j.mib.2018.07.003

Krumbeck, J. A., Maldonado-Gomez, M. X., Martinez, I., Frese, S. A., Burkey,
T. E., Rasineni, K., et al. (2015). In vivo selection to identify bacterial strains
with enhanced ecological performance in synbiotic applications. Appl. Environ.
Microbiol. 81, 2455-2465. doi: 10.1128/AEM.03903-14

Krumbeck, J. A., Rasmussen, H. E., Hutkins, R. W., Clarke, J., Shawron,
K., Keshavarzian, A., et al. (2018a). Probiotic Bifidobacterium strains and
galactooligosaccharides improve intestinal barrier function in obese adults but
show no synergism when used together as synbiotics. Microbiome 6:121. doi:
10.1186/s40168-018-0494-4

Krumbeck, J. A., Walter, J., and Hutkins, R. W. (2018b). Synbiotics for improved
human health: recent developments, challenges, and opportunities. Annu.
Rev. Food Sci. Technol. 9, 451-479. doi: 10.1146/annurev-food-030117-01
2757

Kumari, M., Singh, P., Nataraj, B. H., Kokkiligadda, A., Naithan, I. H., Ali, S. A,
et al. (2021). Fostering next-generation probiotics in human gut by targeted
dietary modulation: an emerging perspective. Food Res. Int. 150:110716. doi:
10.1016/j.foodres.2021.110716

Lederer, S., Dijkstra, T. M. H., and Heskes, T. (2019). Additive dose response
models: defining synergy. Front. Pharmacol. 10:1384. doi: 10.3389/fphar.2019.
01384

Li, H, Zhang, T, Li, C., Zheng, S., Li, H,, and Yu, J. (2020). Development of
a microencapsulated synbiotic product and its application in yoghurt. LWT
122:109033.

Martin-Peléez, S., Castaier, O., Sola, R., Motilva, M. J., Castell, M., Perez-Cano,
F.J., et al. (2016). Influence of phenol-enriched olive oils on human intestinal
immune function. Nutrients 8:213. doi: 10.3390/nu8040213

Mishra, A., Chakravarty, I, and Mandavgane, S. (2021). Current trends in non-
dairy based synbiotics. Crit. Rev. Biotechnol. 41, 935-952.

Mohammadi, G., Hafezieh, M., Karimi, A. A., Azra, M. N., Van Doan, H.,
Tapingkae, W., et al. (2022). The synergistic effects of plant polysaccharide and
Pediococcus acidilactici as a synbiotic additive on growth, antioxidant status,
immune response, and resistance of Nile tilapia (Oreochromis niloticus) against
Aeromonas hydrophila. Fish Shellfish Immunol. 120, 304-313. doi: 10.1016/j.fsi.
2021.11.028

Moreno-Indias, I., Sanchez-Alcoholado, L., Pérez-Martinez, P., Andrés-Lacueva,
C., Cardona, F., Tinahones, F., et al. (2016). Red wine polyphenols modulate
fecal microbiota and reduce markers of the metabolic syndrome in obese
patients. Food Funct. 7, 1775-1787. doi: 10.1039/c5f000886g

Nayak, R. R, and Turnbaugh, P. J. (2016). Mirror, mirror on the wall: which
microbiomes will help heal them all? BMC Med. 14:72. doi: 10.1186/s12916-
016-0622-6

Neyrinck, A. M., Rodriguez, J., Taminiau, B., Amadieu, C., Herpin, F., Allaert, F. A.,
et al. (2021). Improvement of gastrointestinal discomfort and inflammatory
status by a synbiotic in middle-aged adults: a double-blind randomized placebo-
controlled trial. Sci. Rep. 11:2627. doi: 10.1038/s41598-020-80947-1

O’Connor, L. E., Gahche, J. J., Herrick, K. A., Davis, C. D., Potischman, N.,
and Vargas, A. J. (2021). Nonfood prebiotic, probiotic, and synbiotic use has
increased in US adults and children from 1999 to 2018. Gastroenterology 161,
476-486. doi: 10.1053/j.gastro.2021.04.037

Ojima, M. N., Yoshida, K., Sakanaka, M., Jiang, L., Odamaki, T., and Katayama,
T. (2022). Ecological and molecular perspectives on responders and non-
responders to probiotics and prebiotics. Curr. Opin. Biotechnol. 73, 108-120.
doi: 10.1016/j.copbio.2021.06.023

Panigrahi, P., Parida, S., Nanda, N. C,, Satpathy, R., Pradhan, L., Chandel, D. S.,
et al. (2017). A randomized synbiotic trial to prevent sepsis among infants in
rural India. Nature 548, 407-412.

Parkar, S. G., Trower, T. M., and Stevenson, D. E. (2013). Fecal microbial
metabolism of polyphenols and its effects on human gut microbiota. Anaerobe
23,12-19.

Perraudeau, F., McMurdie, P., Bullard, J., Cheng, A., Cutcliffe, C., Deo, A., et al.
(2020). Improvements to postprandial glucose control in subjects with type
2 diabetes: a multicenter, double blind, randomized placebo-controlled trial
of a novel probiotic formulation. BMJ Open Diabetes Res. Care 8:1319. doi:
10.1136/bmjdrc-2020-001319

Phavichitr, N., Wang, S., Chomto, S., Tantibhaedhyangkul, R., Kakourou, A.,
Intarakhao, S., et al. (2021). Impact of synbiotics on gut microbiota during early
life: a randomized, double-blind study. Sci. Rep. 111:3534.

Piatek, J., Bernatek, M., Krauss, H., Wojciechowska, M., Checiriska-Maciejewska,
Z., Kaczmarek, P., et al. (2021). Effects of a nine-strain bacterial synbiotic
compared to simethicone in colicky babies — an open-label randomised study.
Benef Microbes 12, 249-257.

Proffitt, C., Bidkhori, G., Moyes, D., and Shoaie, S. (2020). Disease, drugs and
dysbiosis: understanding microbial signatures in metabolic disease and medical
interventions. Microorganisms 8:1381. doi: 10.3390/microorganisms8091381

Quero, C. D., Manonelles, P., Fernindez, M., Abellan-Aynés, O., Loépez-
Plaza, D., Andreu-Caravaca, L., et al. (2021). Differential health effects on
inflammatory, immunological and stress parameters in professional soccer
players and sedentary individuals after consuming a synbiotic. a triple-blinded,
randomized, placebo-controlled pilot study. Nutrients 13:1321. doi: 10.3390/
nul3041321

Ryu, G., Kim, H., and Koh, A. (2021). Approaching precision medicine by tailoring
the microbiota. Mamm. Genome 1:3.

Scorletti, E., Afolabi, P. R, Miles, E. A., Smith, D. E., Almehmadi, A., Alshathry, A.,
et al. (2018). Design and rationale of the INSYTE study: a randomised, placebo
controlled study to test the efficacy of a synbiotic on liver fat, disease biomarkers
and intestinal microbiota in non-alcoholic fatty liver disease. Contemp. Clin.
Trials. 71, 113-123. doi: 10.1016/j.cct.2018.05.010

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 919725


https://doi.org/10.1093/jn/125.6.1401
https://doi.org/10.1016/j.jmb.2014.07.028
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/s41398-022-01958-2
https://doi.org/10.1038/s41398-022-01958-2
https://doi.org/10.1097/MD.0000000000028858
https://doi.org/10.1007/s00394-020-02208-1
https://doi.org/10.3390/nu13020558
https://doi.org/10.1016/j.nut.2020.110854
https://doi.org/10.3390/microorganisms9030496
https://doi.org/10.1128/AEM.01073-19
https://doi.org/10.1016/j.mib.2018.07.003
https://doi.org/10.1128/AEM.03903-14
https://doi.org/10.1186/s40168-018-0494-4
https://doi.org/10.1186/s40168-018-0494-4
https://doi.org/10.1146/annurev-food-030117-012757
https://doi.org/10.1146/annurev-food-030117-012757
https://doi.org/10.1016/j.foodres.2021.110716
https://doi.org/10.1016/j.foodres.2021.110716
https://doi.org/10.3389/fphar.2019.01384
https://doi.org/10.3389/fphar.2019.01384
https://doi.org/10.3390/nu8040213
https://doi.org/10.1016/j.fsi.2021.11.028
https://doi.org/10.1016/j.fsi.2021.11.028
https://doi.org/10.1039/c5fo00886g
https://doi.org/10.1186/s12916-016-0622-6
https://doi.org/10.1186/s12916-016-0622-6
https://doi.org/10.1038/s41598-020-80947-1
https://doi.org/10.1053/j.gastro.2021.04.037
https://doi.org/10.1016/j.copbio.2021.06.023
https://doi.org/10.1136/bmjdrc-2020-001319
https://doi.org/10.1136/bmjdrc-2020-001319
https://doi.org/10.3390/microorganisms8091381
https://doi.org/10.3390/nu13041321
https://doi.org/10.3390/nu13041321
https://doi.org/10.1016/j.cct.2018.05.010
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Gomez Quintero et al.

Future of Synbiotics

Scorletti, E., Afolabi, P. R, Miles, E. A., Smith, D. E., Almehmadi, A., Alshathry,
A., et al. (2020). Synbiotics alter fecal microbiomes, but not liver fat or
fibrosis, in a randomized trial of patients with nonalcoholic fatty liver disease.
Gastroenterology 158, 1597-1610.e7.

Scott, K. P., Grimaldi, R., Cunningham, M., Sarbini, S. R., Wijeyesekera, A., Tang,
M. L. K, et al. (2020). Developments in understanding and applying prebiotics
in research and practice—an ISAPP conference paper. J. Appl. Microbiol. 128,
934-949.

Sergeev, I. N., Aljutaily, T., Walton, G., and Huarte, E. (2020). Effects of synbiotic
supplement on human gut microbiota, body composition and weight loss in
obesity. Nutrients 12:222.

Sharma, R., and Padwad, Y. (2020). Plant-polyphenols based second-generation
synbiotics: emerging concepts, challenges, and opportunities. Nutrition
77:110785. doi: 10.1016/j.nut.2020.110785

Skrzydto-Radomanska, B., Prozorow-Krol, B., Cichoz-Lach, H., Majsiak, E., Bierla,
J. B., Kosikowski, W., et al. (2020). The effectiveness of synbiotic preparation
containing Lactobacillus and Bifidobacterium probiotic strains and short chain
fructooligosaccharides in patients with diarrhea predominant irritable bowel
syndrome-a randomized double-blind, placebo-controlled study. Nutrients
5:1999. doi: 10.3390/nu12071999

Swanson, K. S., Gibson, G. R., Hutkins, R., Reimer, R. A., Reid, G., et al.
(2020). The International Scientific Association for Probiotics and Prebiotics
(ISAPP) consensus statement on the definition and scope of synbiotics.
Nat. Rev. Gastroenterol. Hepatol. 17, 687-701. doi: 10.1038/s41575-020-0
344-2

Valle, M. C. P. R, Vieira, I. A, Fino, L. C,, Gallina, D. A., Esteves, A. M., da
Cunha, D. T, et al. (2021). Immune status, well-being and gut microbiota
in military supplemented with synbiotic ice cream and submitted to field
training: a randomised clinical trial. Br. J. Nutr. 126, 1794-1808. doi: 10.1017/
S0007114521000568

Voss, G. B., Monteiro, M. J. P., Jauregi, P., Valente, L. M. P., and Pintado, M. E.
(2021). Functional characterisation and sensory evaluation of a novel synbiotic
okara beverage. Food Chem. 340:127793. doi: 10.1016/j.foodchem.2020.127793

Walter, J., Maldonado-Gémez, M. X., and Martinez, I. (2018). To engraft or not
to engraft: an ecological framework for gut microbiome modulation with live
microbes. Curr. Opin. Biotechnol. 49, 129-139.

Wu, G., Zhao, N., Zhang, C., Lam, Y. Y., and Zhao, L. (2021). Guild-based analysis
for understanding gut microbiome in human health and diseases. Genome Med.
13:47. doi: 10.1186/s13073-021-00840-y

Conflict of Interest: RH served on the Board of Directors for the International
Scientific Association for Probiotics and Prebiotics and was a co-founder of
Synbiotic Health, a manufacturer of probiotic microbes.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gomez Quintero, Kok and Hutkins. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 919725


https://doi.org/10.1016/j.nut.2020.110785
https://doi.org/10.3390/nu12071999
https://doi.org/10.1038/s41575-020-0344-2
https://doi.org/10.1038/s41575-020-0344-2
https://doi.org/10.1017/S0007114521000568
https://doi.org/10.1017/S0007114521000568
https://doi.org/10.1016/j.foodchem.2020.127793
https://doi.org/10.1186/s13073-021-00840-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	The Future of Synbiotics: Rational Formulation and Design
	Introduction
	Synbiotic Challenges
	Consensus Definitions
	Synbiotics in the Marketplace
	General Criteria for Synbiotics
	Formulating and Testing Complementary Synbiotics
	Formulating Synergistic Synbiotics
	Synergistic Statistics
	Recent Approaches for Designing Synergistic Synbiotics
	Recent  Examples

	Conclusion
	Author Contributions
	References


