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ABSTRACT The microorganisms associated with an organism, the microbiome,
have a strong and wide impact in their host biology. In particular, the microbiome
modulates both the host defense responses and immunity, thus influencing the fate
of infections by pathogens. Indeed, this immune modulation and/or interaction with
pathogenic viruses can be essential to define the outcome of viral infections.
Understanding the interplay between the microbiome and pathogenic viruses opens
future venues to fight viral infections and enhance the efficacy of antiviral therapies.
An increasing number of researchers are focusing on microbiome-virus interactions,
studying diverse combinations of microbial communities, hosts, and pathogenic
viruses. Here, we aim to review these studies, providing an integrative overview of
the microbiome impact on viral infection across different pathosystems.
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In 1676, Antonie van Leeuwenhoek saw and described microbes for the first time
ever. Still, the study of microorganisms did not advance much until the late 1800s,

when Robert Koch and Louis Pasteur pointed at microbes as the cause of transmissible
diseases. Since then, microbes had only been associated with the negative impacts
they exerted on their host. This view started to change with the rise of the high-
throughput sequencing techniques during the past decades and the study of the
metagenome of microbial communities. Nowadays we know that all multicellular
organisms have an associated microbiota: a set of microorganisms living within/over
them and in their immediate surroundings. The term microbiome can allude to the
combined genetic material of the microbiota or refer to the microbiota and their thea-
ter of activity: microbial structures, metabolites, and their mobile genetic elements (1).

The microbiome is an important factor contributing to the hosts’ health (2). An
adequate microbiome is essential not only to keep the organism healthy but also for pro-
tecting it from other pathogens. When considering viral infections, the microbiome influen-
ces and is influenced by pathogenic viruses. These interactions can affect viral replication,
transmission, and the severity of disease (3). The importance of the role the microbiome
plays may vary depending on the host’s circumstances. For example, the impact of the
microbiome on providing a healthy status to the host would be especially relevant if exter-
nal factors reduce the host’s defenses (4). Importantly, the interplay between the micro-
biome and viral infections depends on the microbiome’s species composition and diversity.
This microbial composition is dynamic, changing over time depending on multiple factors:
the host species (5) and developmental stage (6), aging (7, 8), the particular organ within
the host (9, 10), the host immunity (11–13), diet (14, 15), geography (8, 16), infections with
other pathogens (17, 18), the host metabolic signaling pathways (19), or even circadian
rhythms (20). The microbe’s composition can also be altered due to microbial transfers
between humans, other animals, and the environment (21).
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When considering the effects of the microbiome, it is important to be aware of the
diversity of taxonomical groups that it might contain: bacteria, archaea, algae, viruses,
fungus, and other microeukaryotes. The compositions of these microbial communities
and their interactions are being studied in diverse organisms: from Homo sapiens (22),
Mus musculus (23), and Caenorhabditis elegans (24) to Arabidopsis thaliana (25).
Bacteria represent the most abundant microbial community in the microbiome. Thus,
not surprisingly, the bacteriome has been the best-studied component of the micro-
biome. However, the role of other species in the microbial community should not be
neglected: the impact of a microbe is not proportional to its abundance in the micro-
bial community. For example, the fungal microbiota, the mycobiome, is starting to be
considered an important component of many illnesses, having an influential role in
immune responses (26, 27). Other microbes, such as the algae, are also being consid-
ered members of the plant microbiome, as they seem to have important functions for
their host and are ubiquitous in plant tissues and in their immediate soil surroundings
(28). One of the components of the microbial community that has received less atten-
tion are viruses. However, a growing number of metatranscriptomic studies have iden-
tified enormous viral diversity and interaction within the microbiome (29–31). The virus
component of the microbiome, the virome, includes both the host’s endogenous retro-
viruses, viruses infecting host cells (persistently or acutely), and viruses infecting com-
ponents of the microbiome (32). The virome can play relevant roles for the host, as it
can modulate the immune system (33) or develop the same functions as an entire
community of bacteria: e.g., a murine norovirus has the capacity to support intestinal
homeostasis and shape mucosal immunity like commensal bacteria (34).

This review focuses in a particular role played by the microbiome: the modulation
of the host’s viral infections. Even though most viruses are not pathogenic (35), the
small fraction of pathogenic ones can cause severe diseases. Pathogenic viruses are
also responsible for big economic losses; they have a large negative impact on natural
and agricultural ecosystems. For these reasons, studying viral infections while consider-
ing the microbial diversity of organisms is highly relevant: integrated approaches that
protect both humans, other animals, and the environment in the fight against viruses
should be implemented. This approach is commonly known as “One Health” (https://
www.cdc.gov/onehealth/). The microbiome is a factor to consider to successfully
achieve a common optimal health (Fig. 1): the infectivity, symptomatology, and trans-
missibility of a virus can be influenced by its host’s microbiome. Furthermore, the
microbiome can also alter the efficacy of antiviral therapies. A growing body of
research is describing these phenomena by studying the microbial correlations with
infection phenotypes and/or the consequences of microbiota manipulation. In the
next sections, we will review this research and explore (i) how the microbiome can mit-
igate or enhance viral infections, (ii) the impact of the microbiome on antiviral treat-
ment and vaccine efficacy, and (iii) future directions in the study of the microbiome-
pathogenic virus interactions.

MICROBIOME MITIGATION OF VIRAL INFECTION
Humans and other animals. The current COVID-19 pandemic, caused by severe

acute respiratory syndrome coronavirus 2, has increased the awareness of the destruc-
tive potential that novel emerging pathogenic viruses might have. Nevertheless, the
danger of pathogenic viruses has been always there. Viruses cause millions of deaths
in the human population yearly as they are the cause of respiratory and diarrheal dis-
eases, 15% of cancers, and AIDS (36, 37). Viruses affecting farm and wild animals not
only can cause ecological and economical losses but also are potentially dangerous to
humans, as eventually they can eventually be transmitted to them and originate a zoo-
notic disease. Therefore, the mitigation of viral infections will reduce disease and
death, decrease perturbations of ecosystems, improve the well-being of other species,
and boost the economy.
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The microbiome might contribute to virus mitigation by enhancing host immunity
and reducing the rates of virus replication and infectivity. Kim et al. (38) studied the
impact of Staphylococcus epidermidis, a common human nasal commensal, on influ-
enza A virus (IAV) infections. Mice exposed to S. epidermidis suppressed the replication
of IAV in the nasal mucosa. This suppression prevented IAV spread to the lung and was
caused by the stimulation of interferon (IFN) innate immunity. The same pathway was
also activated by S. epidermidis in human cells (38). When facing respiratory syncytial
virus (RSV), mice supplemented with Lactobacillus showed an enhanced immune
response (39). The oral consumption of Lactobacillus paracasei improved the pulmo-
nary immune defense of mice, resulting in reduced susceptibility to RSV infection and
faster viral clearance. This effect was partially reproduced when peptidoglycans, a com-
ponent of the bacterial cell wall, were administered to mice (40). Ji et al. (41) provided
neonatal mice with a set of bacteria (Escherichia coli, Streptococcus thermophilus,
Bifidobacterium spp., and Lactobacillus spp.) that suppressed infection with RSV, pro-
tecting the host against the lung disease caused by the virus. This defense response
was associated with production of IFN-b in alveolar macrophages and the abundance
of Corynebacterium and Lactobacillus in the lungs. Stefan et al. (42) showed that mice
colonized with Bacteroides spp. can induce IFN-b through Toll-like receptor 4 (TLR4)
signaling, which enhances resistance to vesicular stomatitis virus Indiana and IAV. The
microbiome can also help in restoring host immunity after perturbation with chronic
viral infections. Rhesus macaques chronically infected with simian immunodeficiency
virus (SIV) showed an increased immune response when their microbiome composition
was changed after a fecal microbiota transplant (43).

The impact of the microbiome on pathogenic viruses can also be tested by studying
infection of hosts whose microbiome has been depleted with drugs (axenic). Bradley
et al. (44) studied the response of axenic mice to IAV, finding that the microbiota drives
an IFN response in the lungs that stops early IAV replication. Yitbarek et al. (45)
observed that axenic chickens showed a reduction of their immune response and
higher virus shedding after infection with IAV. When axenic chickens were supple-
mented with a combination of five Lactobacillus spp., their immune response was

FIG 1 The “One Health” approach seeks an optimal health status for people, animals, and the
environment. This goal is constantly threatened by existing and emerging viruses. The microbiome
can be a decisive factor to prevent and mitigate the impact of pathogenic viruses. Furthermore, the
microbiome can also enhance the effect of the current treatments available against viruses.
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restored and their virus shedding reduced. Figueroa et al. (46) studied ducks infected
with the highly pathogenic IAV strain H5N9. They observed that axenic ducks had an
increased viral replication and a reduction of the antiviral immune response in the
intestine. Yang et al. (47) showed that the mouse microbiome was necessary for pro-
tection against encephalomyocarditis virus: axenic mice had reduced mononuclear
phagocyte activation and type I IFN responses, which resulted in increased mortality
and neuropathogenesis for the host. Providing the axenic mice with a single bacterial
microbiome (Blautia coccoides) restored the macrophage activation and type I IFN
responses, diminishing virus replication. For chikungunya virus (CHIKV) infections, both
germfree and microbiome-depleted mice show an increased viral burden. Providing
those mice with Clostridium scindens reduced the viremia due to a restoration of type I
IFN responses (48).

Importantly, the microbiome not only could bolster the host response against a
pathogenic virus, but also could reduce the severity of the disease. Drosophila mela-
nogaster flies have a rapid mortality when infected with the RNA viruses cricket paraly-
sis virus, Drosophila C virus, and Flock House virus. However, Hedges et al. (49) found
that this mortality was significantly delayed and reduced when the flies hosted the
bacteria Wolbachia pipientis. Wang et al. (50) observed that Staphylococcus aureus,
which commonly colonizes the upper respiratory mucosa, significantly attenuates IAV-
mediated lung immune injury. Pigs with highly diverse microbiomes or hosting nonpa-
thogenic E. coli strains have an improved outcome after being infected with the por-
cine reproductive and respiratory syndrome virus (PRRSV) and porcine circovirus type
2 (PCV2) (51). Patin et al. (52) studied the microbiomes of humans and then challenged
them with norovirus. They compared the prechallenge microbiome of people with
symptoms of virus infection against that of people without symptoms. They found that
asymptomatic individuals had microbiomes enriched with Bacteroidetes spp. and
depleted in Clostridia spp. In an experiment with microbiome-depleted hosts, Yaron et
al. (53) inoculated axenic mice with murine gammaherpesvirus 68 (MHV-68). These
mice had a lower survival rate than the control group. Together, all of these studies
exemplify how the microbiome can contribute to the mitigation of the severity of viral
infection and even reduce its mortality.

Vectors of viruses. Arboviruses are transmitted from one host species to another
with the help of vectors. The vectors’ microbiome may alter their competence for
acquiring and transmitting viruses. This not only will reduce the infection intensity in
the vector population, but also will minimize the incidence of the virus on the suscepti-
ble hosts interacting with the vector. One of the main vectors for viruses infecting
humans are mosquitoes. These insects transmit dangerous arboviruses, whose trans-
mission can be enhanced or suppressed by the mosquitoes’microbiome (54). The mos-
quito Aedes aegypti is a vector for multiple viruses, including the flaviviruses dengue vi-
rus (DENV) and Zika virus (ZIKV). Carlson et al. (55) used Bacillus thuringiensis or
Enterobacter ludwigii to feed A. aegypti in three combinations: exposing the mosqui-
toes to the bacteria only during larval stage, only as adults, or in both stages. They
found that exposure to B. thuringiensis did not affect either the DENV or the ZIKV infec-
tion intensity. In contrast, mosquitoes exposed to E. ludwigii only during their larval
stage showed a reduced intensity of infection by DENV. For ZIKV, the opposite was
observed: mosquitoes exposed to this enterobacterium in their larval and adult stages
showed increased ZIKV infection. A recent study observed that the exposure of larvae
to different bacteria influences adult competence for virus transmission (56). The effect
of the microbiome on virus transmission may be dependent on the interacting species.
For example, hosting the protozoan parasite Ascogregarina culicis does not alter the
DENV dissemination rate by A. aegypti (57). Studying mice with an altered microbiome,
Winkler et al. (48) found that providing mice with the bacterium C. scindens not only
limited the CHIKV infection but also prevented the transmission to a mosquito vector.

The microbial mitigation of virus transmission has led to the development of micro-
biome-based approaches to reduce the impact of vector-borne viruses. The bacterium
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W. pipientis is now being artificially and stably introduced into A. aegypti to reduce the
transmission of the several viruses vectored by the mosquito. This intervention will
reduce the outbreak of, e.g., DENV or ZIKV (58). The microbiome approach may also be
effective in preventing the spread of plant diseases. The planthopper Nilaparvata
lugens is a pest that transmits rice ragged stunt virus (RRSV) to different cultivars, caus-
ing catastrophic crop losses. Gong et al. (59) introduced Wolbachia strain wStri into N.
lugens, resulting in reduced infection and transmission of RRSV and less severe symp-
toms in infected plants.

Plants. Plant viruses have a tremendous impact on wild ecosystem and agro-ecosys-
tem stability and function, causing major economic losses and endangering the food secu-
rity of human populations (60). Unsurprisingly, the plant’s microbiome also plays a key role
in plant health (61, 62). Depending on its location, the plant microbiome varies, and it can
be classified as rhizosphere (underground plant’s immediate surroundings), phyllosphere
(aerial plant’s immediate surroundings) and endosphere (within the plant tissues) (63).
Upon pathogen or insect attack, plants are able to recruit protective microorganisms and
enhance microbial activity to suppress pathogens in the rhizosphere (64). The plant micro-
biome can expand its immunity, acting as a defensive layer against pathogens: the micro-
biome can mitigate the impact of pathogens thanks to direct interactions with them or by
priming the plant’s defensive response (65).

The impact of the plant microbiome on infectious disease has been extensively
studied for nonviral diseases (66, 67). Concerning viruses, Safari et al. (68) showed that
jalapeño pepper plants that were asymptomatically and persistently infected with pep-
per cryptic virus 1 were less attractive to aphids. As aphids are usually vectors of patho-
genic plant viruses, the reduction of interactions with them minimizes the risk of the
plant infections. Bonanomi et al. (69) described an association of the abundance of
some soil microbiota and infection with tomato spotted wilt virus (TSWV). In particular,
there was a negative correlation between the abundance of Acremonium fungi and
bacteria (Actinobacteria spp., Pseudomonas spp., and Agrobacterium spp.) and TSWV
rates of infection and severity of disease.

There is a promising future in microbiome-based interventions to improve plants’
defense against virus. This possibility has been shown for other pathogens. Inoculation
of germinating plants with a native bacterial consortium significantly attenuates the
plants’ mortality against bacterial and fungal pathogens (70). Transplantation of rhizo-
sphere microbiota from resistant plants suppressed fungal disease symptoms in sus-
ceptible plants (71).

Species conservation. Species face multiple threats that can reduce their popula-
tion size. One of these threats is infectious disease, which is possibly a main factor in
extinction risk (72). Therefore, conveniently modifying the microbiome of an endan-
gered species could help to preserve it by enhancing its health. There are calls for rais-
ing awareness of the importance of the microbiome in the conservation of species
(73). For example, canine distemper virus (CDV) has caused a decline in the population
of many wildlife species. Zhao et al. (74) studied CDV-infected and healthy giant pan-
das and observed that CDV-infected individuals had their gut bacterial composition
strongly altered.

In some cases, a pathogenic virus is not the main cause of a species decline, but it is
a factor contributing to it. This is the case of the worldwide population of Apis melifera,
whose decline is mainly driven by habitat loss, pesticides, and several pathogens (75,
76), including deformed wing virus. As the microbiome shapes the innate immunity of
the bees (77), the bees’ microbe composition could be modulated to mitigate viral
infections (78, 79) and therefore reduce the decline of the population caused by viral
diseases.

MICROBIOME-MEDIATED ENHANCEMENT OF VIRAL INFECTIONS

The host microbiome can enhance pathogen infection by modifying the within-
host environment interacting with the pathogen or driving the pathogen (80). In the
case of pathogenic viruses, some microbiomes are associated with higher susceptibility

Minireview ®

November/December 2021 Volume 12 Issue 6 e02496-21 mbio.asm.org 5

https://mbio.asm.org


to infection. McClelland et al. (81) found a correlation between higher viral infection
susceptibility and the microbiome: women that had an increased risk of human immu-
nodeficiency virus type 1 (HIV-1) acquisition had microbiomes with a high bacterial di-
versity and dominated by the presence of Mycoplasma spp., Prevotella bivia, Prevotella
melaninogenica, Sneathia sanguinegens, and Veillonella montpellierensis.

In some cases, a certain microbiome can be essential for a virus to infect its host.
Jones et al. (82) showed that human norovirus needs Enterobacteria spp. to successfully
infect B cells, as this bacterium aids in the attachment of the virus to the host cell.
Norovirus infection in mice requires the microbiota to be persistent (83): mice with a
depleted microbiome prevented persistent norovirus infection. This happens as the
microbiota suppresses IFN-l expression, enabling efficient viral persistence. Jones et
al. (82) also studied the effect of Enterobacteria spp. on murine norovirus, finding that
for this virus, the presence of the bacterium is not a requirement for successful host
infection. However, the microbiome does have a positive effect on the murine norovi-
rus, as this virus shows a reduced replication in axenic mice. This exemplifies (i) how
the microbiome may have different effects on virus infection, depending on the host,
and (ii) how the microbiome may not be necessary for an infection to happen,
although it can affect the interaction of the virus with the host: the microbiome may
regulate important phenotypes of the pathogen in terms of the degree of virus replica-
tion or transmission. There are other pathosystems in which an effect of the micro-
biome on virus replication and transmission was observed. Axenic mice did not trans-
mit the mouse mammary tumor virus (MMTV) to their offspring. Reconstitution of the
mouse bacterial community restored MMTV transmission. This seems to happen as
MMTV binds bacterial lipopolysaccharides to trigger Toll-like receptor 4, inducing an
immune evasion pathway by producing inhibitory cytokine IL-10 (84, 85). Gulraiz et al.
(86) showed that, in human bronchial epithelial cells, Haemophilus influenzae increases
the expression of a receptor used by human rhinoviruses. This results in an enhanced
virus replication and inflammatory response to RSV. In the case of poliovirus (PV), the
virions’ stability and capacity to attach to host cells are enhanced when the virus binds
to bacterial surface polysaccharides. This increase in stability and receptor affinity sug-
gests that the microbiome may also increase PV replication and transmission (87, 88).
Likewise, the interaction with bacterial envelope components also enhances reovirus
thermostability. The enhanced virion tolerance to temperature being due to the inter-
action of intermediate reovirus particle with bacterial lipopolysaccharides and peptido-
glycans (89).

In some cases, the microbiome could also increase the symptomatology or the con-
sequences of viral infection. For example, human papillomavirus (HPV) can cause cervi-
cal intraepithelial neoplasia, which could lead to cervical cancer. Oh et al. (90) found a
positive association between cervical intraepithelial neoplasia incidence in people
infected with HPV and a high prevalence of Atopobium vaginae in the cervical micro-
biome. De Steenhuijsen Piters et al. (91) found an association between nasopharyngeal
microbiota dominated by H. influenzae and Streptococcus spp. and enhanced disease
severity caused by RSV. Ramani et al. (92) found an association between the relative
abundance of Enterobacter spp./Klebsiella spp. in mothers’ milk and human rotavirus
(HRV)-induced gastrointestinal symptoms in newborns. Axenic chickens infected with
Marek’s disease virus had more severe disease (93). Similar enhancements can happen
in plants, as plants persistently infected with Southern tomato virus develop stronger
symptoms when infected with pathogenic viruses, such as cucumber mosaic and pe-
pino mosaic viruses (94).

MICROBIOME INTERACTIONWITH ANTIVIRAL THERAPEUTICS

To treat or prevent viral infections, we mainly rely on two interventions: antiviral
drugs and vaccines. The effect of antiviral drugs could require the microbiota or be
enhanced using microbiome interventions, as the microbiome can affect the degree of
efficacy and toxicity of the drug along with drug metabolization (95–98). Some studies
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point to a possible microbiome-dependent action for some antivirals. For example,
women’s vaginal microbiome dysbiosis reduces the efficacy of an antiviral drug against
HIV-1 (99). In mice, the peptides Serp-1 and S-7 reduce the pulmonary pathology
caused by MHV-68. This disease severity mitigation is partially decreased in micro-
biome-depleted mice (48). The drug-microbiome interaction flows both ways, since
drugs can alter the microbiome’s composition (100).

Despite the usefulness of vaccines to fight viral infections, the efficacy of a vaccine
is highly variable among individuals within a population. The variability in the protec-
tive immunity conferred by a vaccine is caused by many factors. One of these factors
seems to be the microbiome differences among individuals (101, 102). A growing num-
ber of studies suggest that the microbiome can modulate immune responses induced
by vaccines (103, 104). Huda et al. (105) studied infants’ microbiomes to evaluate how
their microbiome composition influenced the response to oral PV and hepatitis B virus
vaccines. They found that Actinobacteria species prevalence may increase the vaccine
response, while Enterobacteriales, Pseudomonadales, and Clostridiales were associated
with lower response to the aforementioned vaccines. Hagan et al. (106) showed that
differences in the microbiome can alter the responses of humans vaccinated against
IAV. In this study, subjects vaccinated with the trivalent inactivated IAV had a reduced
IgG1 and IgA response. This reduction was significant only in subjects with low base-
line levels of neutralizing antibodies who were vaccinated against the H1N1 strain. In
another study, Fix et al. (107) found that the infants who responded to HRV vaccination
tended to have higher abundance of Proteobacteria spp. and Eggerthella spp., but the
differences found in this study were not statistically significant. Therefore, the impact
of the microbiome on the HRV vaccination can be limited or influenced by other fac-
tors. Other associations have been established between the microbiome of an orga-
nism and the organism’s response to vaccines. Kandasamy et al. (108) evaluated the
effect of an attenuated HRV vaccine on piglets colonized with Lactobacillus rhamnosus
and Bifidobacterium animalis. After being challenged with HRV, the cocolonized ani-
mals showed an enhanced intestinal HRV IgA antibody titer and a decrease in reduced
HRV shedding. Sui et al. (109) pointed to a positive correlation between the micro-
biome composition and the immunization induced by the SIV vaccine. A descriptive
study of rhesus macaques’ response to HIV-1 vaccine depending on their microbiome
found that the macaques’ rectal microbiome composition correlated with the antibody
response generated by the HIV-1 vaccine: Lactobacillus species abundance had a
strong association with higher IgA levels (110). Musich et al. (111) vaccinated rhesus
macaques and then challenged them with SIV. Their results suggest the impact of the
rectal microbiome on the immune response induced by vaccine varied between males
and females. Furthermore, they observed a correlation between the presence of
Proteobacteriales, Epsilonproteobacteriales, and Campylobacterales and a decrease in
the peak viral load in vaccinated females. Importantly, the vaccine-microbiome interac-
tion occurred both ways as the immunization also induced changes in the composition
of the macaque’s rectal microbiome. In pigs, the microbiome was found to be associ-
ated with PRRSV vaccine efficacy in animals challenged with PRRSV and PCV2. In addi-
tion, the microbiome composition after vaccination was a determinant of the animal
growth rate (112).

Lynn et al. (113) studied the effect of antibiotic-driven dysregulation of the gut
microbiota in mice. They observed that infants with dysregulated microbiome had an
impairment in antibody responses to five different adjuvanted and live vaccines. The
antibody response was normal when vaccines were applied to dysbiotic adults. Harris
et al. (114) studied the effect of the microbiome by using antibiotics to deplete it. They
established three groups of humans: a placebo group, a narrow-spectrum antibiotic
group, and a broad-spectrum antibiotic group. After 36 h, the three groups received
the pneumococcus, tetanus, and HRV vaccines. The immune response of the pneumo-
coccus and tetanus vaccines was not altered by the antibiotic treatment. For the HRV
vaccine, they observed that the group treated with the narrow-spectrum antibiotic
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had a higher IgA boosting. This increase in the secondary immune response correlates
with an expansion of the Proteobacteria spp. in the microbiome. These results confirm
that the composition of the microbiome correlates with the response to the HRV vac-
cine, as previously shown (115, 116). Chickens vaccinated with avian influenza virus
showed an increased response to the vaccine if the individuals were previously supple-
mented with five Lactobacillus spp. In comparation with chickens treated with antibiot-
ics, the chickens with a modified microbiome had higher IgM, IgG, and IFN-g levels
(117). There may be multiple vaccines for which the microbiome has no influence. Oh
et al. (118) observed an interaction between the microbiome and the trivalent inacti-
vated IAV vaccine. In their study, axenic mice had impaired plasma cell and antibody
responses to the IAV vaccination. However, the authors did not observe an effect of
antibiotics on the antibody response generated by tetanus-diphtheria-pertussis vac-
cine and live attenuated yellow fever vaccine.

In summary, the effect of certain therapeutics can be altered by the microbiome.
This effect seems to be specific to the microbiota and the therapy. Therefore, in some
cases, microbiome interventions could be useful to maximize the viral immunity pro-
vided by therapeutic interventions.

FUTURE PERSPECTIVES

The impact that a given microbiome has on pathogenic viruses may depend on the
environment, host and virus genetics, and other factors. However, there is enough evi-
dence to affirm that some microbiomes can enhance or mitigate viral infections in
hosts from different life kingdoms. As this field expands, more microbes that have an
effect on viral infections will be discovered.

Future research will shed light on the mechanism behind the interaction between
microbes and pathogenic viruses and the specificity of the interaction. It will be impor-
tant to study not only the impact of specific microbes alone, but also the interaction of
viruses with complex microbial communities. The variation in the composition of
microbiomes may result in epistatic effects on viral infections, whereas microbes that
do not have any effect on pathogenic viruses by themselves may be able to mitigate
viruses in the presence of other microbes. It will be necessary to characterize the uni-
versality of the impact of specific microbiota: (i) the effect of a specific microbiome on
one virus might not be the same for other virus strain or species, and (ii) the relation-
ship between the microbiome and virus infections could be unique at the host species
level (119). Furthermore, future studies involving microbiota manipulation should cor-
roborate associations found in descriptive studies. Altogether, this very much needed
research will expand the knowledge about the beneficial microbes, their means of
action, and the conditions under which this mitigation occurs. This information is key
to engineering microbial communities aimed at reducing the impact of pathogenic
viruses. Therapeutic approaches to fight viral infections should include the modulation
of the microbiome (120). As an example of the power of these interventions, the recon-
stitution of the wild-like mouse microbiome into laboratory mice improved the out-
come of viral infection of laboratory mice: microbiome-reconstituted mice survived
otherwise lethal infection with IAV (121). There are interventions already under way
aiming to restore the aged microbiome to boost host immunity (122) or improvements
in soil management to drive microbiome composition and therefore reduce the inci-
dence of plant viruses (69). The modulation of the microbiome may also help to pre-
vent secondary infections, as viral infections disrupt microbiome composition, and this
dysbiosis facilitates the infection of other pathogens (123). The implementation of
microbiome-based interventions will have a higher impact when the microbiome-
mediated mitigation is maintained over time. Kloock et al. (124) showed that C. elegans
maintained a microbe that conferred protection against bacterial infection even when
the bacterial pathogen was absent. New approaches can facilitate the formation of
dynamically stable and ecologically resilient microbial communities (125).
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Finally, the microbiome could be used not only for altering the viral infection out-
come, but also for driving the evolution of the virus. Ford et al. (126) showed that the
presence of Enterococcus faecalis in the host microbiome drove the evolution of a bac-
terial pathogen toward reduced virulence. Following the idea of redirecting virus evo-
lution toward less pathogenic strains (127), the microbiome could be used to drive the
virus’s evolution for the host’s benefit: it could be possible to evolve the host’s
microbes in order to get them to mitigate viral infections. It has been experimentally
shown that microbes can evolve into a beneficial relationship with their host when fac-
ing a pathogen (128) or adverse environments (129). When driving the evolution of
the microbiota, it is necessary to explore the impact of the evolved microbes in their
host. In order to implement this approach, it is also essential to ensure that the evolved
microbes do not disrupt the normal function of the microbiome. As an example, a bac-
terial strain experimentally evolved to protect its host from bacterial infection did not
have a significant impact on the host’s microbiome (130). However, other evolved
microbes may have a negative impact, and each case should be evaluated individually.
Altogether, this future research will allow us to implement the best and safest
approach in each situation to exploit microbiome-virus interactions.

CONCLUDING REMARKS

The microbiome can play a fundamental role in viral infections. The host’s micro-
biome may determine the success of a virus infection in an organism and/or the sever-
ity of the viral disease. The research on the microbiome-virus interactions is promising:
the advances in the near future should give us insights into the nature and mecha-
nisms behind the microbiome’s influence on viral infections. Microbiome-virus research
is developing across various fields and organisms. This research will aid the develop-
ment of interventions that reduce the viruses’ impact, which could be applied to differ-
ent hosts. These microbiome-based interventions would contribute to the establish-
ment of an integrated health approach to face pathogenic viruses and reduce the
impact of diseases.

ACKNOWLEDGMENTS
We thank Marie-Anne Félix for inspiring discussion and Anamarija Butkovi�c for

critically reading the manuscript.
R.G. was supported by grant BES-2016-077078 (Spain’s Ministerio de Ciencia e

Innovación-FEDER). S.F.E. was supported by grants PID2019-103998GB-I00 (Ministerio
de Ciencia e Innovación-FEDER) and PROMETEU2019/012 (Generalitat Valenciana).

REFERENCES
1. Berg G, Rybakova D, Fischer D, Cernava T, Vergès M-CC, Charles T, Chen

X, Cocolin L, Eversole K, Corral GH, Kazou M, Kinkel L, Lange L, Lima N,
Loy A, Macklin JA, Maguin E, Mauchline T, McClure R, Mitter B, Ryan M,
Sarand I, Smidt H, Schelkle B, Roume H, Kiran GS, Selvin J, de Souza RSC,
van Overbeek L, Singh BK, Wagner M, Walsh A, Sessitsch A, Schloter M.
2020. Microbiome definition re-visited: old concepts and new chal-
lenges. Microbiome 8:103. https://doi.org/10.1186/s40168-020-00905-x.

2. Marchesi JR, Adams DH, Fava F, Hermes GDA, Hirschfield GM, Hold G,
Quraishi MN, Kinross J, Smidt H, Tuohy KM, Thomas LV, Zoetendal EG,
Hart A. 2016. The gut microbiota and host health: a new clinical frontier.
Gut 65:330–339. https://doi.org/10.1136/gutjnl-2015-309990.

3. Pfeiffer JK, Virgin HW. 2016. Transkingdom control of viral infection and
immunity in the mammalian intestine. Science 351:aad5872. https://doi
.org/10.1126/science.aad5872.

4. Longford SR, Campbell AH, Nielsen S, Case RJ, Kjelleberg S, Steinberg PD.
2019. Interactions within the microbiome alter microbial interactions
with host chemical defences and affect disease in a marine holobiont.
Sci Rep 9:1363. https://doi.org/10.1038/s41598-018-37062-z.

5. Ramalho MO, Bueno OC, Moreau CS. 2017. Species-specific signatures of
the microbiome from Camponotus and Colobopsis ants across develop-
mental stages. PLoS One 12:e0187461. https://doi.org/10.1371/journal
.pone.0187461.

6. Yuan J, Chaparro JM, Manter DK, Zhang R, Vivanco JM, Shen Q. 2015.
Roots from distinct plant developmental stages are capable of rapidly

selecting their own microbiome without the influence of environmental
and soil edaphic factors. Soil Biol Biochem 89:206–209. https://doi.org/
10.1016/j.soilbio.2015.07.009.

7. Salazar N, Valdés-Varela L, González S, Gueimonde M, de los Reyes-
Gavilán CG. 2017. Nutrition and the gut microbiome in the elderly. Gut
Microbes 8:82–97. https://doi.org/10.1080/19490976.2016.1256525.

8. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG,
Contreras M, Magris M, Hidalgo G, Baldassano RN, Anokhin AP, Heath
AC, Warner B, Reeder J, Kuczynski J, Caporaso JG, Lozupone CA, Lauber
C, Clemente JC, Knights D, Knight R, Gordon JI. 2012. Human gut micro-
biome viewed across age and geography. Nature 486:222–227. https://
doi.org/10.1038/nature11053.

9. Grice EA, Segre JA. 2011. The skin microbiome. Nat Rev Microbiol 9:
244–253. https://doi.org/10.1038/nrmicro2537.

10. Altmäe S, Franasiak JM, Mändar R. 2019. The seminal microbiome in
health and disease. Nat Rev Urol 16:703–721. https://doi.org/10.1038/
s41585-019-0250-y.

11. Hacquard S, Spaepen S, Garrido-Oter R, Schulze-Lefert P. 2017. Interplay
between innate immunity and the plant microbiota. Annu Rev Phytopathol
55:565–589. https://doi.org/10.1146/annurev-phyto-080516-035623.

12. Taylor M, Vega NM. 2021. Host immunity alters community ecology and
stability of the microbiome in a Caenorhabditis elegansmodel. mSystems
6:e00608-20. https://doi.org/10.1128/mSystems.00608-20.

Minireview ®

November/December 2021 Volume 12 Issue 6 e02496-21 mbio.asm.org 9

https://doi.org/10.1186/s40168-020-00905-x
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1126/science.aad5872
https://doi.org/10.1126/science.aad5872
https://doi.org/10.1038/s41598-018-37062-z
https://doi.org/10.1371/journal.pone.0187461
https://doi.org/10.1371/journal.pone.0187461
https://doi.org/10.1016/j.soilbio.2015.07.009
https://doi.org/10.1016/j.soilbio.2015.07.009
https://doi.org/10.1080/19490976.2016.1256525
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nrmicro2537
https://doi.org/10.1038/s41585-019-0250-y
https://doi.org/10.1038/s41585-019-0250-y
https://doi.org/10.1146/annurev-phyto-080516-035623
https://doi.org/10.1128/mSystems.00608-20
https://mbio.asm.org


13. Marra A, Hanson MA, Kondo S, Erkosar B, Lemaitre B. 2021. Drosophila
antimicrobial peptides and lysozymes regulate gut microbiota composi-
tion and abundance. mBio 12:e00824-21. https://doi.org/10.1128/mBio
.00824-21.

14. De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart S,
Collini S, Pieraccini G, Lionetti P. 2010. Impact of diet in shaping gut
microbiota revealed by a comparative study in children from Europe and
rural Africa. Proc Natl Acad Sci U S A 107:14691–14696. https://doi.org/
10.1073/pnas.1005963107.

15. Howe A, Ringus DL, Williams RJ, Choo Z-N, Greenwald SM, Owens SM,
Coleman ML, Meyer F, Chang EB. 2016. Divergent responses of viral and
bacterial communities in the gut microbiome to dietary disturbances in
mice. ISME J 10:1217–1227. https://doi.org/10.1038/ismej.2015.183.

16. Li J, Quinque D, Horz H-P, Li M, Rzhetskaya M, Raff JA, Hayes MG,
Stoneking M. 2014. Comparative analysis of the human saliva micro-
biome from different climate zones: Alaska, Germany, and Africa. BMC
Microbiol 14:316. https://doi.org/10.1186/s12866-014-0316-1.

17. Hanada S, Pirzadeh M, Carver KY, Deng JC. 2018. Respiratory viral infec-
tion-induced microbiome alterations and secondary bacterial pneumo-
nia. Front Immunol 9:2640. https://doi.org/10.3389/fimmu.2018.02640.

18. Groves HT, Higham SL, Moffatt MF, Cox MJ, Tregoning JS. 2020. Respira-
tory viral infection alters the gut microbiota by inducing inappetence.
mBio 11:e03236-19. https://doi.org/10.1128/mBio.03236-19.

19. Zhang F, Weckhorst JL, Assié A, Hosea C, Ayoub CA, Khodakova AS,
Cabrera ML, Vidal Vilchis D, Félix M-A, Samuel BS. 2021. Natural genetic
variation drives microbiome selection in the Caenorhabditis elegans gut.
Curr Biol 31:2603–2618.e9. https://doi.org/10.1016/j.cub.2021.04.046.

20. Nobs SP, Tuganbaev T, Elinav E. 2019. Microbiome diurnal rhythmicity
and its impact on host physiology and disease risk. EMBO Rep 20:
e47129. https://doi.org/10.15252/embr.201847129.

21. Trinh P, Zaneveld JR, Safranek S, Rabinowitz PM. 2018. One Health rela-
tionships between human, animal, and environmental microbiomes: a
mini-review. Front Public Health 6:235. https://doi.org/10.3389/fpubh
.2018.00235.

22. Rowan-Nash AD, Korry BJ, Mylonakis E, Belenky P. 2019. Cross-domain
and viral interactions in the microbiome. Microbiol Mol Biol Rev 83:
e00044-18. https://doi.org/10.1128/MMBR.00044-18.

23. Shin J, Lee S, Go M-J, Lee SY, Kim SC, Lee C-H, Cho B-K. 2016. Analysis of
the mouse gut microbiome using full-length 16S rRNA amplicon
sequencing. Sci Rep 6:29681. https://doi.org/10.1038/srep29681.

24. Jiang H, Wang D. 2018. The microbial zoo in the C. elegans intestine: bacte-
ria, fungi and viruses. Viruses 10:85. https://doi.org/10.3390/v10020085.

25. Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J, Malfatti S,
Tremblay J, Engelbrektson A, Kunin V, del Rio TG, Edgar RC, Eickhorst T,
Ley RE, Hugenholtz P, Tringe SG, Dangl JL. 2012. Defining the core Arabi-
dopsis thaliana root microbiome. Nature 488:86–90. https://doi.org/10
.1038/nature11237.

26. Wheeler ML, Limon JJ, Bar AS, Leal CA, Gargus M, Tang J, Brown J, Funari
VA, Wang HL, Crother TR, Arditi M, Underhill DM, Iliev ID. 2016. Immuno-
logical consequences of intestinal fungal dysbiosis. Cell Host Microbe 19:
865–873. https://doi.org/10.1016/j.chom.2016.05.003.

27. Kong HH, Morris A. 2017. The emerging importance and challenges of
the human mycobiome. Virulence 8:310–312. https://doi.org/10.1080/
21505594.2017.1279780.

28. Lee S-M, Ryu C-M. 2021. Algae as new kids in the beneficial plant micro-
biome. Front Plant Sci 12:599742. https://doi.org/10.3389/fpls.2021.599742.

29. Stough JMA, Kolton M, Kostka JE, Weston DJ, Pelletier DA, Wilhelm SW.
2018. Diversity of active viral infections within the sphagnum micro-
biome. Appl Environ Microbiol 84:e01124-18. https://doi.org/10.1128/
AEM.01124-18.

30. Gilbert RA, Townsend EM, Crew KS, Hitch TCA, Friedersdorff JCA,
Creevey CJ, Pope PB, Ouwerkerk D, Jameson E. 2020. Rumen virus popu-
lations: technological advances enhancing current understanding. Front
Microbiol 11:450. https://doi.org/10.3389/fmicb.2020.00450.

31. Liang G, Bushman FD. 2021. The human virome: assembly, composition
and host interactions. Nat Rev Microbiol 19:514–527. https://doi.org/10
.1038/s41579-021-00536-5.

32. Cadwell K. 2015. Expanding the role of the virome: commensalism in the
gut. J Virol 89:1951–1953. https://doi.org/10.1128/JVI.02966-14.

33. Duerkop BA, Hooper LV. 2013. Resident viruses and their interactions
with the immune system. Nat Immunol 14:654–659. https://doi.org/10
.1038/ni.2614.

34. Kernbauer E, Ding Y, Cadwell K. 2014. An enteric virus can replace the
beneficial function of commensal bacteria. Nature 516:94–98. https://doi
.org/10.1038/nature13960.

35. Roossinck MJ. 2011. The good viruses: viral mutualistic symbioses. Nat
Rev Microbiol 9:99–108. https://doi.org/10.1038/nrmicro2491.

36. Drexler M. 2010. What you need to know about infectious disease.
National Academies Press, Washington, DC.

37. Moore PS, Chang Y. 2010. Why do viruses cause cancer? Highlights of
the first century of human tumor virology. Nat Rev Cancer 10:878–889.
https://doi.org/10.1038/nrc2961.

38. Kim HJ, Jo A, Jeon YJ, An S, Lee K-M, Yoon SS, Choi JY. 2019. Nasal com-
mensal Staphylococcus epidermidis enhances interferon-l-dependent
immunity against influenza virus. Microbiome 7:80. https://doi.org/10
.1186/s40168-019-0691-9.

39. Fonseca W, Lucey K, Jang S, Fujimura KE, Rasky A, Ting H-A, Petersen J,
Johnson CC, Boushey HA, Zoratti E, Ownby DR, Levine AM, Bobbit KR,
Lynch SV, Lukacs NW. 2017. Lactobacillus johnsonii supplementation
attenuates respiratory viral infection via metabolic reprogramming and
immune cell modulation. Mucosal Immunol 10:1569–1580. https://doi
.org/10.1038/mi.2017.13.

40. Belkacem N, Serafini N, Wheeler R, Derrien M, Boucinha L, Couesnon A,
Cerf-Bensussan N, Gomperts Boneca I, Di Santo JP, Taha M-K, Bourdet-
Sicard R. 2017. Lactobacillus paracasei feeding improves immune control
of influenza infection in mice. PLoS One 12:e0184976. https://doi.org/10
.1371/journal.pone.0184976.

41. Ji J, Sun Q, Nie D, Wang Q, Zhang H, Qin F, Wang Q, Lu S, Pang G, Lu Z.
2021. Probiotics protect against RSV infection by modulating the micro-
biota-alveolar-macrophage axis. Acta Pharmacol Sin 42:1630–1641.
https://doi.org/10.1038/s41401-020-00573-5.

42. Stefan KL, Kim MV, Iwasaki A, Kasper DL. 2020. Commensal microbiota
modulation of natural resistance to virus infection. Cell 183:
1312–1324.e10. https://doi.org/10.1016/j.cell.2020.10.047.

43. Hensley-McBain T, Zevin AS, Manuzak J, Smith E, Gile J, Miller C, Agricola
B, Katze M, Reeves RK, Kraft CS, Langevin S, Klatt NR. 2016. Effects of fecal
microbial transplantation on microbiome and immunity in simian immu-
nodeficiency virus-infected macaques. J Virol 90:4981–4989. https://doi
.org/10.1128/JVI.00099-16.

44. Bradley KC, Finsterbusch K, Schnepf D, Crotta S, Llorian M, Davidson S,
Fuchs SY, Staeheli P, Wack A. 2019. Microbiota-driven tonic interferon
signals in lung stromal cells protect from influenza virus infection. Cell
Rep 28:245–256.e4. https://doi.org/10.1016/j.celrep.2019.05.105.

45. Yitbarek A, Taha-Abdelaziz K, Hodgins DC, Read L, Nagy �E, Weese JS,
Caswell JL, Parkinson J, Sharif S. 2018. Gut microbiota-mediated protec-
tion against influenza virus subtype H9N2 in chickens is associated with
modulation of the innate responses. Sci Rep 8:13189. https://doi.org/10
.1038/s41598-018-31613-0.

46. Figueroa T, Bessière P, Coggon A, Bouwman KM, van der Woude R,
Delverdier M, Verheije MH, de Vries RP, Volmer R. 2020. The microbiota con-
tributes to the control of highly pathogenic H5N9 influenza virus replication
in ducks. J Virol 94:e00289-20. https://doi.org/10.1128/JVI.00289-20.

47. Yang X-L, Wang G, Xie J-Y, Li H, Chen S-X, Liu W, Zhu SJ. 2021. The intesti-
nal microbiome primes host innate immunity against enteric virus sys-
temic infection through type I interferon. mBio 12:e00366-21. https://doi
.org/10.1128/mBio.00366-21.

48. Winkler ES, Shrihari S, Hykes BL, Handley SA, Andhey PS, Huang Y-JS,
Swain A, Droit L, Chebrolu KK, Mack M, Vanlandingham DL, Thackray LB,
Cella M, Colonna M, Artyomov MN, Stappenbeck TS, Diamond MS. 2020.
The intestinal microbiome restricts alphavirus infection and dissemina-
tion through a bile acid-type I IFN signaling axis. Cell 182:901–918.e18.
https://doi.org/10.1016/j.cell.2020.06.029.

49. Hedges LM, Brownlie JC, O'Neill SL, Johnson KN. 2008.Wolbachia and vi-
rus protection in insects. Science 322:702–702. https://doi.org/10.1126/
science.1162418.

50. Wang J, Li F, Sun R, Gao X, Wei H, Li L-J, Tian Z. 2013. Bacterial coloniza-
tion dampens influenza-mediated acute lung injury via induction of M2
alveolar macrophages. Nat Commun 4:2106. https://doi.org/10.1038/
ncomms3106.

51. Niederwerder MC. 2017. Role of the microbiome in swine respiratory dis-
ease. Vet Microbiol 209:97–106. https://doi.org/10.1016/j.vetmic.2017.02
.017.

52. Patin NV, Peña-Gonzalez A, Hatt JK, Moe C, Kirby A, Konstantinidis KT.
2020. The role of the gut microbiome in resisting norovirus infection as
revealed by a human challenge study. mBio 11:e02634-20. https://doi
.org/10.1128/mBio.02634-20.

Minireview ®

November/December 2021 Volume 12 Issue 6 e02496-21 mbio.asm.org 10

https://doi.org/10.1128/mBio.00824-21
https://doi.org/10.1128/mBio.00824-21
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1038/ismej.2015.183
https://doi.org/10.1186/s12866-014-0316-1
https://doi.org/10.3389/fimmu.2018.02640
https://doi.org/10.1128/mBio.03236-19
https://doi.org/10.1016/j.cub.2021.04.046
https://doi.org/10.15252/embr.201847129
https://doi.org/10.3389/fpubh.2018.00235
https://doi.org/10.3389/fpubh.2018.00235
https://doi.org/10.1128/MMBR.00044-18
https://doi.org/10.1038/srep29681
https://doi.org/10.3390/v10020085
https://doi.org/10.1038/nature11237
https://doi.org/10.1038/nature11237
https://doi.org/10.1016/j.chom.2016.05.003
https://doi.org/10.1080/21505594.2017.1279780
https://doi.org/10.1080/21505594.2017.1279780
https://doi.org/10.3389/fpls.2021.599742
https://doi.org/10.1128/AEM.01124-18
https://doi.org/10.1128/AEM.01124-18
https://doi.org/10.3389/fmicb.2020.00450
https://doi.org/10.1038/s41579-021-00536-5
https://doi.org/10.1038/s41579-021-00536-5
https://doi.org/10.1128/JVI.02966-14
https://doi.org/10.1038/ni.2614
https://doi.org/10.1038/ni.2614
https://doi.org/10.1038/nature13960
https://doi.org/10.1038/nature13960
https://doi.org/10.1038/nrmicro2491
https://doi.org/10.1038/nrc2961
https://doi.org/10.1186/s40168-019-0691-9
https://doi.org/10.1186/s40168-019-0691-9
https://doi.org/10.1038/mi.2017.13
https://doi.org/10.1038/mi.2017.13
https://doi.org/10.1371/journal.pone.0184976
https://doi.org/10.1371/journal.pone.0184976
https://doi.org/10.1038/s41401-020-00573-5
https://doi.org/10.1016/j.cell.2020.10.047
https://doi.org/10.1128/JVI.00099-16
https://doi.org/10.1128/JVI.00099-16
https://doi.org/10.1016/j.celrep.2019.05.105
https://doi.org/10.1038/s41598-018-31613-0
https://doi.org/10.1038/s41598-018-31613-0
https://doi.org/10.1128/JVI.00289-20
https://doi.org/10.1128/mBio.00366-21
https://doi.org/10.1128/mBio.00366-21
https://doi.org/10.1016/j.cell.2020.06.029
https://doi.org/10.1126/science.1162418
https://doi.org/10.1126/science.1162418
https://doi.org/10.1038/ncomms3106
https://doi.org/10.1038/ncomms3106
https://doi.org/10.1016/j.vetmic.2017.02.017
https://doi.org/10.1016/j.vetmic.2017.02.017
https://doi.org/10.1128/mBio.02634-20
https://doi.org/10.1128/mBio.02634-20
https://mbio.asm.org


53. Yaron JR, Ambadapadi S, Zhang L, Chavan RN, Tibbetts SA, Keinan S,
Varsani A, Maldonado J, Kraberger S, Tafoya AM, Bullard WL, Kilbourne J,
Stern-Harbutte A, Krajmalnik-Brown R, Munk BH, Koppang EO, Lim ES,
Lucas AR. 2020. Immune protection is dependent on the gut micro-
biome in a lethal mouse gammaherpesviral infection. Sci Rep 10:2371.
https://doi.org/10.1038/s41598-020-59269-9.

54. Hegde S, Rasgon JL, Hughes GL. 2015. The microbiome modulates arbo-
virus transmission in mosquitoes. Curr Opin Virol 15:97–102. https://doi
.org/10.1016/j.coviro.2015.08.011.

55. Carlson JS, Short SM, Angleró-Rodríguez YI, Dimopoulos G. 2020. Larval
exposure to bacteria modulates arbovirus infection and immune gene
expression in adult Aedes aegypti. Dev Comp Immunol 104:103540.
https://doi.org/10.1016/j.dci.2019.103540.

56. Giraud �E, Varet H, Legendre R, Sismeiro O, Aubry F, Dabo S, Dickson LB,
Moro CV, Lambrechts L. 2021. Mosquito-bacteria interactions during
larval development trigger metabolic changes with carry-over effects on
adult fitness. bioRxiv https://www.biorxiv.org/content/10.1101/2021.05
.20.444942v1.full.pdf.

57. Thongsripong P, Wesson DM. 2021. Effects of Ascogregarina culicis
(Eugregarinorida: Lecudinidae) on mosquito size and dengue virus infec-
tion in Aedes aegypti (Diptera: Culicidae). J Med Entomol 58:1442–1447.
https://doi.org/10.1093/jme/tjaa280.

58. Terradas G, McGraw EA. 2017. Wolbachia-mediated virus blocking in the
mosquito vector Aedes aegypti. Curr Opin Insect Sci 22:37–44. https://doi
.org/10.1016/j.cois.2017.05.005.

59. Gong J-T, Li Y, Li T-P, Liang Y, Hu L, Zhang D, Zhou C-Y, Yang C, Zhang X,
Zha S-S, Duan X-Z, Baton LA, Hong X-Y, Hoffmann AA, Xi Z. 2020. Stable
introduction of plant-virus-inhibiting Wolbachia into planthoppers for
rice protection. Curr Biol 30:4837–4845.e5. https://doi.org/10.1016/j.cub
.2020.09.033.

60. Lefeuvre P, Martin DP, Elena SF, Shepherd DN, Roumagnac P, Varsani A.
2019. Evolution and ecology of plant viruses. Nat Rev Microbiol 17:
632–644. https://doi.org/10.1038/s41579-019-0232-3.

61. Stringlis IA, Teixeira PJPL, Berendsen RL, Pieterse CMJ, Zamioudis C.
2021. Editorial: Beneficial microbiota interacting with the plant immune
system. Front Plant Sci 12:698902. https://doi.org/10.3389/fpls.2021
.698902.

62. Yu K, Pieterse CMJ, Bakker PAHM, Berendsen RL. 2019. Beneficial
microbes going underground of root immunity. Plant Cell Environ 42:
2860–2870. https://doi.org/10.1111/pce.13632.

63. Turner TR, James EK, Poole PS. 2013. The plant microbiome. Genome
Biol 14:209. https://doi.org/10.1186/gb-2013-14-6-209.

64. Berendsen RL, Pieterse CMJ, Bakker PAHM. 2012. The rhizosphere micro-
biome and plant health. Trends Plant Sci 17:478–486. https://doi.org/10
.1016/j.tplants.2012.04.001.

65. Teixeira PJP, Colaianni NR, Fitzpatrick CR, Dangl JL. 2019. Beyond patho-
gens: microbiota interactions with the plant immune system. Curr Opin
Microbiol 49:7–17. https://doi.org/10.1016/j.mib.2019.08.003.

66. Busby PE, Peay KG, Newcombe G. 2016. Common foliar fungi of Populus
trichocarpa modify Melampsora rust disease severity. New Phytol 209:
1681–1692. https://doi.org/10.1111/nph.13742.

67. Ritpitakphong U, Falquet L, Vimoltust A, Berger A, Métraux J-P, L'Haridon
F. 2016. The microbiome of the leaf surface of Arabidopsis protects
against a fungal pathogen. New Phytol 210:1033–1043. https://doi.org/
10.1111/nph.13808.

68. Safari M, Ferrari MJ, Roossinck MJ. 2019. Manipulation of aphid behavior
by a persistent plant virus. J Virol 93:e01781-18. https://doi.org/10.1128/
JVI.01781-18.

69. Bonanomi G, Alioto D, Minutolo M, Marra R, Cesarano G, Vinale F. 2020.
Organic amendments modulate soil microbiota and reduce virus disease
incidence in the TSWV-tomato pathosystem. Pathogens 9:379. https://
doi.org/10.3390/pathogens9050379.

70. Santhanam R, Luu VT, Weinhold A, Goldberg J, Oh Y, Baldwin IT. 2015.
Native root-associated bacteria rescue a plant from a sudden-wilt dis-
ease that emerged during continuous cropping. Proc Natl Acad Sci U S A
112:E5013–E5020. https://doi.org/10.1073/pnas.1505765112.

71. Kwak M-J, Kong HG, Choi K, Kwon S-K, Song JY, Lee J, Lee PA, Choi SY,
Seo M, Lee HJ, Jung EJ, Park H, Roy N, Kim H, Lee MM, Rubin EM, Lee S-W,
Kim JF. 2018. Rhizosphere microbiome structure alters to enable wilt re-
sistance in tomato. Nat Biotechnol 36:1100–1109. https://doi.org/10
.1038/nbt.4232.

72. Li J, Jia H, Cai X, Zhong H, Feng Q, Sunagawa S, Arumugam M, Kultima
JR, Prifti E, Nielsen T, Juncker AS, Manichanh C, Chen B, Zhang W,
Levenez F, Wang J, Xu X, Xiao L, Liang S, Zhang D, Zhang Z, Chen W,

Zhao H, Al-Aama JY, Edris S, Yang H, Wang J, Hansen T, Nielsen HB,
Brunak S, Kristiansen K, Guarner F, Pedersen O, Doré J, Ehrlich SD, Bork P,
Wang J, MetaHIT Consortium. 2014. An integrated catalog of reference
genes in the human gut microbiome. Nat Biotechnol 32:834–841.
https://doi.org/10.1038/nbt.2942.

73. West AG, Waite DW, Deines P, Bourne DG, Digby A, McKenzie VJ, Taylor
MW. 2019. The microbiome in threatened species conservation. Biol
Conserv 229:85–98. https://doi.org/10.1016/j.biocon.2018.11.016.

74. Zhao N, Li M, Luo J, Wang S, Liu S, Wang S, Lyu W, Chen L, Su W, Ding H,
He H. 2017. Impacts of canine distemper virus infection on the giant
panda population from the perspective of gut microbiota. Sci Rep 7:
39954. https://doi.org/10.1038/srep39954.

75. McMenamin AJ, Flenniken ML. 2018. Recently identified bee viruses and
their impact on bee pollinators. Curr Opin Insect Sci 26:120–129. https://
doi.org/10.1016/j.cois.2018.02.009.

76. Goulson D, Nicholls E, Botias C, Rotheray EL. 2015. Bee declines driven by
combined stress from parasites, pesticides, and lack of flowers. Science
347:1255957. https://doi.org/10.1126/science.1255957.

77. Horak RD, Leonard SP, Moran NA. 2020. Symbionts shape host innate im-
munity in honeybees. Proc Biol Sci 287:20201184. https://doi.org/10
.1098/rspb.2020.1184.

78. Leonard SP, Powell JE, Perutka J, Geng P, Heckmann LC, Horak RD,
Davies BW, Ellington AD, Barrick JE, Moran NA. 2020. Engineered sym-
bionts activate honey bee immunity and limit pathogens. Science 367:
573–576. https://doi.org/10.1126/science.aax9039.

79. Dosch C, Manigk A, Streicher T, Tehel A, Paxton RJ, Tragust S. 2021. The
gut microbiota can provide viral tolerance in the honey bee. Microorgan-
isms 9:871. https://doi.org/10.3390/microorganisms9040871.

80. Stevens EJ, Bates KA, King KC. 2021. Host microbiota can facilitate patho-
gen infection. PLoS Pathog 17:e1009514. https://doi.org/10.1371/journal
.ppat.1009514.

81. McClelland RS, Lingappa JR, Srinivasan S, Kinuthia J, John-Stewart GC,
Jaoko W, Richardson BA, Yuhas K, Fiedler TL, Mandaliya KN, Munch MM,
Mugo NR, Cohen CR, Baeten JM, Celum C, Overbaugh J, Fredricks DN.
2018. Evaluation of the association between the concentrations of key
vaginal bacteria and the increased risk of HIV acquisition in African
women from five cohorts: a nested case-control study. Lancet Infect Dis
18:554–564. https://doi.org/10.1016/S1473-3099(18)30058-6.

82. Jones MK, Watanabe M, Zhu S, Graves CL, Keyes LR, Grau KR, Gonzalez-
Hernandez MB, Iovine NM, Wobus CE, Vinje J, Tibbetts SA, Wallet SM,
Karst SM. 2014. Enteric bacteria promote human and mouse norovirus
infection of B cells. Science 346:755–759. https://doi.org/10.1126/
science.1257147.

83. Baldridge MT, Nice TJ, McCune BT, Yokoyama CC, Kambal A, Wheadon M,
Diamond MS, Ivanova Y, Artyomov M, Virgin HW. 2015. Commensal
microbes and interferon-l determine persistence of enteric murine norovirus
infection. Science 347:266–269. https://doi.org/10.1126/science.1258025.

84. Kane M, Case LK, Kopaskie K, Kozlova A, MacDearmid C, Chervonsky AV,
Golovkina TV. 2011. Successful transmission of a retrovirus depends on
the commensal microbiota. Science 334:245–249. https://doi.org/10
.1126/science.1210718.

85. Wilks J, Lien E, Jacobson AN, Fischbach MA, Qureshi N, Chervonsky AV,
Golovkina TV. 2015. Mammalian lipopolysaccharide receptors incorpo-
rated into the retroviral envelope augment virus transmission. Cell Host
Microbe 18:456–462. https://doi.org/10.1016/j.chom.2015.09.005.

86. Gulraiz F, Bellinghausen C, Bruggeman CA, Stassen FR. 2015. Haemophi-
lus influenzae increases the susceptibility and inflammatory response of
airway epithelial cells to viral infections. FASEB J 29:849–858. https://doi
.org/10.1096/fj.14-254359.

87. Kuss SK, Best GT, Etheredge CA, Pruijssers AJ, Frierson JM, Hooper LV,
Dermody TS, Pfeiffer JK. 2011. Intestinal microbiota promote enteric vi-
rus replication and systemic pathogenesis. Science 334:249–252. https://
doi.org/10.1126/science.1211057.

88. Robinson CM, Jesudhasan PR, Pfeiffer JK. 2014. Bacterial lipopolysaccha-
ride binding enhances virion stability and promotes environmental fit-
ness of an enteric virus. Cell Host Microbe 15:36–46. https://doi.org/10
.1016/j.chom.2013.12.004.

89. Berger AK, Yi H, Kearns DB, Mainou BA. 2017. Bacteria and bacterial enve-
lope components enhance mammalian reovirus thermostability. PLoS
Pathog 13:e1006768. https://doi.org/10.1371/journal.ppat.1006768.

90. Oh HY, Kim B-S, Seo S-S, Kong J-S, Lee J-K, Park S-Y, Hong K-M, Kim H-K,
Kim MK. 2015. The association of uterine cervical microbiota with an
increased risk for cervical intraepithelial neoplasia in Korea. Clin Micro-
biol Infect 21:674.e1–674.e9. https://doi.org/10.1016/j.cmi.2015.02.026.

Minireview ®

November/December 2021 Volume 12 Issue 6 e02496-21 mbio.asm.org 11

https://doi.org/10.1038/s41598-020-59269-9
https://doi.org/10.1016/j.coviro.2015.08.011
https://doi.org/10.1016/j.coviro.2015.08.011
https://doi.org/10.1016/j.dci.2019.103540
https://www.biorxiv.org/content/10.1101/2021.05.20.444942v1.full.pdf
https://www.biorxiv.org/content/10.1101/2021.05.20.444942v1.full.pdf
https://doi.org/10.1093/jme/tjaa280
https://doi.org/10.1016/j.cois.2017.05.005
https://doi.org/10.1016/j.cois.2017.05.005
https://doi.org/10.1016/j.cub.2020.09.033
https://doi.org/10.1016/j.cub.2020.09.033
https://doi.org/10.1038/s41579-019-0232-3
https://doi.org/10.3389/fpls.2021.698902
https://doi.org/10.3389/fpls.2021.698902
https://doi.org/10.1111/pce.13632
https://doi.org/10.1186/gb-2013-14-6-209
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.mib.2019.08.003
https://doi.org/10.1111/nph.13742
https://doi.org/10.1111/nph.13808
https://doi.org/10.1111/nph.13808
https://doi.org/10.1128/JVI.01781-18
https://doi.org/10.1128/JVI.01781-18
https://doi.org/10.3390/pathogens9050379
https://doi.org/10.3390/pathogens9050379
https://doi.org/10.1073/pnas.1505765112
https://doi.org/10.1038/nbt.4232
https://doi.org/10.1038/nbt.4232
https://doi.org/10.1038/nbt.2942
https://doi.org/10.1016/j.biocon.2018.11.016
https://doi.org/10.1038/srep39954
https://doi.org/10.1016/j.cois.2018.02.009
https://doi.org/10.1016/j.cois.2018.02.009
https://doi.org/10.1126/science.1255957
https://doi.org/10.1098/rspb.2020.1184
https://doi.org/10.1098/rspb.2020.1184
https://doi.org/10.1126/science.aax9039
https://doi.org/10.3390/microorganisms9040871
https://doi.org/10.1371/journal.ppat.1009514
https://doi.org/10.1371/journal.ppat.1009514
https://doi.org/10.1016/S1473-3099(18)30058-6
https://doi.org/10.1126/science.1257147
https://doi.org/10.1126/science.1257147
https://doi.org/10.1126/science.1258025
https://doi.org/10.1126/science.1210718
https://doi.org/10.1126/science.1210718
https://doi.org/10.1016/j.chom.2015.09.005
https://doi.org/10.1096/fj.14-254359
https://doi.org/10.1096/fj.14-254359
https://doi.org/10.1126/science.1211057
https://doi.org/10.1126/science.1211057
https://doi.org/10.1016/j.chom.2013.12.004
https://doi.org/10.1016/j.chom.2013.12.004
https://doi.org/10.1371/journal.ppat.1006768
https://doi.org/10.1016/j.cmi.2015.02.026
https://mbio.asm.org


91. de Steenhuijsen Piters WAA, Heinonen S, Hasrat R, Bunsow E, Smith B,
Suarez-Arrabal M-C, Chaussabel D, Cohen DM, Sanders EAM, Ramilo O,
Bogaert D, Mejias A. 2016. Nasopharyngeal microbiota, host transcrip-
tome, and disease severity in children with respiratory syncytial virus
infection. Am J Respir Crit Care Med 194:1104–1115. https://doi.org/10
.1164/rccm.201602-0220OC.

92. Ramani S, Stewart CJ, Laucirica DR, Ajami NJ, Robertson B, Autran CA,
Shinge D, Rani S, Anandan S, Hu L, Ferreon JC, Kuruvilla KA, Petrosino JF,
Venkataram Prasad BV, Bode L, Kang G, Estes MK. 2018. Human milk oli-
gosaccharides, milk microbiome and infant gut microbiome modulate
neonatal rotavirus infection. Nat Commun 9:5010. https://doi.org/10
.1038/s41467-018-07476-4.

93. Bavananthasivam J, Astill J, Matsuyama-Kato A, Taha-Abdelaziz K,
Shojadoost B, Sharif S. 2021. Gut microbiota is associated with protec-
tion against Marek’s disease virus infection in chickens. Virology 553:
122–130. https://doi.org/10.1016/j.virol.2020.10.011.

94. González LE, Peiró R, Rubio L, Galipienso L. 2021. Persistent Southern
tomato virus (STV) interacts with cucumber mosaic and/or pepino
mosaic virus in mixed-infections modifying plant symptoms, viral titer
and small RNA accumulation. Microorganisms 9:689. https://doi.org/10
.3390/microorganisms9040689.

95. Wilkinson EM, Ilhan ZE, Herbst-Kralovetz MM. 2018. Microbiota-drug
interactions: impact on metabolism and efficacy of therapeutics. Maturi-
tas 112:53–63. https://doi.org/10.1016/j.maturitas.2018.03.012.

96. Zimmermann M, Patil KR, Typas A, Maier L. 2021. Towards a mechanistic
understanding of reciprocal drug-microbiome interactions. Mol Syst Biol
17:e10116. https://doi.org/10.15252/msb.202010116.

97. Zimmermann M, Zimmermann-Kogadeeva M, Wegmann R, Goodman
AL. 2019. Separating host and microbiome contributions to drug phar-
macokinetics and toxicity. Science 363:eaat9931. https://doi.org/10
.1126/science.aat9931.

98. Pryor R, Martinez-Martinez D, Quintaneiro L, Cabreiro F. 2020. The role of
the microbiome in drug response. Annu Rev Pharmacol Toxicol 60:
417–435. https://doi.org/10.1146/annurev-pharmtox-010919-023612.

99. Velloza J, Heffron R. 2017. The vaginal microbiome and its potential to
impact efficacy of HIV pre-exposure prophylaxis for women. Curr HIV/
AIDS Rep 14:153–160. https://doi.org/10.1007/s11904-017-0362-z.

100. Weersma RK, Zhernakova A, Fu J. 2020. Interaction between drugs and
the gut microbiome. Gut 69:1510–1519. https://doi.org/10.1136/gutjnl
-2019-320204.

101. Jamieson AM. 2015. Influence of the microbiome on response to vacci-
nation. Hum Vaccin Immunother 11:2329–2331. https://doi.org/10
.1080/21645515.2015.1022699.

102. Vlasova AN, Takanashi S, Miyazaki A, Rajashekara G, Saif LJ. 2019. How
the gut microbiome regulates host immune responses to viral vaccines.
Curr Opin Virol 37:16–25. https://doi.org/10.1016/j.coviro.2019.05.001.

103. de Jong SE, Olin A, Pulendran B. 2020. The impact of the microbiome on
immunity to vaccination in humans. Cell Host Microbe 28:169–179.
https://doi.org/10.1016/j.chom.2020.06.014.

104. Zimmermann P, Curtis N. 2018. The influence of the intestinal micro-
biome on vaccine responses. Vaccine 36:4433–4439. https://doi.org/10
.1016/j.vaccine.2018.04.066.

105. Hagan T, Cortese M, Rouphael N, Boudreau C, Linde C, Maddur MS, Das
J, Wang H, Guthmiller J, Zheng N-Y, Huang M, Uphadhyay AA,
Gardinassi L, Petitdemange C, McCullough MP, Johnson SJ, Gill K,
Cervasi B, Zou J, Bretin A, Hahn M, Gewirtz AT, Bosinger SE, Wilson PC, Li
S, Alter G, Khurana S, Golding H, Pulendran B. 2019. Antibiotics-driven
gut microbiome perturbation alters immunity to vaccines in humans.
Cell 178:1313–1328.e13. https://doi.org/10.1016/j.cell.2019.08.010.

106. Huda MN, Lewis Z, Kalanetra KM, Rashid M, Ahmad SM, Raqib R, Qadri F,
Underwood MA, Mills DA, Stephensen CB. 2014. Stool microbiota and
vaccine responses of infants. Pediatrics 134:e362–e372. https://doi.org/
10.1542/peds.2013-3937.

107. Fix J, Chandrashekhar K, Perez J, Bucardo F, Hudgens MG, Yuan L,
Twitchell E, Azcarate-Peril MA, Vilchez S, Becker-Dreps S. 2020. Associa-
tion between gut microbiome composition and rotavirus vaccine
response among Nicaraguan infants. Am J Trop Med Hyg 102:213–219.
https://doi.org/10.4269/ajtmh.19-0355.

108. Kandasamy S, Chattha KS, Vlasova AN, Rajashekara G, Saif LJ. 2014. Lac-
tobacilli and Bifidobacteria enhance mucosal B cell responses and differ-
entially modulate systemic antibody responses to an oral human rotavi-
rus vaccine in a neonatal gnotobiotic pig disease model. Gut Microbes
5:639–651. https://doi.org/10.4161/19490976.2014.969972.

109. Sui Y, Dzutsev A, Venzon D, Frey B, Thovarai V, Trinchieri G, Berzofsky JA.
2018. Influence of gut microbiome on mucosal immune activation and
SHIV viral transmission in naive macaques. Mucosal Immunol 11:
1219–1229. https://doi.org/10.1038/s41385-018-0029-0.

110. Elizaldi SR, Verma A, Walter KA, Rolston M, Dinasarapu AR, Durbin-
Johnson BP, Settles M, Kozlowski PA, Raeman R, Iyer SS. 2019. Rectal
microbiome composition correlates with humoral immunity to HIV-1 in
vaccinated rhesus macaques. mSphere 4:e00824-19. https://doi.org/10
.1128/mSphere.00824-19.

111. Musich T, Thovarai V, Venzon DJ, Mohanram V, Tuero I, Miller-Novak LK,
Helmold Hait S, Rahman MA, Hunegnaw R, Huiting E, Yuan W, O’hUigin
C, Hoang T, Sui Y, LaBranche C, Montefiori D, Bear J, Rosati M, Bissa M,
Berzofsky JA, Pavlakis GN, Felber BK, Franchini G, Robert-Guroff M. 2020.
A prime/boost vaccine regimen alters the rectal microbiome and
impacts immune responses and viremia control post-simian immunode-
ficiency virus infection in male and female rhesus macaques. J Virol 94:
e01225-20. https://doi.org/10.1128/JVI.01225-20.

112. Constance LA, Thissen JB, Jaing CJ, McLoughlin KS, Rowland RRR, Serão
NVL, Cino-Ozuna AG, Niederwerder MC. 2021. Gut microbiome associa-
tions with outcome following co-infection with porcine reproductive
and respiratory syndrome virus (PRRSV) and porcine circovirus type 2
(PCV2) in pigs immunized with a PRRS modified live virus vaccine. Vet
Microbiol 254:109018. https://doi.org/10.1016/j.vetmic.2021.109018.

113. Lynn MA, Tumes DJ, Choo JM, Sribnaia A, Blake SJ, Leong LEX, Young
GP, Marshall HS, Wesselingh SL, Rogers GB, Lynn DJ. 2018. Early-life anti-
biotic-driven dysbiosis leads to dysregulated vaccine immune responses
in mice. Cell Host Microbe 23:653–660. https://doi.org/10.1016/j.chom
.2018.04.009.

114. Harris VC, Haak BW, Handley SA, Jiang B, Velasquez DE, Hykes BL, Droit
L, Berbers GAM, Kemper EM, van Leeuwen EMM, Boele van Hensbroek
M, Wiersinga WJ. 2018. Effect of antibiotic-mediated microbiome modu-
lation on rotavirus vaccine immunogenicity: a human, randomized-con-
trol proof-of-concept trial. Cell Host Microbe 24:197–207.e4. https://doi
.org/10.1016/j.chom.2018.07.005.

115. Harris VC, Armah G, Fuentes S, Korpela KE, Parashar U, Victor JC, Tate J,
de Weerth C, Giaquinto C, Wiersinga WJ, Lewis KDC, de Vos WM. 2017.
Significant correlation between the infant gut microbiome and rotavirus
vaccine response in rural Ghana. J Infect Dis 215:34–41. https://doi.org/
10.1093/infdis/jiw518.

116. Harris V, Ali A, Fuentes S, Korpela K, Kazi M, Tate J, Parashar U, Wiersinga
WJ, Giaquinto C, de Weerth C, de Vos WM. 2018. Rotavirus vaccine
response correlates with the infant gut microbiota composition in Paki-
stan. Gut Microbes 9:93–101. https://doi.org/10.1080/19490976.2017
.1376162.

117. Yitbarek A, Astill J, Hodgins DC, Parkinson J, Nagy �E, Sharif S. 2019. Com-
mensal gut microbiota can modulate adaptive immune responses in
chickens vaccinated with whole inactivated avian influenza virus sub-
type H9N2. Vaccine 37:6640–6647. https://doi.org/10.1016/j.vaccine
.2019.09.046.

118. Oh JZ, Ravindran R, Chassaing B, Carvalho FA, Maddur MS, Bower M,
Hakimpour P, Gill KP, Nakaya HI, Yarovinsky F, Sartor RB, Gewirtz AT,
Pulendran B. 2014. TLR5-mediated sensing of gut microbiota is neces-
sary for antibody responses to seasonal influenza vaccination. Immunity
41:478–492. https://doi.org/10.1016/j.immuni.2014.08.009.

119. Hird SM, Ganz H, Eisen JA, Boyce WM. 2018. The cloacal microbiome of five
wild duck species varies by species and influenza A virus infection status.
mSphere 3:e00382-18. https://doi.org/10.1128/mSphere.00382-18.

120. Vale PF, McNally L, Doeschl-Wilson A, King KC, Popat R, Domingo-
Sananes MR, Allen JE, Soares MP, Kümmerli R. 2016. Beyond killing: can
we find new ways to manage infection? Evol Med Public Health 2016:
148–157. https://doi.org/10.1093/emph/eow012.

121. Rosshart SP, Vassallo BG, Angeletti D, Hutchinson DS, Morgan AP,
Takeda K, Hickman HD, McCulloch JA, Badger JH, Ajami NJ, Trinchieri G,
Pardo-Manuel de Villena F, Yewdell JW, Rehermann B. 2017. Wild mouse
gut microbiota promotes host fitness and improves disease resistance.
Cell 171:1015–1028.e13. https://doi.org/10.1016/j.cell.2017.09.016.

122. Bosco N, Noti M. 2021. The aging gut microbiome and its impact on
host immunity. Genes Immun 22:289–303. https://doi.org/10.1038/
s41435-021-00126-8.

123. Deriu E, Boxx GM, He X, Pan C, Benavidez SD, Cen L, Rozengurt N, Shi W,
Cheng G. 2016. Influenza virus affects intestinal microbiota and second-
ary Salmonella infection in the gut through type I interferons. PLoS
Pathog 12:e1005572. https://doi.org/10.1371/journal.ppat.1005572.

Minireview ®

November/December 2021 Volume 12 Issue 6 e02496-21 mbio.asm.org 12

https://doi.org/10.1164/rccm.201602-0220OC
https://doi.org/10.1164/rccm.201602-0220OC
https://doi.org/10.1038/s41467-018-07476-4
https://doi.org/10.1038/s41467-018-07476-4
https://doi.org/10.1016/j.virol.2020.10.011
https://doi.org/10.3390/microorganisms9040689
https://doi.org/10.3390/microorganisms9040689
https://doi.org/10.1016/j.maturitas.2018.03.012
https://doi.org/10.15252/msb.202010116
https://doi.org/10.1126/science.aat9931
https://doi.org/10.1126/science.aat9931
https://doi.org/10.1146/annurev-pharmtox-010919-023612
https://doi.org/10.1007/s11904-017-0362-z
https://doi.org/10.1136/gutjnl-2019-320204
https://doi.org/10.1136/gutjnl-2019-320204
https://doi.org/10.1080/21645515.2015.1022699
https://doi.org/10.1080/21645515.2015.1022699
https://doi.org/10.1016/j.coviro.2019.05.001
https://doi.org/10.1016/j.chom.2020.06.014
https://doi.org/10.1016/j.vaccine.2018.04.066
https://doi.org/10.1016/j.vaccine.2018.04.066
https://doi.org/10.1016/j.cell.2019.08.010
https://doi.org/10.1542/peds.2013-3937
https://doi.org/10.1542/peds.2013-3937
https://doi.org/10.4269/ajtmh.19-0355
https://doi.org/10.4161/19490976.2014.969972
https://doi.org/10.1038/s41385-018-0029-0
https://doi.org/10.1128/mSphere.00824-19
https://doi.org/10.1128/mSphere.00824-19
https://doi.org/10.1128/JVI.01225-20
https://doi.org/10.1016/j.vetmic.2021.109018
https://doi.org/10.1016/j.chom.2018.04.009
https://doi.org/10.1016/j.chom.2018.04.009
https://doi.org/10.1016/j.chom.2018.07.005
https://doi.org/10.1016/j.chom.2018.07.005
https://doi.org/10.1093/infdis/jiw518
https://doi.org/10.1093/infdis/jiw518
https://doi.org/10.1080/19490976.2017.1376162
https://doi.org/10.1080/19490976.2017.1376162
https://doi.org/10.1016/j.vaccine.2019.09.046
https://doi.org/10.1016/j.vaccine.2019.09.046
https://doi.org/10.1016/j.immuni.2014.08.009
https://doi.org/10.1128/mSphere.00382-18
https://doi.org/10.1093/emph/eow012
https://doi.org/10.1016/j.cell.2017.09.016
https://doi.org/10.1038/s41435-021-00126-8
https://doi.org/10.1038/s41435-021-00126-8
https://doi.org/10.1371/journal.ppat.1005572
https://mbio.asm.org


124. Kloock A, Bonsall MB, King KC. 2020. Evolution and maintenance of
microbe-mediated protection under occasional pathogen infection.
Ecol Evol 10:8634–8642. https://doi.org/10.1002/ece3.6555.

125. Chang C-Y, Vila JCC, Bender M, Li R, Mankowski MC, Bassette M, Borden J,
Golfier S, Sanchez PGL, Waymack R, Zhu X, Diaz-Colunga J, Estrela S,
Rebolleda-Gomez M, Sanchez A. 2021. Engineering complex communities
by directed evolution. Nat Ecol Evol 5:1011–1023. https://doi.org/10.1038/
s41559-021-01457-5.

126. Ford SA, Kao D, Williams D, King KC. 2016. Microbe-mediated host
defence drives the evolution of reduced pathogen virulence. Nat Com-
mun 7:13430. https://doi.org/10.1038/ncomms13430.

127. Moratorio G, Vignuzzi M. 2018. Monitoring and redirecting virus evolution.
PLoS Pathog 14:e1006979. https://doi.org/10.1371/journal.ppat.1006979.

128. King KC, Brockhurst MA, Vasieva O, Paterson S, Betts A, Ford SA, Frost
CL, Horsburgh MJ, Haldenby S, Hurst GD. 2016. Rapid evolution of
microbe-mediated protection against pathogens in a worm host. ISME J
10:1915–1924. https://doi.org/10.1038/ismej.2015.259.

129. González R, Butkovi�c A, Escaray FJ, Martínez-Latorre J, Melero Í, Pérez-
Parets E, Gómez-Cadenas A, Carrasco P, Elena SF. 2021. Plant virus evolu-
tion under strong drought conditions results in a transition from parasit-
ism to mutualism. Proc Natl Acad Sci U S A 118:e2020990118. https://doi
.org/10.1073/pnas.2020990118.

130. Dahan D, Preston GM, Sealey J, King KC. 2020. Impacts of a novel defen-
sive symbiosis on the nematode host microbiome. BMC Microbiol 20:
159. https://doi.org/10.1186/s12866-020-01845-0.

Minireview ®

November/December 2021 Volume 12 Issue 6 e02496-21 mbio.asm.org 13

https://doi.org/10.1002/ece3.6555
https://doi.org/10.1038/s41559-021-01457-5
https://doi.org/10.1038/s41559-021-01457-5
https://doi.org/10.1038/ncomms13430
https://doi.org/10.1371/journal.ppat.1006979
https://doi.org/10.1038/ismej.2015.259
https://doi.org/10.1073/pnas.2020990118
https://doi.org/10.1073/pnas.2020990118
https://doi.org/10.1186/s12866-020-01845-0
https://mbio.asm.org

	MICROBIOME MITIGATION OF VIRAL INFECTION
	Humans and other animals.
	Vectors of viruses.
	Plants.
	Species conservation.

	MICROBIOME-MEDIATED ENHANCEMENT OF VIRAL INFECTIONS
	MICROBIOME INTERACTION WITH ANTIVIRAL THERAPEUTICS
	FUTURE PERSPECTIVES
	CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	REFERENCES

