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Probiotics can enhance the resilience of
endangered wildlife.

The use of so-called ‘probiotics for wild-
life’ is a nascent application.

Incorporating reliable negative controls in
the experimental design is essential to
validate probiotic effects.

Other challenges include culturing and
selecting probiotics, risk assessment,
optimization and scaling, and under-
standing the mechanisms of action.
The provision of probiotics benefits the health of a wide range of organisms, from
humans to animals and plants. Probiotics can enhance stress resilience of endan-
gered organisms, many of which are critically threatened by anthropogenic im-
pacts. The use of so-called ‘probiotics for wildlife’ is a nascent application, and
the field needs to reflect on standards for its development, testing, validation,
risk assessment, and deployment. Here, we identify the main challenges of this
emerging intervention and provide a roadmap to validate the effectiveness of wild-
life probiotics.We cover the essential use of inert negative controls in trials and the
investigation of the probiotic mechanisms of action. We also suggest alternative
microbial therapies that could be tested in parallel with the probiotic application.
Our recommendations align approaches used for humans, aquaculture, and
plants to the emerging concept and use of probiotics for wildlife.
Additional microbial therapies
(e.g., postbiotics) should be developed
and tested as alternative treatments to
protect wildlife.
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Probiotic interventions
Most organisms rely on their resident microbiome, giving rise to the ‘metaorganism’ or ‘holobiont’
[1–4]. Microbes contribute to host health and development by several means, including provision-
ing of nutrients, promoting development and growth, detoxifying, and mitigating disease [5]. For
example, specific rhizosphere microbiota can increase drought tolerance in plants, bee microbi-
ota can influence host immunity, and the human gut microbiome can protect against disease
[6–10]. In addition, microbiomes are both resilient, flexible, and quick to respond to environmental
changes [11–13], which, together with their largemetabolic potential, constitute themain premise
of the effective use of probiotics (see Glossary) [14] and other microbial therapies to modulate
host functioning [7,8,10,15–18].

Probiotics are defined as live microorganisms that can confer a health benefit to the host [19]. The
probiotic concept is founded on a central pillar of two key microbiome-based modulation strate-
gies: (i) restore the ‘native’microbiota following a disruption (e.g., infection or antibiotic treatment),
and/or (ii) enhance host resistance to external stress (e.g., increase disease tolerance) [20–26].
Active manipulation of microbes is achieved in a number of ways, including: (i) altering environ-
mental conditions [27,28], (ii) applying abiotic agents that select for or against specific microbial
activity, such as prebiotics (i.e., substrates that can select beneficial microorganisms to the
host) [19] and postbiotics (i.e., dead cells or their components that trigger benefits to the
host) [29,30], (iii) transplanting healthy or beneficial microbiomes [31–33], or (iv) inoculating host
organismswith probiotics (i.e., a single strain or cocktail of livingmicrobes) [19,34]. Probiotics typ-
ically comprise isolated and cultured mutualistic microbes of the target organisms [15,20,35].
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However, they can be sourced from other hosts, sites, and surrounding environments [20] or se-
lected based on specificmicrobial traits or mechanisms that putatively benefit the host [35,36]. To
date, the most commonly used probiotic organisms are bacteria, but they can be sourced from
any microbial domain [e.g., archaea, microalgae, protists (single cell eukaryotes), or fungi] [37,38]
and assembled in a customized way [39].

Provision of probiotics is not a new concept, and it has been broadly applied to improve host
health in human health care [7,21,40,41], agriculture [6,42,43], and aquaculture [44–47] for de-
cades. More recently, probiotics have been considered for endangered wildlife organisms
[8,16,23,35,48,49]. The development of novel interventions to protect at-risk wildlife currently
covers bees, amphibians, bats, plants, and corals [8,16,50–52], and is particularly urgent consid-
ering their ecological relevance, the current status of the terrestrial and marine habitats they in-
habit, and the global loss of biodiversity at large [8,14,16,50–54]. Probiotics can play a role in
conserving and restoring populations [49,50] by bridging the time needed to reduce
ecosystem-scale pressures (e.g., climate change, disease outbreaks, and pollution) [49,50].

Reef-building corals, for example, and the ecosystems they build, support a vast biodiversity of
marine life (>30% of all marine eukaryotic species) [52,55,56] and have been declared by the In-
tergovernmental Panel on Climate Change (IPCC) to be at the highest risk of decline due to cli-
mate change, compared with other marine ecosystems [57]. The window of opportunity to act
to maintain coral reefs, as we know them, is rapidly closing [56], and they could significantly ben-
efit from the rapid development of probiotics that aim to increase their stress resilience. On land,
the growing loss of wild and managed pollinating insects drives declines in biodiversity and criti-
cally jeopardizes food security on our planet [58]. Insect populations are decimated by the con-
sequences of climate change, but also by human-made chemical pollutants and the spread of
disease agents, and would also benefit from probiotics that can boost their immunity and stress
resilience [59,60]. Similarly, other wildlife, such as several amphibian species, are critically threat-
ened, in particular by deadly and widespread diseases exacerbated by human activity, climate
change, and pollution [54,61–64], which may eventually lead to the extinction of populations or
entire species [65].

The use of probiotics for endangered wildlife is a nascent field of research. Even basic aspects of
their study, such as the use of standards for its development, testing, risk assessment, and de-
ployment have not yet been fully defined [49]. The first step towards such a standardization
has been initiated specifically for amphibian disease mitigation [66]. To further streamline and ac-
celerate the development of these emerging applications across taxa, we review the most recent
interventions for several wildlife hosts (mainly corals, amphibians, bees, and bats) to identify the
state-of-the-art, specific challenges in administering probiotics for wildlife, and potential pitfalls
of experimental design. We then provide recommendations for a comprehensive experimental
assessment of this emerging research field and make suggestions that include investigation of
the mechanisms of action and alternative microbial-based strategies (see Outstanding
questions).

Emerging probiotic applications in wildlife
The first probiotic applications in wildlife have been implemented to treat infectious diseases – for
example, the deadly white-nose syndrome (WNS), caused by the fungus Pseudogymnoascus
destructans, which threatens the survival of entire populations of bats in North America
[61,67,68]. The application of probiotics in this case has significantly reduced the severity of
WNS and increased the survival rate of brown bats (Myotis lucifugus) in both laboratory tests
[69] and field trials [16], making the use of probiotics one of the most promising solutions to
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Glossary
Alternative microbial-based
therapies: strategies that aim to
manipulate the microbiome communities
of an organism with the intention of
improving health, increasing
performance, preventing infection, or
re-establishing the homeostasis between
the host and its microbiome. Approaches
include the use of prebiotics, selective
antibiotics, bacteriophages,
small-molecule inhibitors, or microbiome
transplants, for example, [163]
(also known as ‘microbiome therapeutics’
or ‘microbiome engineering’).
‘No addition’ control group: control
treatment that includes a group of
subjects that receive no treatment or
intervention.
Placebo: the definition of ‘placebo’ in
human trials can include a non-drug/
treatment and includes psychological
aspects associated with the use of a
certain probiotic [162]. It can be
extrapolated to mimicking the delivery
procedure, which also includes the use
of the same delivery carrier.
Postbiotics: treatments involving
inanimate microorganisms and/or their
components to confer a health benefit to
the host [30]. These treatments are
normally prepared by autoclaving,
sonicating, or heat-inactivating microbial
cells.
Prebiotic: a substrate that is selectively
utilized by host microorganisms
conferring a health benefit [115].
Probiotics: live microorganisms that,
when administered in adequate
amounts, confer a health benefit to the
host [19].
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treat WNS. Further, probiotics have been successfully used in laboratory and field trials for honey
bees (Apis mellifera) infected with pathogens (e.g., Nosema ceranae, Serratia marcescens, or
Paenibacillus larvae). In all cases, the use of probiotics increased the survivorship of infected
bees [8,70–73]. Additionally, probiotics also protected bees from pesticides by improving their
immune response and detoxification system, increasing the number of survivors, and extending
their lifespans [74]. In amphibians, antagonistic microbes or coculture of symbiotic-associated
bacteria successfully inhibited the deadly cutaneous fungal pathogen Batrachochytrium
dendrobatidis [75] and increased the survivorship of boreal toads (Anaxyrus boreas) following in-
fection with the same B. dendrobatidis pathogen [76]. However, other studies targeting the same
disease in Panamanian golden frogs (Atelopus zeteki) [51] and yellow-leg frogs (Rana sierrae) [77]
did not detect positive effects of the probiotic application. This implies that probiotic efficiency
may vary according to the target host species, their resident microbiomes, probiotic selection,
and/or type of application. Despite the observed variation in success, bioaugmentation of bene-
ficial bacteria for frogs in their surrounding environment (soil) was shown to decrease the pres-
ence of the pathogen, suggesting the potential of inoculating probiotics in the environment as a
preventative measure against infections [78]. Similarly, a zoosporic (fungal) disease that has
caused havoc in European limnic ecosystems over the past century could also be potentially
treated using probiotics. The invasive fungal pathogen Aphanomyces astaci has decimated
wild stocks of the European noble crayfish Astacus astacus, a keystone species and ecosystem
engineer that is also an economically significant species [79]. In this particular case, the discovery
of inhibitory bacteria from the crayfish carapace not only provides a positive outlook for aquacul-
ture disease management but it may emerge as a probiotic strategy to help save Europe's wild
crayfish population [80].

Probiotic applications in wildlife can also improve the productivity and performance of host organ-
isms rather than targeting a specific infection. To date, such enhancing approaches have mostly
focused on plant species. For example, the addition of mycorrhizal fungi and/or endophytic bac-
teria can double root growth while reducing water requirements of Retama sphaerocarpa, a
drought-adapted legume [81] and also increased the growth of clover (Trifolium spp.) twofold
to fivefold in heavy-metal-polluted soil [82–84]. The isolation of microbiota from plants living in ex-
treme environments is another strategy that is actively explored to select probiotic or functional
candidates with desired functions [85,86]. For instance, bacterial isolates from various desert
plants increased salt stress tolerance when applied to the model plant species Arabidopsis
thaliana, illustrating the possible use of wildlife-sourced probiotics to increase agricultural produc-
tion and food security [87]. Another example showed that bacteria isolated from stress-tolerant
organisms colonizing extreme habitats such as lichens can be used to protect crops against abi-
otic stress [88], and have been successfully commercialized as stress-protecting agents (SPAs)
[89]. This strategy can also be applied to tree species, helping these important ecosystem engi-
neers to withstand the stresses of cold, drought, and heat in their natural habitat. This has been
currently applied in the form of a soil microbiome transplantation [90].

Probiotic applications aiming to improve the performance of strictly aquatic or marine organisms
present another challenge with respect to delivery and dilution effects in the aquatic habitat. To
date, most successful case studies of probiotic applications have been conducted in farmed
aquatic animals. For example, gilthead sea bream (Sparus aurata) larvae and fry reared with pro-
biotic addition by live food (rotifer and Artemia) showed increased survival and growth rates [91]
and stress tolerance [92]. Similarly, farmed bullfrog tadpoles (Lithobates catesbeianus) fed a diet
supplemented with selected autochthonous lactic acid bacteria responded with improved hema-
tological parameters, increased length and density of intestinal microvilli, and overall higher weight
gain [93]. Further, the addition of probiotic bacteria to fish feed can increase their fecundity while
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changing the gene expression of neuropeptide hormones and metabolic signals, as demon-
strated in the zebrafish (Danio rerio) model system [94]. Another example is the application of
probiotics to reef-building corals, which was initially established in the laboratory to mitigate the
effects of oil pollution [23]. More recently, the concept of microbiome restoration and rehabilitation
for corals [20,23,24,26,95–98] was followed by a specific framework [95] describing potential
beneficial microbial traits mainly aiming to enhance coral thermal resistance. A promising previous
example, where thermal resistance of a host was enhanced by the replacement of bacterial sym-
bionts, was provided for the pea aphid, an insect model organism [99,100]. The protective and
enhancing effect of several putative bacterial probiotics for corals was validated [20], which
was later expanded to a wide range of probiotic consortia beyond bacteria, including dinoflagel-
lates, filamentous fungi, and yeast [15,20,23,38,97,101,102]. Overall, corals treated with
probiotics experience higher growth rates, lower mortality following thermal stress, and overall
lower stress responses when exposed to combined stressors of heat and pathogen loads or
after exposure to a simulated oil spill [15,20,23,38,101–103].

The majority of these probiotic applications are still in developmental and undergoing laboratory
testing. Streamlining and standardization of study approaches across taxa promises to acceler-
ate these developments and bring them closer to real-world or large-scale application and,
hence, is one of the key foci of this review.

Challenges in developing and applying probiotics for wildlife
In many wildlife probiotic studies, the effects of the probiotic inocula can be confounded by other
factors due to the complexity of the host lifestyle and environment. In these cases, certain exper-
imental designs can be insufficient to control for potential nontarget and confounding effects,
leaving questions regarding administration, dosing, and efficacy unanswered. Despite the prom-
ising results of novel probiotic applications,many challenges still need to be addressed. Currently,
approaches, validation, and risk assessment strategies for emerging probiotic applications for
wildlife are not fully standardized. Discrepancies in study designs are particularly reflected in the
use of negative controls. The use of a placebo control has been common in insect, coral, and
amphibian studies [15,20,38,70–72,76,97,101,102]. However, ‘no addition’ control groups
and a combination of ‘no addition’ plus placebo have also been applied [8,23]. In the following,
we highlight why the validation should focus on applying inert negative controls, that is, a placebo.
Further, we advocate that the underlying mechanisms, colonization aspects, nontarget effects,
application strategies, and alternative microbial therapies should be explored in order to
advance the field.

Culturing, selecting, and assembling probiotics for wildlife
Isolation, cultivation, and the careful selection of promising probiotic candidates for application
are the first steps in any probiotic development protocol. Increasing culturability can certainly in-
crease the range of isolates that can be considered as probiotics [104]. For this reason, the focus
is typically on designing and utilizing specific modified culture media and applying more efficient
culturing tools to increase the recovery of potential probiotic candidates [104,105]. The screening
of probiotic candidates for specific traits is time-consuming and requires previous knowledge of
the causative agent or mechanism disrupting the health of the host (pathogen, pollutant, or other
metabolic stresses), which is not always known.

The use of microbial consortia is often desirable or recommended, as this may combine different
(and complementary) beneficial traits [106], increasing the chances that at least one of the se-
lected strains will promote recipient health [95]. The ideal approach is based on the bioaugmen-
tation of the native (beneficial) consortia by aiming to increase the probability that these members
4 Trends in Microbiology, Month 2023, Vol. xx, No. xx
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of the microbiome are retained under environmental changes and/or the presence of pathogens.
When designing probiotic consortia, growth-inhibition tests are recommended to ensure com-
patibility among the isolates. Moreover, it is important to highlight that, although some exogenous
probiotics may be eventually used, the use of native, commonly found bacteria, that have never
been associated with disease in any living organism, is highly recommended [14,49].

Identifying keystone species in themicrobiome, potentially symbiotic or responsible for health and
resilience, is another promising way to select probiotics. Native members of the host
‘beneficiome’ (i.e., microbes associated with healthy hosts) [26] come with the promise of sus-
tainable success as they tend to be more easily enriched in the recipients’ microbiomes
[26,35,98,107]. For instance, native bacteria of the mammalian gut and amphibian skin can be
safe and effective. Bovine tuberculosis can be reduced in wildlife and livestock using strains of
Pediococcus and Lactobacillus, isolated from European badgers, a natural reservoir of the dis-
ease agent, thanks to their antimicrobial and immunoregulatory activities [e.g., modulation of pro-
inflammatory markers NF-κB and interferon (IFN)] [107,108]; and native symbiotic amphibian skin
microbes can effectively mitigate fungal diseases [66]. Similarly, the bacterial seed endophyte,
Sphingomonas melonis, a native microbe in rice plants that is transmitted across generations,
confers pathogen resistance via the supply of anthranilic acid that interferes with gene-
regulatory mechanisms in the seed-borne pathogen Burkholderia plantarii and has been pro-
posed to protect crops from global disease threats [18]. With regard to the selection of desired
probiotic traits, the reef-building coral perspective has offered a comprehensive overview, includ-
ing universal traits that could possibly benefit other hosts, too: microorganisms that are able to
produce antioxidant molecules (e.g., catalases, superoxide dismutases) or synthesize compati-
ble solutes (e.g., betaines, floridoside, dimethylsulfoniopropionate) promise to help increase toler-
ance of reactive oxygen species (ROS); microbial production of mycosporine-like amino acids
and carotenoids can offer UV and photoprotection of hosts; and quorum quenching or
bacterivory can disrupt proliferation of opportunists and pathogens [24,95,109].

Validation of probiotic effects
Experimental design planning for probiotic studies is not straightforward, as microbiomes are
highly responsive and can be altered by small changes in environmental conditions, or due to
the addition of substrates or nutrients, which are often contained in the growth media of the
probiotics, or other compounds contained in carrier solutions. Another problem is that other con-
founding factors can potentially lead to nonspecific microbiome shifts and have consequences
for the holobiont, such as physiological responses of the hosts (e.g., growth rate, transcriptomic
or metabolomic shifts, photosynthetic capacity/yield), which will differ with the host genotype.
These caveats call for well-replicated and controlled study designs to differentiate between
probiotic-specific and confounding effects. Thus, the success of probiotics can be accurately de-
termined only if the efficacy in the treatment group can be disentangled from the effects of other
factors, especially those universal to most experiments, such as: (i) the physical treatment proce-
dure on its own, (ii) the delivery/carrier medium of the probiotic, (iii) the environment where the
treatments are performed, and (iv) the intrinsic variation of the individual subjects which are part
of the experiment. To minimize or eliminate the effects of any confounding variables [110], nega-
tive controls should be as inert as possible (Figure 1). Placebo control groupswere themost com-
monly utilized negative control across different wildlife studies [15,72,77], followed by ‘no
addition’ control group [23,73] (Table 1). A placebo treatment is an inert control that accounts
for the confounding factors that are universal for most experiments, while ‘no addition’ controls
include a group of subjects that receive no treatment at all. This means that such studies relying
on ’no addition’ controls cannot rule out the effect of the administration process (handling and
environment) and/or the carrier solution (if relevant).
Trends in Microbiology, Month 2023, Vol. xx, No. xx 5
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Figure 1. The importance of using inert negative controls to validate the effect of probiotics (or any other
microbial therapy). Negative controls should not introduce any confounding factor. Dead microbial cells (i.e., postbiotics)
or bacterial fractions (e.g., supernatants) contain bacterial cellular components that trigger specific biological responses.
Live and dead microbial cells, as well as fractions of microbial cells, of the same probiotic preparation can promote beneficial
traits through different mechanisms and are therefore different treatments, not inert negative controls. The validation of a pro-
biotic or other microbial therapy can be achieved when the treatment provides improvements in the measurable phenotypic/
health responses of the holobiont when compared with an inert control.
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In a few probiotic studies, inactivated probiotic cells have been utilized as the only ‘control’ treat-
ment [81,84]. This differs from an inert control/placebo, since dead microbial cells release bacte-
rial cellular components that have been consistently reported as triggers of specific biological
responses. In some cases, these compounds have been known to show similar, or even stron-
ger, effects than those promoted by living cells [111–113]. Also, the deactivation method of
cells is significant as this leads to the release of different types of cell components. For example,
when Gram-negative cells are lysed, they release components of their outer membrane, which
contains the endotoxin lipid A. This endotoxin is incredibly potent and will typically elicit a strong
immunological response, even if it is derived from a nonpathogenic bacterium. However, lipid A is
only released from lysed cells and represents one of the significant differences between live and
‘inactivated’ cells [114]. These effects are commonly referred to as ‘postbiotic’ effects.

Postbiotic effects and their underlying mechanisms of action
By definition, probiotics are live microorganisms; conversely, postbiotics are inactivated cells or mi-
crobial components that confer a health benefit to the respective host [30,115]. Responses pro-
moted by postbiotics have been widely reported in human and plant studies [111,115–125] in
which immunological and other bioactive effects of bacterial metabolites [111] or beneficial shifts
in the native microbiome [124] were the main mechanisms underlying health improvements.
Postbiotic bacterial components identified as triggers of biological responses and microbiome
shifts include lipopolysaccharides, lipoteichoic acids, peptidoglycans, and exopolysaccharides
[111,126–128]. Since the use of postbiotics does not fulfill the criterion for a negative control
(which implies a ‘blank’ treatment), they should be considered as another microbial therapy and,
exactly as probiotics, be compared with a placebo. Testing such alternative microbial treatments
can shed light on whether nonviable microorganisms or microbial cell extracts can also elicit a ben-
eficial effect. Indeed, it has been demonstrated that both live and dead cells of the same probiotic
preparation can promote beneficial traits, although this is often through different mechanisms. For
example, live cells can restructure the human gut microbiome and exert a host immune response,
whereas dead cells can trigger an anti-inflammatory response [117]. In fish aquaculture, the admin-
istration of dead cells (which resulted in a beneficial effect) alsomeasurably stimulated immunity; for
6 Trends in Microbiology, Month 2023, Vol. xx, No. xx
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Table 1. Summary of probiotic studies in wildlife, including details about the type of probiotic species administered, control treatments, and main effects on the host reporteda

Host Aim of probiotic application
(in case of diseases, details
on pathogen are given in
parenthesis)

Type of
probiotic
(details on the
use of single
species or
consortia are
provided in
parenthesis)

Probiotic species Probiotic
application

Type of control Effect of probiotic on
measured host variables:
(+) positive effect
(=) no difference between

ts
ve effect

Microbiome
changes

Refs

Mammal, bat
(Myotis lucifugus)

Treatment of white-nose
syndrome
(Pseudogymnoascus
destructans)

Bacteria
(single)

Pseudomonas fluorescens Topical
applica

sed survival
ed disease

NA [69]

Mammal, bat (M.
lucifugus)

Treatment of white-nose
syndrome (P. destructans)

Bacteria
(single)

P. fluorescens Topical
applica

sed survival NA [16]

Amphibian,
salamander
(Plethodon cinereus)

Treatment of chytridiomycosis
(Batrachochytrium
dendrobatidis)

Bacteria
(single)

Janthinobacterium lividum Adminis
in surro
environ

ed pathogen NA [78]

Amphibian,
panamanian golden
frog (Atelopus
zeteki)

Treatment of chytridiomycosis
(B. dendrobatidis)

Bacteria
(single)

Chryseobacterium sp., two
Pseudomonas spp. and
Stenotrophomonas sp.

Topical
applica

al
gen loads

No [51]

Amphibian, boreal
toad (Anaxyrus
boreas)

Treatment of chytridiomycosis
(B. dendrobatidis)

Bacteria
(single)

J. lividum Adminis
in surro
environ

sed survival NA [76]

Amphibian,
yellow-leg frog
(Rana sierrae)

Treatment of chytridiomycosis
(B. dendrobatidis)

Bacteria
(consortium)

P. fluorescens, Pedobacter
cryoconitis,
Chryseobacterium sp.,
Iodobacter sp.

Topical
applica

al
gen loads
ne modulation
kin defense

No [77]

Insect, honey bee
(Apis mellifera)

Treatment of American
foulbrood disease
(Paenibacillus larvae)

Bacteria
(consortium)

Lactobacillus plantarum,
Lactobacillus rhamnosus,
and Lactobacillus kunkeei

Ingestio sed survival
ed pathogen

ulation of immunity

Yes [8]

Insect, honey bee
(A. mellifera)

Treatment of nosemosis
(Nosema ceranae) and
intoxication (insecticide and
fungicide)

Bacteria and
yeast (single)

Saccharomyces cerevisiae,
Saccharomyces boulardii,
L. plantarum, Bacillus
pumilus, and Pediococcus
acidilactici

Ingestio sed survival
ed pathogen

ulation of
and
tion genes

No [74]

Insect, honey bee
(A. mellifera)

Treatment of nosemosis
(Nosema spp.) in field and
improvement of physiological
parameters in lab trials

Commercial
probiotic

Not specified (EM®
probiotic for bees)

Ingestio
adminis
in surro
environ

ed pathogen
he field
ed physiological
rs in lab
ed mortality in the

NA [70]

(continued on next page)
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Table 1. (continued)

Host Aim of probiotic application
(in case of diseases, details
on pathogen are given in
parenthesis)

Type of
probiotic
(details on the
use of single
species or
consortia are
provided in
parenthesis)

Probiotic species Probiotic
application

Type of control Effect of probiotic on
measured host variables:
(+) positive effect
(=) no difference between
treatments
(–) negative effect

Microbiome
changes

Refs

Insect, honey bee
(A. mellifera)

Treatment of nosemosis (N.
ceranae)

Bacteria
(commercial
probiotics,
single and
consortium)

Vetafarm® and Protexin®
single-strain (Enterococcus
faecium) and multistrain
(Lactobacillus acidophilus,
L. plantarum, L. rhamnosus,
Lactobacillus delbrueckii,
Bifidobacterium bifidum,
Streptococcus salivarius,
and E. faecium)

Ingestion Placebo (+) Increased survival
(+) Reduced pathogen
loads

NA [72]

Insect, honey bee
(A. mellifera)

Treatment of nosemosis (N.
ceranae)

Bacteria
(commercial
probiotic)

Protexin® (E. faecium) Ingestion No addition (+) Increased survival
(+) Reduced pathogen
loads

NA [73]

Insect, honey bee
(A. mellifera)

Bacteria
(consortium)

Snodgrassella alvi, Gilliamella
apicola, Bifidobacterium
asteroides, and Lactobacillus
nr.melliventris

Ingestion Placebo (+) Increased survival Yes [71]

Coral (Mussismilia
harttii)

Remediation of oil spills Bacteria
(consortium)

Bacillus rigui, Acinetobacter
calcoaceticus,
Bifidobacterium
catenulatus/indicus/cibi,
Bacillus aryabhattai,
Paracoccus homiensis,
Paracoccus
kamogawaensis,
Paracoccus marcusii,
Psychrobacter sp., Vibrio
alginolyticus, and
Pseudomonas stutzeri

Administration
in surrounding
environment

No addition (+) Increased
photosynthetic efficiency
(+) Increased calcification
biomarkers
(–) Increased lipid
peroxidation

Yes [23]

Coral (Acropora
tenuis and Platygyra
daedalea)

Assess feasibility of coral
microbiome manipulation in
early life stage

Bacteria
(consortium)

Acinetobacter,
Bacterioplanes,
Marinobacter, Paracoccus,
Pseudoalteromonas,
Pseudovibrio, and Vibrio

Administration
in surrounding
environment

Placebo NA Yes [97]

Coral (Pocillopora
damicornis)

Mitigation of heat
stress/bleaching combined
with pathogen challenge
(Vibrio coralliilyticus)

Bacteria
(consortium)

Five Pseudoalteromonas
spp., Halomonas
taeanensis, and Cobetia
marina

Topical
administration

Placebo (+) Increased
photosynthetic efficiency
(+) Reduced bleaching

Yes [20]

Coral (Acropora
millepora)

Mitigation of heat
stress/bleaching

Dinoflagellate
(single)

Durusdinium trenchii and
Cladocopium goreaui

Administration
in surrounding
environment

Placebo (+) Increased survival
(+) Reduced bleaching
(+) Increased
photosynthetic efficiency

NA [101]
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Coral (Mussismilia
hispida)

Mitigation of heat
stress/bleaching

Bacteria
(consortium)

Bacillus lehensis, Bacillus
oshimensis,
Brachybacterium
conglomeratum,
Planococcus rifietoensis,
and Salinivibrio sp.

Topical
administration

Placebo (+) Increased survival
(+) Increased
photosynthetic efficiency
(+) Upregulation and
downregulation of key
cellular processes
(+) Restructured
metabolome

Yes [15]

Coral (Millepora
alcicornis)

Remediation of oil spills Bacteria and
fungi
(consortium)

Halomonas aquamarina,
Pseudoalteromonas
shioyasakiensis, two C.
marina, Shewanella sp.,
Ochrobactrum anthropi,
Rhodotorula mucilaginosa,
Geotrichum sp., and
Penicillium citrinum

Administration
in surrounding
environment

Placebo (+) Increased
photosynthetic efficiency

Yes [38]

Coral (P.
damicornis)

Improvement of
physiological parameters

Bacteria
(consortium)

Yangia, Roseobacter,
Phytobacter, and Salinicola

Administration
in surrounding
environment

Placebo (+) Increased energy
reserves (protein, lipids,
and carbohydrates)
(+) Increased calcification
(=) Pigments and
photosynthetic efficiency

Yes [102]

Plant, clover
(Trifolium repens)

Increase of tolerance to
heavy-metal-polluted soil

Bacteria and
fungi (single
and
consortium)

Brevibacillus sp. and
Glomus mosseae

Administration
in surrounding
environment

Dead/denatured
cells

(+) Increased plant growth
(+) Increased arbuscular
mycorrhizal colonization
(+) Increased nutrient
acquisition
(+) Reduced metal uptake

NA [83]

Plant, legume
(Retama
sphaerocarpa)

Increase of drought
tolerance

Bacteria and
fungi (single
and
consortium)

Bacillus thuringiensis and
Glomus intraradices

Topical
application
and
administration
in surrounding
environment

Dead/denatured
cells

(+) Increased root growth
(+) Reduced water
requirement

NA [81]

Plant, clover (T.
repens)

Increase of tolerance to
heavy-metal-polluted soil

Bacteria and
fungi (single
and
consortium)

Bacillus cereus and G.
mosseae

Administration
in surrounding
environment

Dead/denatured
cells

(+) Increased plant growth
(+) Increased arbuscular
mycorrhizal colonization
(+) Increased nutrient
acquisition
(+) Increased antioxidant
activities
(+) Reduced metal
translocation

NA [82]

Plant, clover
(T. repens)

Increase of tolerance to
heavy-metal-polluted soil

Bacteria and
fungi (single
and
consortium)

B. cereus, Candida
parapsilosis, and G.
mosseae

Administration
in surrounding
environment

Dead/denatured
cells

(+) Increased plant
biomass
(+) Increased arbuscular
mycorrhizal colonization
(+) Increased pollutant
tolerance

NA [84]

aAbbreviation: NA, not applicable.
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example, a higher leukocyte count was found in the recipients [129]. Microbial debris and products
filtered from microbial cells have also been efficiently tested as a promising alternative microbial
therapy that does not rely on living cells [130]. The use of postbiotics instead of probiotics can
be attractive, for example, in terms of shelf-life and safety, especially considering immunocompro-
mised individuals [111,113,117]. However, the efficacy of each of these treatments is variable
[112,113] and could be a key component in the selection of the ‘best’microbial therapy. Therefore,
use of dead or live cells should be considered as two different paths of different microbial therapies
that will offer optimal outcomes that can be applied in different contexts/situations, depending on
the experimental goals, logistics, and expertise.

Accounting for nutritional benefits of probiotic cell administration
Gauging the mechanisms underlying probiotic effects (or other microbially mediated benefits) in
wildlife is challenging. In most agriculture and aquaculture production systems, diets are supplied
in excess, and probiotic supplements do not provide any significant nutritional benefit. By con-
trast, some authors argue that the supplementation of probiotics in other systems, such as corals,
introduces the possibility that observed benefits can also be attributed to a direct nutritional effect
[98]. For instance, while Morgans and collaborators [101] found an unequivocal benefit of inoculation
with a dinoflagellate probiotic candidate, the strain was not detected in the tissue of the recipient host
after inoculation. In this case, the placebo was insufficient to rule out the inoculated cells' nutritional
value or postbiotic effect. Therefore, whether the observed benefits could have resulted from a com-
bination of other specific confounding factors (Figure 1), including a nutritional benefit, induction/
restructuring of the associated microbiome, or a response induced by specific metabolites
(i.e., postbiotics) added with the inoculation, remains unresolved.

The density of probiotic cells applied in inoculations is an important factor that needs to be considered
to better understand whether a probiotic effect can be explained by its nutritional value. For example,
cell densities applied in inoculations of corals using dinoflagellates (3 × 104 to 1 × 106 cells/ml)
[101,131,132] exceed those reported from natural algal blooms [133] or implemented in coral feed-
ing experiments [134] by up to 1000-fold, hence projecting the possibility of a nutritional effect.
Prokaryotic probiotics, however, are used as single or few inoculations at densities below 1 ×
104 to 1 ×106 cells/ml [15,20,23,97,102], which is comparable with, or lower than, bacterial cell
densities in natural reef water [135]. These probiotic additions would be negligible from a nutritional
point of view. The possibility of a nutritional effect is likely even lower in field studies, in inherently
open systems, which will dilute the concentration of probiotics further.

Tracing the fate of probiotic cells
Colonization is not a requirement for probiotic efficiency [136,137] as microbes can also promote
health by triggering host immune responses and microbiome restructuring or through probiotic
effector molecules, including cell membrane proteins, polysaccharides, or bacterial metabolites
[15,136,137]. Indeed, the very fact that microbiomes are usually flexible in nature and can vary
depending on different environmental conditions and/or anthropogenic stressors – which has
been shown in coral transplantation experiments [138] – is also a premise for the use of probiotics
as a means to restore microbiomes [24]. Their tendency to return to their original assemblages
also supports probiotics' safety when administration or enrichment of probiotics cease [137]. De-
spite this eventual temporary nature, the improvements provided by the application of probiotics
can contribute to the survivorship of the recipients through stress events, retaining the biodiversity
until more permanent solutions are achieved [26,139].

When colonization is achieved (which may be more likely when native bacteria are used), at least
temporarily, the tracing of the uptake and retention of probiotics can provide additional insights
10 Trends in Microbiology, Month 2023, Vol. xx, No. xx
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into their beneficial activity and localization within the host. Diverse approaches have been
utilized for tracking probiotic cells within recipient microbiomes, with applications across var-
ious host types. For example, amplicon sequence techniques have been used to detect the
bacterial taxa that could have been transmitted or enriched in the recipient through the
microbiome transplant method for corals [33]. qPCR amplification methods have been
used to detect the antimicrobial activity of probiotic formulation in humans and for the quan-
tification of probiotics in poultry feed and gut [140,141]. Epifluorescence microscopy and
fluorescence in situ hybridization techniques have been utilized to visualize probiotic cells
[142]. Whether the colonization and/or effect of probiotics will be short-lived or persist for
the life of the individual needs to be investigated in long-term studies. Short-lived probiotic
activity would allow for applications where a short-term physiological gain is advantageous,
such as pathogen resistance during an outbreak or stress tolerance during exposure to en-
vironmental stress (e.g., acute heat waves or the presence of chronic local stressors). Micro-
organisms associated with corals might exert a direct or indirect influence on the phenotypic
response of the coral by modulating its epigenome [143]. Nevertheless, a persistent associ-
ation with probiotics or long-lasting effects through microbiome restructuring or epigenetic
changes [143] may also be desirable for long-term resistance to impacts. Future studies
should address this knowledge gap and establish suitable protocols for long-term tracking
of probiotics and their activity in wildlife.

Identifying the probiotic mechanisms of action
An ultimate verification of specific probiotic mechanisms of action lies in the use of gene-editing
technologies on probiotic cells or communities. For example, recombineering, deletion of
genes, or CRISPR-based systems [144] can be used to create functional knockouts that are
devoid of the production of a putatively active molecule. However, it is important to note that
beneficial effects may be multifactorial and, likely, one knockout treatment may only explain a
fraction of a whole beneficial effect. Nevertheless, this approach could be advantageous by
allowing for a systematic approach to understanding specific mechanisms. If a reduction in
the probiotic-driven protection correlates with the depletion of a specific mechanism, such a
trait could be considered to be, at least, one of the ‘probiotic factors’. Often, these efforts re-
quire previous foundational knowledge of the metabolic pathways involved and the tools to in-
activate them. Obtaining this information is often a challenging task, especially for nonmodel
organisms. In such cases, however, ‘omics’-based studies can effectively identify host tran-
scripts that are significantly upregulated and downregulated by probiotic inoculation and cor-
relate with health improvements, which can assist in tracking down mechanisms of action
[15] and identify promising new probiotic candidates [145]. Although the advancement of
deciphering mechanisms-of-actions of probiotics is challenging, these efforts are worthwhile
as they will help optimize probiotic applications.

Administration and scaling up production of probiotics for wildlife
In addition to optimizing the production at laboratory or industrial scales and the viability of
cells, the delivery method for probiotic administration [146] must be considered in product
development.

Probiotic administration strategies are contingent upon the host, its environment (aquatic or ter-
restrial when considering wildlife), and the treatment goal (e.g., amelioration or prevention of skin
disease in amphibians or enhancement of thermal tolerance in corals). So far, in most wildlife
studies, probiotics were applied directly as cell suspensions in the surrounding environment,
such as inocula in coral aquaria [15,20,102], mixed with food provided to tadpoles [93] and
bees [74], or directly on the host skin of amphibians [51,77] and bats [69]. Once a probiotic
Trends in Microbiology, Month 2023, Vol. xx, No. xx 11
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has been proven effective, research efforts should focus on the development of delivery strategies
that reduce its dispersion in the environment, ensure delivery, minimize effects on nontarget
organisms, and reduce costs that together can scale up probiotic applications to natural popula-
tions both on land and in the sea [24,49,147,148].

Depending on the nature of the probiotic action and the host, several strategies can improve the
successful delivery in natural populations, including probiotic encapsulation in live feed [148],
when ingestion is the best delivery strategy or immobilization for slow release of probiotics to the
environment. In fish aquaculture, early delivery at the larval stage through cell enrichment in the cul-
turing environment for pre-feeding larvae has been shown to increase the incorporation and reten-
tion success of the probiotic later on [149]. Hence, the time point of delivery (e.g., host life stage),
‘packaging’ of probiotics, and delivery method all deserve careful consideration.

Production and formulation of microbes at a large scale is another major challenge in probiotic de-
velopment, especially for nonmodel microorganisms [29]. Scaling up from laboratory production –

of the order of liters to hundreds of thousands of liters for industry-scale production – requires
optimization and standardization of growth protocols and specialized equipment and installations.
Preservation methods (e.g., freezing or lyophilization), which enable the proper storage and trans-
portation of cells without compromising their viability, are also important to consider. Ensuring cell
viability is therefore crucial not only during the large-scale production of probiotics but also for their
formulation and storage of products. Teaming up with industries and laboratories specialized in the
large-scale production and long-term preservation of probiotics, such as those commercialized for
human consumption, is, for example, an alternative to boost such development.

Safety
The logistics, speed, and costs of scaling-up probiotic usage are big emerging challenges in
the implementation of probiotics for wildlife. Another top priority is to minimize nontarget ef-
fects. A science-based framework was recently proposed to ensure the ethical and careful
stewardship of wildlife and environmental microbiomes, detailing necessary risk assessment
steps to guide such studies [14]. Briefly, these steps include an initial case-by-case assess-
ment and a preference for the bioaugmentation of native and/or commonly abundant probiotic
cells. Other crucial steps are the exclusion of any potential pathogens, the use of probiotic dos-
ages that are comparable with natural concentrations of these microorganisms, and the eval-
uation of potential risks versus the benefits of the use of probiotics for the target organism and
its environment [14].

Alternative microbe-based therapies
We highlight that expanding the tested approaches and testing alternative microbe-based
therapies, such as the use of prebiotics [150], postbiotics [124], or microbiome transplantation
[151,152], can also help advance the field. Microbiome transplantation, for instance, has long
been part of clinical routines and agricultural applications to treat diseases and enhance health,
productivity, and stress tolerance of humans and other organisms [22,153] and can be applied
long before ready-made probiotics are available and the microbial solutions to a given problem
are elucidated. It has been proposed as a tool for wildlife conservation [154], while the first exper-
imental trials have already been performed in corals and koalas [33,155]. Investigations of this
method can be used to expand our knowledge on probiotic microbes that are difficult to obtain
as pure cultures. Also, prebiotics, utilized as a strategy for the prevention of infectious disease
in the food production sector, for example, aquaculture [156], are slowly finding their way into
wildlife conservation and protection of critically endangered species, as recently exemplified in
the recommendation to use carotenoids for microbiome enhancement to modulate host
12 Trends in Microbiology, Month 2023, Vol. xx, No. xx
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resistance in the threatened Southern Corroboree frog species [157]. To experimentally validate
these alternative applications, the same recommendations apply, as outlined earlier. Exploring
such broader and less-targeted strategies of microbiome manipulation might reveal some of
them as suitable to advance our knowledge of microbe–host interactions, which may help opti-
mize probiotic and other methods and allow microbiome restoration, for example, in organisms
where microbiomes are complex and specific beneficial microbes are not yet identified [158].

A roadmap for studies of emergent probiotics for wildlife and alternative
microbe-based therapies
Based on the discussion and examples provided earlier, we suggest a basic and robust roadmap
(Figure 2) describing priorities and alternatives in the development of probiotics for wildlife, includ-
ing the optimization and scaling up delivery of probiotics and, where possible, elucidating their un-
derlying mechanisms, which should be helpful to boost future developments of probiotic
treatments for wildlife. We propose the following steps:
(1) Priority – culturing and selecting probiotics:
Strong efforts are needed to implement more cultivation-based approaches into microbiome re-
search as well as understanding of keystone species and their selection.
TrendsTrends inin Microbiology Microbiology 

Figure 2. Roadmap of challenges and opportunities in the development of probiotics for wildlife. Basic
requirements and opportunities to advance our knowledge and selection of probiotics for wildlife, as well as their
improvement and implementation. Additional experiments to explore alternative tools (i.e., postbiotics) and protective mech-
anisms (e.g., nutrition, postbiotic, probiotic) may increase our knowledge and improve the use of microbial-based therapies.
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Alternative – Testing alternative microbial therapies: Testing alternative microbe-based therapies, such
as the use of postbiotics ormicrobiome transplantation, can help to identify mechanisms of protection.
of probiotics for wildlife?
(2) Validating probiotic effects:

What is the best possible validation
practice (i.e., use of negative controls)
for probiotic studies?

What are the main challenges, and
what can we learn from established
An inert negative control (ideally a placebo) is essential for validating and quantifying probiotic ef-
fects on recipients, accounting for basic confounding effects related to handling procedures and
environment.
‘routine’ uses of probiotics and other
microbial therapies to accelerate
(3) Risk assessment:

applications for wildlife?

How can we increase our knowledge
of the mechanism(s) underlying
probiotic effects and use it to improve
Follow the science-based framework previously proposed, focused on using ethical guidelines,
excluding pathogens, optimizing probiotic dosage, prioritizing the bioaugmentation of common,
native microbial cells, and taking into account the risk of inaction [14,66]
the efficacy of probiotics?
(4) Priority – optimization and scaling
Investigations into range-finding for optimal dosages and carriers for probiotic inoculation should
be included in research agendas, including the search for low-cost solutions that are easy to ma-
nipulate and deploy at scale.

Alternative – Optimization through elucidation of mechanisms of action:

• The use of omics to pinpoint specific mechanisms of action, or experimenting with probiotic
homogenates [159], supernatants [160], or fractions of probiotic extracts [130].

• The use of functional knockin/out microbes (in comparison to their wild-type) and ‘omics’-
based surveys are also strongly encouraged for research purposes, particularly when the elu-
cidation of a specific probiotic mechanism is one of the research goals.

• Tracing probiotic enrichment, microbiome restructuring, mechanisms of protection and/or in-
corporation in the recipient organism can decipher between the need for probiotic colonization
or the presence of alternative probiotic effects (such as triggering immune responses, epige-
netic changes, or microbiome restructuring).

• The testing of additional treatments, such as exposure to dead cells (i.e., postbiotics) is encour-
aged, as in some cases they may represent an easier, safer, and still efficient alternative appli-
cation or help to elucidate mechanisms involved with microbial protection.

Insights on the mechanismwill eventually feed back into the optimization of the methods and help
in the design of administration strategies as well as scaling-up probiotic applications.

Concluding remarks
Probiotics are already contributing to performance and health improvements in different organ-
isms [6,7,21,44], including crops, livestock, aquaculture species, and humans. Currently, a grow-
ing research focus is the development of probiotics to help address ecological crises and
biodiversity losses, such as the degradation of agricultural lands or the decline of threatened spe-
cies including corals, amphibians, bees, and bats [8,14–16,20,48]. Taking probiotics from con-
trolled and relatively small-scale environments, such as agricultural fields, aquaculture facilities,
or human bodies, to native animal populations and ecosystems comes with new challenges
[161]. Among these, the spatial and temporal scales over which the probiotics need to provide
a benefit to host organisms, and the variable environmental conditions under which this needs
to be achieved, are some of the biggest hurdles. Hence, further knowledge is needed to fill current
14 Trends in Microbiology, Month 2023, Vol. xx, No. xx
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gaps in understanding the mechanism of action of probiotic candidates and how to best apply,
test, and track probiotics in nature [14]. Robust experiments that include a placebo control
group, which have successfully paved the way for effective probiotics used today by industry
and clinicians, are strongly recommended to detect the efficacy of emerging probiotic applica-
tions. Experimental use of knockin/out microbes (developed at the laboratory scale) and the com-
parison of promoted probiotic effects with their wild type, can, for example, support the
identification of specific probiotic mechanisms, accelerating and improving the selection of addi-
tional probiotic candidates. Furthermore, ‘omics’-based research can also contribute to the elu-
cidation of beneficial mechanisms without the use of genetic manipulation [6,15,106,109,145].
Similarly, protocols for the development of alternative microbial-based therapies that have been
tested for other better-studied organisms (e.g., humans and plants), such as microbiome trans-
plants and postbiotics (i.e., inactivated cells) [22,30,32,121,153], may aid the search for effective
and scalable microbial therapies to counter the current loss of biodiversity.

Acknowledgments
R.S.P. acknowledges funding from King Abdullah University of Science and Technology (KAUST) (grants FCC/1/1973-51-

01, URF/1/4723-01-01, BAS/1/1095-01-01). R.S.P., N.G-B., H.D.M.V., and F.C.G. acknowledge King Abdullah University

of Science and Technology Grant REI/1/4984-01-01. M.J.H.v.O. acknowledges Australian Research Council Laureate Fel-

lowship FL180100036. A.M.D. acknowledges Australian Research Council Discovery Project DP210100630. A.R. is funded

by the Helmholtz Institute for Functional Marine Biodiversity at the University of Oldenburg, Niedersachsen, Germany. HIFMB

is a collaboration between the Alfred-Wegener-Institute, Helmholtz-Center for Polar and Marine Research, and the Carl-von-

Ossietzky University Oldenburg, initially funded by the Ministry for Science and Culture of Lower Saxony and the Volkswagen

Foundation through the ‘Niedersächsisches Vorab’ grant program (grant number ZN3285). A.S.R. thanks KAUST Baseline

Grant (to A.S.R.) (BAS/1/1096-01-01). L.G. acknowledges funding from the Danish National Research Foundation

(DRFN137) and the Novo Nordisk Foundation (NNF20OC0064249). C.E.M. and B.T. would also like to thank theWorldQuant

Foundation, NASA (80NSSC22K0254), and the National Institutes of Health (R01AI151059, U01DA053941). C.R.V. ac-

knowledges funding from the University of Konstanz AFF funding, Project ‘Microbiology of host resilience (MORE)’, grant

number 15902919 FP 029/19, and the German Research Foundation (DFG) (grant 458901010). C.R.V. and R.S.P. acknowl-

edge funding from KAUST (OSR-2021-NTGC-4984).

Declaration of interests
No interests are declared.

References

1. Jaspers, C. et al. (2019) Resolving structure and function of

metaorganisms through a holistic framework combining reduc-
tionist and integrative approaches. Zoology 133, 81–87

2. Bosch, T.C.G. and McFall-Ngai, M.J. (2011) Metaorganisms as
the new frontier. Zoology 114, 185–190

3. Rohwer, F. et al. (2002) Diversity and distribution of coral-
associated bacteria. Mar. Ecol. Prog. Ser. 243, 1–10

4. Bang, C. et al. (2018) Metaorganisms in extreme environments: do
microbes play a role in organismal adaptation? Zoology 127, 1–19

5. Peixoto, R.S. et al. (2021) Advances in microbiome research for
animal health. Annu. Rev. Anim. Biosci. 9, 289–311

6. Berg, G. et al. (2021) Microbiome modulation – toward a better
understanding of plant microbiome response to microbial inoc-
ulants. Front. Microbiol. 12, 650610

7. Liu, A. et al. (2021) Adjunctive probiotics alleviates asthmatic
symptoms via modulating the gut microbiome and serum me-
tabolome. Microbiol. Spectr. 9, e0085921

8. Daisley, B.A. et al. (2020) Novel probiotic approach to counter
Paenibacillus larvae infection in honey bees. ISME J. 14,
476–491

9. Zachow, C. et al. (2013) Catch the best: novel screening strat-
egy to select stress protecting agents for crop plants. Agron-
omy 3, 794–815

10. Elsayed, T.R. et al. (2020) Biocontrol of bacterial wilt disease
through complex interaction between tomato plant, antago-
nists, the indigenous rhizosphere microbiota, and Ralstonia
solanacearum. Front. Microbiol. 10, 2835

11. Voolstra, C.R. and Ziegler, M. (2020) Adapting with microbial
help: microbiome flexibility facilitates rapid responses to envi-
ronmental change. BioEssays 42, e2000004

12. Leite, D.C.A. et al. (2018) Coral bacterial-core abundance and
network complexity as proxies for anthropogenic pollution.
Front. Microbiol. 9, 833

13. Prazeres, M. et al. (2017) Symbiosis and microbiome flexibility in
calcifying benthic foraminifera of the Great Barrier Reef.
Microbiome 5, 38

14. Peixoto, R.S. et al. (2022) Harnessing the microbiome to pre-
vent global biodiversity loss. Nat. Microbiol. 7, 1726–1735

15. Santoro, E.P. et al. (2021) Coral microbiome manipulation elicits
metabolic and genetic restructuring to mitigate heat stress and
evade mortality. Sci. Adv. 7, eabg3088

16. Hoyt, J.R. et al. (2019) Field trial of a probiotic bacteria to pro-
tect bats from white-nose syndrome. Sci. Rep. 9, 9158

17. Woodhams, D.C. et al. (2016) Managing amphibian disease
with skin microbiota. Trends Microbiol. 24, 161–164

18. Matsumoto, H. et al. (2021) Bacterial seed endophyte shapes
disease resistance in rice. Nat. Plants 7, 60–72

19. Hill, C. et al. (2014) Expert consensus document. The Interna-
tional Scientific Association for Probiotics and Prebiotics con-
sensus statement on the scope and appropriate use of the
term probiotic. Nat. Rev. Gastroenterol. Hepatol. 11, 506–514

20. Rosado, P.M. et al. (2019) Marine probiotics: increasing coral
resistance to bleaching through microbiome manipulation.
ISME J. 13, 921–936
Trends in Microbiology, Month 2023, Vol. xx, No. xx 15

http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0005
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0005
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0005
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0010
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0010
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0015
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0015
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0020
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0020
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0025
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0025
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0030
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0030
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0030
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0035
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0035
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0035
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0040
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0040
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0040
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0045
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0045
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0045
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0050
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0050
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0050
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0050
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0055
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0055
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0055
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0060
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0060
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0060
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0065
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0065
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0065
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0070
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0070
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0075
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0075
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0075
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0080
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0080
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0085
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0085
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0090
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0090
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0095
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0095
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0095
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0095
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0100
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0100
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0100
CellPress logo


Trends in Microbiology
OPEN ACCESS
21. Kumar, R. et al. (2020) Recent advancements in the develop-
ment of modern probiotics for restoring human gut microbiome
dysbiosis. Indian J. Microbiol. 60, 12–25

22. Daliri, E.B.-M. et al. (2018) Human microbiome restoration and
safety. Int. J. Med. Microbiol. 308, 487–497

23. Fragoso Ados Santos, H. et al. (2015) Impact of oil spills on
coral reefs can be reduced by bioremediation using probiotic
microbiota. Sci. Rep. 5, 18268

24. Peixoto, R.S. et al. (2021) Coral probiotics: premise, promise,
prospects. Annu. Rev. Anim. Biosci. 9, 265–288

25. Dungan, A.M. et al. (2022) Exploring microbiome engineering as
a strategy for improved thermal tolerance in Exaiptasia
diaphana. J. Appl. Microbiol. 32, 2940–2956

26. Peixoto, R.S. and Voolstra, C.R. (2023) The baseline is already
shifted: marine microbiome restoration and rehabilitation as es-
sential tools to mitigate ecosystem decline. Front. Mar. Sci. 10

27. Singh, Y. et al. (2019) Enriched environmental conditions modify
the gut microbiome composition and fecal markers of inflam-
mation in Parkinson’s Disease. Front. Neurosci. 13, 1218531

28. da Silva Fonseca, E. et al. (2018) The microbiome of eucalyptus
roots under different management conditions and its potential
for biological nitrogen fixation. Microb. Ecol. 75, 183–191

29. Figueroa-González, I. et al. (2011) Probiotics and prebiotics–
perspectives and challenges. J. Sci. Food Agric. 91,
1341–1348

30. Salminen, S. et al. (2021) The International Scientific Association
of Probiotics and Prebiotics (ISAPP) consensus statement on
the definition and scope of postbiotics. Nat. Rev. Gastroenterol.
Hepatol. 18, 649–667

31. Chen, J. et al. (2021) Stool banking for fecal microbiota trans-
plantation: methods and operations at a large stool bank.
Front. Cell. Infect. Microbiol. 11, 622949

32. Borody, T.J. and Khoruts, A. (2012) Fecal microbiota transplan-
tation and emerging applications. Nat. Rev. Gastroenterol.
Hepatol. 9, 88–96

33. Doering, T. et al. (2021) Towards enhancing coral heat toler-
ance: a ‘microbiome transplantation’ treatment using inocula-
tions of homogenized coral tissues. Microbiome 9, 102

34. FAO/WHO (2001) Food and Agriculture Organization of the
United Nations/World Health Organization Health and Nutri-
tional Properties of Probiotics in Food including Powder Milk
with Live Lactic Acid Bacteria. Published online October 1–4,
2001. http://pc.ilele.hk/public/pdf/20190225/
bd3689dfc2fd663bb36def1b672ce0a4.pdf

35. do Carmo, F.L. et al. (2011) Bacterial structure and characteri-
zation of plant growth promoting and oil degrading bacteria
from the rhizospheres of mangrove plants. J. Microbiol. 49,
535–543

36. Jesus, H.E. et al. (2015) Bioremediation in Antarctic soils. J. Pet.
Environ. Biotechnol. 6, 6

37. Berg, G. et al. (2020) Microbiome definition re-visited: old con-
cepts and new challenges. Microbiome 8, 103

38. Silva, D.P. et al. (2021) Multi-domain probiotic consortium as an
alternative to chemical remediation of oil spills at coral reefs and
adjacent sites. Microbiome 9, 118

39. Peixoto, R.S. et al. (2019) Customized medicine for corals.
Front. Mar. Sci. 6, 686

40. Tobias, J. et al. (2022) Bifidobacteriumlongum subsp. infantis
EVC001 administration is associated with a significant reduc-
tion in the incidence of necrotizing enterocolitis in very low
birth weight infants. J. Pediatr. 244, 64–71.e2

41. Tierney, B.T. et al. (2022) Functional response to a microbial
synbiotic in the gastrointestinal system of constipated children.
medRxiv Published online April 10, 2022. https://doi.org/10.
1101/2022.04.07.22273329

42. Saad, M.M. et al. (2020) Tailoring plant-associated microbial in-
oculants in agriculture: a roadmap for successful application.
J. Exp. Bot. 71, 3878–3901

43. Lambo,M.T. et al. (2021) The recent trend in the use of multistrain
probiotics in livestock production: an overview. Animals (Basel)
11, 2085

44. Pérez-Sánchez, T. et al. (2014) Probiotics in aquaculture: a cur-
rent assessment. Rev. Aquac. 6, 133–146

45. Hai, N.V. (2015) The use of probiotics in aquaculture. J. Appl.
Microbiol. 119, 917–935

46. D’Alvise, P.W. et al. (2012) Phaeobacter gallaeciensis reduces
Vibrio anguillarum in cultures of microalgae and rotifers, and
prevents vibriosis in cod larvae. PLoS One 7, e43996

47. Grotkjær, T. et al. (2016) Phaeobacter inhibens as probiotic
bacteria in non-axenic Artemia and algae cultures. Aquaculture
462, 64–69

48. Woodhams, D.C. et al. (2018) Prodigiosin, violacein, and volatile
organic compounds produced by widespread cutaneous bac-
teria of amphibians can inhibit two batrachochytrium fungal
pathogens. Microb. Ecol. 75, 1049–1062

49. McKenzie, V.J. et al. (2018) Probiotics as a tool for disease mit-
igation in wildlife: insights from food production and medicine.
Ann. N. Y. Acad. Sci. 1429, 18–30

50. Voolstra, C.R. et al. (2021) Extending the natural adaptive ca-
pacity of coral holobionts. Nat. Rev. Earth Environ. 2, 747–762

51. Becker, M.H. et al. (2015) Composition of symbiotic bacteria
predicts survival in Panamanian golden frogs infected with a le-
thal fungus. Proc. Biol. Sci. 282, 201428812

52. Knowlton, N. et al. (2021) Rebuilding Coral Reefs: a Decadal
Grand Challenge, International Coral Reef Society and Future
Earth Coasts

53. Pimm, S.L. et al. (2014) The biodiversity of species and their rates
of extinction, distribution, and protection. Science 344, 1246752

54. Habibullah, M.S. et al. (2022) Impact of climate change on bio-
diversity loss: global evidence. Environ. Sci. Pollut. Res. Int. 29,
1073–1086

55. Reaka-Kudla, M.L. (1997) The global biodiversity of coral reefs:
a comparison with rain forests. Biodivers. II Underst. Protecting
Biol. Resour. 2, 551

56. Kleypas, J. et al. (2021) Designing a blueprint for coral reef sur-
vival. Biol. Conserv. 257, 109107

57. Bindoff, N.L. et al. (2019) Changing ocean, marine ecosystems,
and dependent communities. In IPCC Special Report on the
Ocean and Cryosphere in a Changing Climate (Pörtner, H.-O.
et al., eds), pp. 477–587

58. Potts, S.G. et al. (2016) Safeguarding pollinators and their
values to human well-being. Nature 540, 220–229

59. Motta, E.V.S. et al. (2022) Prospects for probiotics in social
bees. Philos. Trans. R. Soc. Lond. B Biol. Sci. 377, 20210156

60. Koch, H. et al. (2022) Host and gut microbiomemodulate the an-
tiparasitic activity of nectar metabolites in a bumblebee pollinator.
Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 377, 20210162

61. Meierhofer, M.B. et al. (2021) Ten-year projection of white-nose
syndrome disease dynamics at the southern leading-edge of in-
fection in North America. Proc. Biol. Sci. 288, 20210719

62. Grupe 2nd, A.C. and Quandt, C.A. (2020) A growing pandemic:
a review of Nosema parasites in globally distributed domesti-
cated and native bees. PLoS Pathog. 16, e1008580

63. Celli, G. and Maccagnani, B. (2003) Honey bees as bioindicators
of environmental pollution. Bull. Insectol. 56, 137–139

64. Precht,W. (2021) Failure to respond to a coral disease epizootic in
Florida: causes and consequences. Rethink. Ecol. 6, 1–47

65. Shivanna, K.R. (2020) The Sixth Mass Extinction Crisis and its im-
pact on biodiversity and human welfare. Resonance 25, 93–109

66. Bletz, M.C. et al. (2013) Mitigating amphibian chytridiomycosis
with bioaugmentation: characteristics of effective probiotics and
strategies for their selection and use. Ecol. Lett. 16, 807–820

67. Warnecke, L. et al. (2012) Inoculation of bats with European
Geomyces destructans supports the novel pathogen hypothe-
sis for the origin of white-nose syndrome. Proc. Natl. Acad. Sci.
U. S. A. 109, 6999–7003

68. Marroquin, C.M. et al. (2017) Effect of humidity on development
of Pseudogymnoascus destructans, the causal agent of bat
white-nose syndrome. nena 24, 54–64

69. Cheng, T.L. et al. (2017) Efficacy of a probiotic bacterium to
treat bats affected by the disease white-nose syndrome.
J. Appl. Ecol. 54, 701–708

70. Tlak Gajger, I. et al. (2020) Effects on some therapeutical, bio-
chemical, and Immunological parameters of honey bee (Apis
mellifera) exposed to probiotic treatments, in field and labora-
tory conditions. Insects 11, 638

71. Powell, J.E. et al. (2021) Field-realistic tylosin exposure impacts
honey bee microbiota and pathogen susceptibility, which is
ameliorated by native gut probiotics. Microbiol. Spectr. 9,
e0010321
16 Trends in Microbiology, Month 2023, Vol. xx, No. xx

http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0105
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0105
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0105
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0110
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0110
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0115
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0115
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0115
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0120
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0120
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0125
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0125
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0125
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf4570
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf4570
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf4570
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0135
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0135
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0135
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0140
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0140
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0140
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0145
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0145
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0145
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0150
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0150
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0150
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0150
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0155
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0155
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0155
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0160
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0160
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0160
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0165
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0165
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0165
http://pc.ilele.hk/public/pdf/20190225/bd3689dfc2fd663bb36def1b672ce0a4.pdf
http://pc.ilele.hk/public/pdf/20190225/bd3689dfc2fd663bb36def1b672ce0a4.pdf
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0175
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0175
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0175
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0175
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0180
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0180
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0185
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0185
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0190
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0190
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0190
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0195
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0195
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0200
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0200
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0200
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0200
https://doi.org/10.1101/2022.04.07.22273329
https://doi.org/10.1101/2022.04.07.22273329
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0210
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0210
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0210
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0215
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0215
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0215
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0220
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0220
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0225
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0225
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0230
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0230
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0230
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0235
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0235
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0235
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0240
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0240
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0240
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0240
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0245
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0245
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0245
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0250
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0250
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0255
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0255
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0255
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0260
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0260
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0260
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0265
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0265
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0270
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0270
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0270
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0275
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0275
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0275
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0280
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0280
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0285
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0285
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0285
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0285
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0290
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0290
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0295
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0295
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0300
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0300
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0300
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0305
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0305
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0305
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0310
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0310
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0310
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0315
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0315
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0320
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0320
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0325
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0325
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0330
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0330
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0330
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0335
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0335
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0335
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0335
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0340
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0340
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0340
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0345
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0345
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0345
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0350
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0350
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0350
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0350
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0355
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0355
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0355
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0355
CellPress logo


Trends in Microbiology
OPEN ACCESS
72. Borges, D. et al. (2021) Effects of prebiotics and probiotics on
honey bees (apis mellifera) infected with the microsporidian par-
asite Nosema ceranae. Microorganisms 9, 481

73. Klassen, S.S. et al. (2021) Nosema ceranae infections in honey
bees (Apis mellifera) treated with pre/probiotics and impacts on
colonies in the field. Vet. Sci. 8, 107

74. Peghaire, E. et al. (2020) A Pediococcus strain to rescue honey-
bees by decreasing Nosema ceranae- and pesticide-induced
adverse effects. Pestic. Biochem. Physiol. 163, 138–146

75. Loudon, A.H. et al. (2014) Interactions between amphibians’
symbiotic bacteria cause the production of emergent anti-
fungal metabolites. Front. Microbiol. 5, 441

76. Kueneman, J.G. et al. (2016) Probiotic treatment restores pro-
tection against lethal fungal infection lost during amphibian cap-
tivity. Proc. Biol. Sci. 283, 201615532

77. Woodhams, D.C. et al. (2020) Probiotics modulate a novel am-
phibian skin defense peptide that is antifungal and facilitates
growth of antifungal bacteria. Microb. Ecol. 79, 192–202

78. Muletz, C.R. et al. (2012) Soil bioaugmentationwith amphibian cu-
taneous bacteria protects amphibian hosts from infection by
Batrachochytrium dendrobatidis. Biol. Conserv. 152, 119–126

79. Strand, D.A. et al. (2019) Monitoring a Norwegian freshwater
crayfish tragedy: eDNA snapshots of invasion, infection and ex-
tinction. J. Appl. Ecol. 56, 1661–1673

80. Orlić, K. et al. (2021) Cuticle-associated bacteria can inhibit
crayfish pathogen Aphanomyces astaci: Opening the perspec-
tive of biocontrol in astaciculture. Aquaculture 533, 736112

81. Marulanda, A. et al. (2006) An indigenous drought-tolerant
strain of Glomus intraradices associated with a native bacte-
rium improves water transport and root development in Retama
sphaerocarpa. Microb. Ecol. 52, 670–678

82. Azcón, R. et al. (2009) Antioxidant activities and metal acquisi-
tion in mycorrhizal plants growing in a heavy-metal
multicontaminated soil amended with treated lignocellulosic
agrowaste. Appl. Soil Ecol. 41, 168–177

83. Vivas, A. et al. (2003) Beneficial effects of indigenous Cd-
tolerant and Cd-sensitive Glomus mosseae associated
with a Cd-adapted strain of Brevibacillus sp. in improving
plant tolerance to Cd contamination. Appl. Soil Ecol. 24,
177–186

84. Azcón, R. et al. (2010) Arbuscular mycorrhizal fungi, Bacillus
cereus, and Candida parapsilosis from a multicontaminated
soil alleviate metal toxicity in plants. Microb. Ecol. 59,
668–677

85. Schultz, J. et al. (2023) Shedding light on the composition of ex-
treme microbial dark matter: alternative approaches for cultur-
ing extremophiles. Front. Microbiol. 14, 1167718

86. Nangle, S.N. et al. (2020) The case for biotech on Mars. Nat.
Biotechnol. 38, 401–407

87. Eida, A.A. et al. (2018) Desert plant bacteria reveal host influ-
ence and beneficial plant growth properties. PLoS One 13,
e0208223

88. Cernava, T. et al. (2015) A novel assay for the detection of bio-
active volatiles evaluated by screening of lichen-associated
bacteria. Front. Microbiol. 6, 398

89. Berg, G. et al. (2013) Next-generation bio-products sowing the
seeds of success for sustainable agriculture. Agronomy 3,
648–656

90. Allsup, C.M. et al. (2023) Shifting microbial communities can en-
hance tree tolerance to changing climates. Science 380,
835–840

91. Suzer, C. et al. (2008) Lactobacillus spp. bacteria as probiotics
in gilthead sea bream (Sparus aurata, L.) larvae: effects on
growth performance and digestive enzyme activities. Aquacul-
ture 280, 140–145

92. Rollo, A. et al. (2006) Live microbial feed supplement in aquacul-
ture for improvement of stress tolerance. Fish Physiol. Biochem.
32, 167–177

93. Pereira, S.A. et al. (2018) Tadpoles fed supplemented diet with
probiotic bacterium isolated from the intestinal tract of bullfrog
Lithobates catesbeianus: haematology, cell activity and electron
microscopy. Microb. Pathog. 114, 255–263

94. Gioacchini, G. et al. (2010) Increase of fecundity by probiotic
administration in zebrafish (Danio rerio). Reproduction 140,
953–959

95. Peixoto, R.S. et al. (2017) Beneficial Microorganisms for Corals
(BMC): Proposed Mechanisms for Coral Health and Resilience.
Front. Microbiol. 8, 341

96. Epstein, H.E. et al. (2019) Microbiome engineering: enhancing
climate resilience in corals. Front. Ecol. Environ. 17, 100–108

97. Damjanovic, K. et al. (2019) Experimental Inoculation of coral re-
cruits with marine bacteria indicates scope for microbiome ma-
nipulation in Acropora tenuis and Platygyra daedalea. Front.
Microbiol. 10, 1702

98. Doering, T. et al. (2023) Advancing coral microbiome manipula-
tion to build long-term climate resilience. Microbiol. Aust. 44,
36–40

99. Moran, N.A. and Yun, Y. (2015) Experimental replacement of an
obligate insect symbiont. Proc. Natl. Acad. Sci. U. S. A. 112,
2093–2096

100. Dunbar, H.E. et al. (2007) Aphid thermal tolerance is governed
by a point mutation in bacterial symbionts. PLoS Biol. 5, e96

101. Morgans, C.A. et al. (2020) Symbiodiniaceae probiotics for use
in bleaching recovery. Restor. Ecol. 28, 282–288

102. Zhang, Y. et al. (2021) Shifting themicrobiome of a coral holobiont
and improving host physiology by inoculation with a potentially
beneficial bacterial consortium. BMC Microbiol. 21, 130

103. Ushijima, B. et al. (2023) Chemical and genomic characteriza-
tion of a potential probiotic treatment for stony coral tissue
loss disease. Commun. Biol. 6, 248

104. Schultz, J. et al. (2022) Methods and strategies to uncover coral-
associated microbial dark matter. mSystems 7, e00367-22

105. Sweet, M. et al. (2021) Insights into the cultured bacterial frac-
tion of corals. mSystems 6, e0124920

106. Villela, H. et al. (2023) Genome analysis of a coral-associated
bacterial consortium highlights complementary hydrocarbon
degradation ability and other beneficial mechanisms for the
host. Sci. Rep. 13, 12273

107. Bravo, M. et al. (2022) Wildlife symbiotic bacteria are indicators
of the health status of the host and its ecosystem. Appl. Envi-
ron. Microbiol. 88, e0138521

108. Stedman, A. et al. (2020) Gut commensal bacteria show bene-
ficial properties as wildlife probiotics. Ann. N. Y. Acad. Sci.
1467, 112–132

109. Rosado, P.M. et al. (2023) Exploring the potential molecular
mechanisms of interactions between a probiotic consortium
and its coral host. mSystems 8, e0092122

110. Nielsen, B.B. and Raswant, A. (2018) The selection, use, and
reporting of control variables in international business research:
a review and recommendations. J. World Bus. 53, 958–968

111. Piqué, N. et al. (2019) Health benefits of heat-killed (tyndallized)
probiotics: an overview. Int. J. Mol. Sci. 20, 2534

112. Abd El-Ghany, W.A. et al. (2022) Comparative efficacy of
postbiotic, probiotic, and antibiotic against necrotic enteritis in
broiler chickens. Poult. Sci. 101, 101988

113. Zhang, T. et al. (2022) Stronger gut microbiome modulatory ef-
fects by postbiotics than probiotics in a mouse colitis model.
NPJ Sci. Food 6, 53

114. Dofferhoff, A.S. et al. (1991) Effects of different types and com-
binations of antimicrobial agents on endotoxin release from
gram-negative bacteria: an in vitro and in vivo study. Scand.
J. Infect. Dis. 23, 745–754

115. Gibson, G.R. et al. (2017) Expert consensus document: The In-
ternational Scientific Association for Probiotics and Prebiotics
(ISAPP) consensus statement on the definition and scope of
prebiotics. Nat. Rev. Gastroenterol. Hepatol. 14, 491–502

116. Deshpande, G. et al. (2018) para-probiotics for preterm neo-
nates – the next frontier. Nutrients 10, 871

117. Adams, C.A. (2010) The probiotic paradox: live and dead cells
are biological response modifiers. Nutr. Res. Rev. 23, 37–46

118. Aiba, Y. et al. (2017) Anti-Helicobacter pylori activity of non-
living, heat-killed form of lactobacilli including Lactobacillus
johnsonii No.1088. FEMS Microbiol. Lett. 364, fnx102

119. Hirose, Y. et al. (2006) Daily intake of heat-killed Lactobacillus
plantarum L-137 augments acquired immunity in healthy adults.
J. Nutr. 136, 3069–3073

120. Chen, C.-Y. et al. (2013) Enhancement of the immune response
against Salmonella infection of mice by heat-killed multispecies
combinations of lactic acid bacteria. J. Med. Microbiol. 62,
1657–1664
Trends in Microbiology, Month 2023, Vol. xx, No. xx 17

http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0360
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0360
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0360
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0365
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0365
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0365
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0370
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0370
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0370
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0375
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0375
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0375
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0380
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0380
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0380
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0385
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0385
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0385
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0390
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0390
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0390
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0395
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0395
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0395
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0400
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0400
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0400
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0405
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0405
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0405
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0405
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0410
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0410
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0410
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0410
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0415
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0415
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0415
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0415
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0415
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0420
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0420
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0420
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0420
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf5600
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf5600
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf5600
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0425
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0425
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0430
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0430
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0430
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0435
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0435
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0435
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0440
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0440
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0440
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0445
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0445
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0445
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0450
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0450
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0450
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0450
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0455
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0455
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0455
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0460
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0460
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0460
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0460
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0465
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0465
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0465
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0470
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0470
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0470
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0475
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0475
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0480
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0480
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0480
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0480
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0485
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0485
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0485
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0490
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0490
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0490
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0495
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0495
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0500
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0500
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0505
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0505
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0505
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0510
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0510
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0510
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0515
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0515
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0520
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0520
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0525
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0525
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0525
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0525
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0530
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0530
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0530
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0535
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0535
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0535
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0540
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0540
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0540
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0545
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0545
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0545
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0550
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0550
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0555
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0555
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0555
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0560
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0560
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0560
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0565
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0565
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0565
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0565
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0570
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0570
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0570
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0570
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0575
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0575
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0580
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0580
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0585
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0585
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0585
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0590
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0590
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0590
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0595
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0595
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0595
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0595
CellPress logo


Trends in Microbiology
OPEN ACCESS
121. Sugahara, H. et al. (2017) Differences between live and heat-
killed bifidobacteria in the regulation of immune function and
the intestinal environment. Benefic. Microbes 8, 463–472

122. Chauvière, G. (1992) Competitive exclusion of diarrheagenic
Escherichia coli (ETEC) from human enterocyte-like Caco-2
cells by heat-killed Lactobacillus. FEMS Microbiol. Lett. 91,
213–217

123. Ishikawa, H. et al. (2010) Oral administration of heat-killed Lac-
tobacillus plantarum strain b240 protected mice against Salmo-
nella enterica serovar Typhimurium. Biosci. Biotechnol.
Biochem. 74, 1338–1342

124. Nassal, D. et al. (2018) Effects of phosphorus-mobilizing bacteria
on tomato growth and soil microbial activity.Plant Soil 427, 17–37

125. Davani-Davari, D. et al. (2019) Prebiotics: definition, types,
sources, mechanisms, and clinical applications. Foods 8, 92

126. Taverniti, V. and Guglielmetti, S. (2011) The immunomodulatory
properties of probiotic microorganisms beyond their viability
(ghost probiotics: proposal of paraprobiotic concept). Genes
Nutr. 6, 261–274

127. Sarkar, A. and Mandal, S. (2016) Bifidobacteria – insight into
clinical outcomes and mechanisms of its probiotic action.
Microbiol. Res. 192, 159–171

128. Castro-Bravo, N. et al. (2018) Interactions of surface
exopolysaccharides from Bifidobacterium and Lactobacillus
within the intestinal environment. Front. Microbiol. 9, 2426

129. Irianto, A. and Austin, B. (2003) Use of dead probiotic cells to
control furunculosis in rainbow trout, Oncorhynchus mykiss
(Walbaum). J. Fish Dis. 26, 59–62

130. Ott, S.J. et al. (2017) Efficacy of sterile fecal filtrate transfer for
treating patients with Clostridium difficile infection. Gastroenter-
ology 152, 799–811.e7

131. Buerger, P. et al. (2020) Heat-evolved microalgal symbionts in-
crease coral bleaching tolerance. Science. Advances 6,
eaba2498–eaba2498

132. Chakravarti, L.J. et al. (2017) Rapid thermal adaptation in
photosymbionts of reef-building corals. Glob. Chang. Biol. 23,
4675–4688

133. Zhao, J. et al. (2008) Measuring natural phytoplankton fluores-
cence and biomass: a case study of algal bloom in the Pearl
River estuary. Mar. Pollut. Bull. 56, 1795–1801

134. Conlan, J.A. et al. (2019) Elucidating an optimal diet for captive
Acropora corals. Aquaculture 513, 734420

135. Gast, G.J. et al. (1998) Bacteria in coral reef water types:re-
moval of cells, stimulation of growth and mineralization. Mar.
Ecol. Prog. Ser. 167, 37–45

136. Lebeer, S. et al. (2018) Identification of probiotic effector mole-
cules: present state and future perspectives. Curr. Opin.
Biotechnol. 49, 217–223

137. Daisley, B.A. et al. (2023) Delivery mechanism can enhance
probiotic activity against honey bee pathogens. ISME J. 17,
1382–1395

138. Ziegler, M. et al. (2019) Coral bacterial community structure re-
sponds to environmental change in a host-specific manner.
Nat. Commun. 10, 3092

139. Voolstra, C.R. et al. (2023) Mitigating the ecological collapse of
coral reef ecosystems: effective strategies to preserve coral reef
ecosystems: Effective strategies to preserve coral reef ecosys-
tems. EMBO Rep. 24, e56826

140. Mezzasalma, V. et al. (2017) Orally administered multispecies
probiotic formulations to prevent uro-genital infections: a ran-
domized placebo-controlled pilot study. Arch. Gynecol. Obstet.
295, 163–172

141. Sattler, V.A. et al. (2014) Development of a strain-specific real-
time PCR assay for enumeration of a probiotic Lactobacillus
reuteri in chicken feed and intestine. PLoS One 9, e90208

142. Pasulka, A.L. et al. (2021) Visualization of probiotics via
epifluorescence microscopy and fluorescence in situ hybridiza-
tion (FISH). J. Microbiol. Methods 182, 106151

143. Barno, A.R. et al. (2021) Host under epigenetic control: a novel
perspective on the interaction between microorganisms and
corals. BioEssays 43, e2100068

144. Rubin, B.E. et al. (2022) Species- and site-specific genome editing in
complex bacterial communities. Nat. Microbiol. 7, 34–47

145. Rebollar, E.A. et al. (2016) Using ‘omics’ and integrated multi-
omics approaches to guide probiotic selection to mitigate
chytridiomycosis and other emerging infectious diseases.
Front. Microbiol. 7, 68

146. Goel, G., Kumar, A., eds (2020) Advances in Probiotics for
Sustainable Food and Medicine, Springer Nature

147. Thatcher, C. et al. (2021) Probiotics for coral aquaculture: chal-
lenges and considerations. Curr. Opin. Biotechnol. 73, 380–386

148. Assis, J.M. et al. (2020) Delivering beneficial microorganisms for
corals: rotifers as carriers of probiotic bacteria. Front. Microbiol.
11, 608506

149. Vine, N.G. et al. (2006) Probiotics in marine larviculture. FEMS
Microbiol. Rev. 30, 404–427

150. Pedersen, S.M.M. et al. (2010) The serum metabolite response
to diet intervention with probiotic acidified milk in irritable bowel
syndrome patients is indistinguishable from that of non-
probiotic acidified milk by 1H NMR-based metabonomic analy-
sis. Nutrients 2, 1141–1155

151. Foo, J.L. et al. (2017) Microbiome engineering: current applica-
tions and its future. Biotechnol. J. 12, 1600099

152. Leonardi, I. et al. (2020) Fungal trans-kingdom dynamics linked
to responsiveness to fecal microbiota transplantation (FMT)
therapy in ulcerative colitis. Cell Host Microbe 27, 823–829.e3

153. Jiang, G. et al. (2022) Exploring rhizo-microbiome transplants
as a tool for protective plant-microbiome manipulation. ISME
Commun. 2, 10

154. Guo, W. et al. (2020) Fecal microbiota transplantation provides
new insight into wildlife conservation. Glob. Ecol. Conserv. 24,
e01234

155. Blyton, M.D.J. et al. (2019) Faecal inoculations alter the gastro-
intestinal microbiome and allow dietary expansion in a wild spe-
cialist herbivore, the koala. Anim. Microbiome 1, 6

156. Carbone, D. and Faggio, C. (2016) Importance of prebiotics in
aquaculture as immunostimulants. Effects on immune system
of Sparus aurata and Dicentrarchus labrax. Fish Shellfish
Immunol. 54, 172–178

157. Edwards, C.L. et al. (2017) Dietary carotenoid supplementation
enhances the cutaneous bacterial communities of the critically
endangered southern Corroboree frog (Pseudophryne corrobo-
ree). Microb. Ecol. 73, 435–444

158. Blackall, L.L. et al. (2015) Coral-the world’s most diverse symbi-
otic ecosystem. Mol. Ecol. 24, 5330–5347

159. Kankaanpää, P. et al. (2003) Homogenates derived from probi-
otic bacteria provide down-regulatory signals for peripheral
blood mononuclear cells. Food Chem. 83, 269–277

160. Yu, H. et al. (2020) Environment-specific probiotic supernatants
modify the metabolic activity and survival of Streptococcus
mutans in vitro. Front. Microbiol. 11, 1447

161. Hirt, H. (2020) Healthy soils for healthy plants for healthy
humans: how beneficial microbes in the soil, food and gut are
interconnected and how agriculture can contribute to human
health. EMBO Rep. 21, e51069

162. Wager, T.D. and Atlas, L.Y. (2015) The neuroscience of placebo
effects: connecting context, learning and health. Nat. Rev.
Neurosci. 16, 403–418

163. Woo, A.Y.M. et al. (2023) Targeting the human gut microbiome
with small-molecule inhibitors. Nat. Rev. Chem. 7, 319–339
18 Trends in Microbiology, Month 2023, Vol. xx, No. xx

http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0600
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0600
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0600
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0605
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0605
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0605
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0605
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0610
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0610
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0610
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0610
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0615
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0615
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0620
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0620
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0625
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0625
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0625
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0625
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0630
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0630
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0630
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0635
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0635
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0635
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0640
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0640
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0640
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0645
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0645
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0645
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0650
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0650
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0650
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0655
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0655
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0655
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0660
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0660
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0660
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0665
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0665
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0670
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0670
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0670
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0675
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0675
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0675
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0680
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0680
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0680
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0685
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0685
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0685
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0690
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0690
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0690
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0690
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0695
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0695
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0695
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0695
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0700
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0700
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0700
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0705
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0705
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0705
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0710
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0710
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0710
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0715
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0715
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0720
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0720
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0720
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0720
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0725
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0725
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0730
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0730
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0735
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0735
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0735
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0740
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0740
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0745
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0745
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0745
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0745
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0745
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0750
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0750
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0755
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0755
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0755
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0760
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0760
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0760
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0765
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0765
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0765
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0770
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0770
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0770
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0775
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0775
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0775
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0775
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0780
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0780
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0780
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0780
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0785
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0785
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0790
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0790
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0790
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0795
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0795
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0795
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0800
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0800
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0800
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0800
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0805
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0805
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0805
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0810
http://refhub.elsevier.com/S0966-842X(23)00259-7/rf0810
CellPress logo

	Horizon scanning the application of probiotics for wildlife
	Probiotic interventions
	Emerging probiotic applications in wildlife
	Challenges in developing and applying probiotics for wildlife
	Culturing, selecting, and assembling probiotics for wildlife
	Validation of probiotic effects
	Postbiotic effects and their underlying mechanisms of action
	Accounting for nutritional benefits of probiotic cell administration
	Tracing the fate of probiotic cells
	Identifying the probiotic mechanisms of action
	Administration and scaling up production of probiotics for wildlife
	Safety
	Alternative microbe-based therapies

	A roadmap for studies of emergent probiotics for wildlife and alternative microbe-based therapies
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




