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Abstract
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Parasitic infections disturb gut microbial communities beyond their natural range of variation, possibly leading to dys-
biosis. Yet it remains underappreciated that most infections are accompanied by one or more co-infections and their
collective impact is largely unexplored. Here we developed a framework illustrating changes to the host gut micro-
biome following single infections, and build on it by describing the neutral, synergistic or antagonistic impacts on
microbial a- and B-diversity expected from co-infections. We tested the framework on microbiome data from a non-
human primate population co-infected with helminths and Adenovirus, and matched patterns reported in published
studies to the introduced framework. In this case study, a-diversity of co-infected Malagasy mouse lemurs (Microcebus
griseorufus) did not differ in comparison with that of singly infected or uninfected individuals, even though commu-
nity composition captured with 3-diversity metrices changed significantly. Explicitly, we record stochastic changes in
dispersion, a sign of dysbiosis, following the Anna-Karenina principle rather than deterministic shifts in the microbial
gut community. From the literature review and our case study, neutral and synergistic impacts emerged as commmon
outcomes from co-infections, wherein both shifts and dispersion of microbial communities following co-infections
were often more severe than after a single infection alone, but microbial a-diversity was not universally altered.
Important functions of the microbiome may also suffer from such heavily altered, though no less species-rich micro-
bial community. Lastly, we pose the hypothesis that the reshuffling of host-associated microbial communities due to
the impact of various, often coinciding parasitic infections may become a source of novel or zoonotic diseases.
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Introduction

Multicellular life evolved in an environment of unicel-
lular, microbial co-inhabitants, and is forced to interact
with and, eventually, host already present microbiota
[1, 2]. As a collaborative venture, hosts entrusted partial
sovereignty of important functions to the microbiome,
including modulation of host metabolism [3], develop-
ment [4], behaviour [5] and immunity [6-8]. The gut
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microbiome takes up many of these tasks. A high micro-
bial diversity and constant direct and indirect molecular
crosstalk between the genomes of interacting hosts, bac-
teria, viruses and fungi (i.e., holobiont) maintain a stable
gut microbial community, optimise microbial functions
and buffer against disturbances [9, 10]. The most radi-
cal changes in the commensal microbial community are
often connected to macro- and microparasitic infections
(e.g., viruses [11]; bacteria [12]; helminths [13], fungi
(14]).

Parasites exploit unused metabolic products, induce
inflammation or compete for space and resources with
commensal bacteria [15, 16]. As a consequence, parasites
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may transform a microbial community into a disturbed
or dysbiotic microbiome (i.e., pathobiome) benchmarked
by changes in intra-individual microbial diversity (i.e.,
a-diversity), shifts or dispersal inter-individual diversity
(i.e., 3-diversity) and overdominance or disappearance of
specific bacterial taxa (conceptualised in Fig. 1; [9]). Hel-
minth-infections, for example, modulate the abundance
of immune-regulatory commensals in horses (Fig. 1A;
[17]), while infections with the human immunodefi-
ciency virus (HIV) lower overall gut microbial richness
and evenness [18, 19]. In wild populations of Malagasy
mouse lemurs (Microcebus griseorufus), inter-individual
similarity in microbial composition differed between
uninfected and Adenovirus® individuals (Fig. 1B; [11,
20]). The microbiomes of chimpanzees infected with the
Simian immunodeficiency virus were more dissimilar
between infected individuals compared with uninfected
hosts (Fig. 1C; [21]).

In turn, an infection can undermine microbe-medi-
ated, metabolic or immunological functions and facilitate
further infections [23-26]. The protozoan Toxoplasma
gondii, for instance, repeatedly caused declines in ASVs
(amplicon sequence variants) of the family Proteobacteria
and Bacteroidetes in a murine model [27]. Bacteroidetes
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are key to inducing inflammation responses and coun-
ter infections. SARS-CoV-2—the latest installment of a
series of viruses with pandemic potential and zoonotic
origin—was documented to shift the host gut microbi-
ome community and allow opportunistic and pathogenic
bacteria to take over [28, 29]. Importantly, however, com-
mensals are not defenseless against parasitic invaders
[10]. In the case of patients with COVID-19, four com-
mensal Bacteroides species were found to downregulate
the expression of the ACE2 receptor, which is used by
the disease agent SARS-CoV-2 to enter host cells [28].
Disturbances of the microbial community may be symp-
tomatic of an unhealthy host or a reaction to optimize
immune-regulatory functions against an invader [9], but
shifts away from homeostasis may invite secondary infec-
tions to take hold. In brief, the interaction between the
host microbiome and an infection undoubtably contrib-
utes to disease severity, progression and recovery [30].
Yet our knowledge about the impact of parasitic infec-
tions on the microbiome largely stems from single infec-
tions, aiming to link cause and effect. Little attention has
been paid to the impact of co-infections even though they
are the norm in nature [24, 25]: for instance, 46% of all
bank voles (Myodes glarolus) infected with the tick-borne
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Fig. 1 The impact of single infections on a- and B-diversity of the host's microbiome with examples. A Single infections can have a directional

effect on microbial species diversity. Equine gut microbial a-diversity, for instance, decreased following helminth infection [17]. B Single infections
may result in deterministic changes to the microbial community composition (i.e., 3-diversity), which are characterized by a shift of the centroid
(=black dot; e.g., analysed by Permutational Multivariate Analysis of Variance, Permanova). In this case, the dispersion stays similar (e.g. analysed by
Permutational Analysis of Multivariate Dispersions, Permdisp). For example, the gut microbial composition shifted in Adenovirus-infected mouse
lemurs [11]. C Alternatively, single infections may lead to a changed dispersion, which can be visualized as distance to centroid (spread = black
arrow). An example are chimpanzees infected by the simian immunodeficiency virus, which had a more dispersed gut microbiome [21]. D Single
infections can also lead to both stochastic and deterministic effects. Three-spined stickleback (Gasterosteus aculeatus), for instance, infected with
the cestode Schistocephalus solidus had a more dispersed and shifted gut microbial community [22]. * =ssignificant differences (i.e., p-value <0.05);
ns=non-significant differences (i.e., p-value > 0.05)
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bacterium “Candidatus Neoehrlichia mikurensis” were
co-infected with the zoonotic Lyme disease agent Borre-
lia afyelii [31]; and 79% of field voles (Microtus agrestis)
were co-infected with a protozoan, virus and/or bacteria
[32]; 72% of helminth-infected marbled spinefoot rab-
bit fish Siganus rivulatus were also infected with at least
one additional helminth species [33]; viral co-infections
in virus-positive bats range from approximately 1% [34]
to up to 40% [35]. In humans, co-infections are conserv-
atively estimated at 30%, even though some estimates
extend as high as 80% for some communities [36]. For
example, co-infections with HIV and hepatitis B virus
range between 3 and 25% [37], and even triple infections
with bacteria that use shared transmission pathways,
like syphilis, reach a prevalence as high as 30% in some
developed nations [38]. The occurrence of co-infections
is probably underestimated since targeted detection
approaches based on a priori expectations likely overlook
unknown or unexpected parasites [39].

Given the importance of microbiome homeostasis for
host health [6-8], changes to the microbiome arising
from single infections alone, the universality of co-infec-
tions in nature, and the increased infection risk of hosts
in anthropogenically changed habitats [30, 40], inves-
tigating the impact of co-infections on the host micro-
biome is particularly timely [9, 11]. This review begins
with sketching out a framework for expected impacts of
co-infections on host microbial communities. We draw
examples from an extensive literature search and embed
the empirical findings in our framework. Moreover, we
re-analysed a published data set from a wild popula-
tion of Malagasy mouse lemurs (M. griseorufus; [11, 20])
under inclusion of co-infection information and align the
findings with our framework, adding to the few published
examples. Finally, we critically dissect limitations, point
to unanswered questions and frame the importance of
co-infection research in the context of disease ecology
and One health considerations.

Expected impacts of co-infections on microbial
communities: a theoretical framework

Broadly speaking, different parasites infecting the same
host can assist, counter or disregard one another in
their impact: some helminths, for instance, suppress
the host’s inflammatory responses, which favors the
establishment and rapid growth of micro- or macro-
parasites [24-26]. Wild rabbits infected with the hel-
minth Trichostrongylus retortaeformis, but not with the
helminth Graphidium strigosum, experienced greater
infection intensity when co-infected with the immu-
nosuppressive myxoma virus [41]. Other parasites
compete for limited host resources [24-26], result-
ing in negative correlations between the abundance of
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co-infecting parasites. Such inverse relationships were
found in domestic sheep [42] and wild mice (genus:
Peromyscus) [43] infected with the protozoan Eimeria
and Campylobacter or helminths, respectively. Some
co-infecting parasites even actively offset the develop-
ment and manipulation of other parasites to advance
their own survival and transmission [44]. In any case,
parasite-specific traits likely govern these parasite-par-
asite interactions [24, 26]. Hence, trait-mediated effects
are equally likely to determine parasite-parasite-micro-
biome interactions and, thus, the impact of co-infec-
tions on host microbiome stability.

This means multiple infections are predicted to alter
the host’s microbiome in their own specific way. In recent
years, high-throughput 16S ribosomal RNA amplicon
and shotgun sequencing data pushed the study of micro-
bial communities to a new era. The ability to look at
community patterns rather than just specific taxa alone
also meant that new and old analytical tools, regularly
employed by community ecologists, were now avail-
able to microbiologists and that these observations and
patterns are now embedded in rich ecological theory
adapted for microbial communities (e.g., keystone spe-
cies; a/f3-diversity; Anna-Karenina principle; reviewed in
[15, 45-47]). And yet, a cohesive framework of theoreti-
cal predictions outlining how co-infections could impact
gut microbial communities is currently lacking.

Our framework builds on these ideas (Fig. 2). Specifi-
cally, we developed testable predictions of the impact
of co-infections using common community and diver-
sity metrices. The null hypothesis to be tested follows
the same principle as for single infections (Fig. 1 i.e.,
a-diversity of uninfected group does not change follow-
ing single infections), namely that a co-infection does not
alter the diversity of the gut microbial community when
compared to the singly infected reference groups (Fig. 2).
Importantly though, the impact of co-infections on the
microbiome must primarily be levelled against that of the
single infections. Hence, when compared to the effect of
single infections on the host microbiome, co-infections
can either be neutral, synergistic or antagonistic. How-
ever, the choice of reference markedly influenced the
outcome, meaning that for observational studies indi-
viduals with single infections of either pathogen should
be compared against the co-infected group (see “Case
study: Neutral and synergistic effects of a co-infection on
the gut microbiome of a non-human primate” section),
while for experimental studies the sequence of infection
determines which group represents the reference. In the
following we outline our framework in more detail and
showcase empirical evidence from 14 studies (Table 1;
selected from 397 that fit the search criteria; see Addi-
tional file for details on the systematic literature search;
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Fig. 2 A framework to assess the impact of co-infections on a- and B-diversity of the host's microbiome. The top banner provides an overview of
different a-diversity metrics, and the patterns created by a shift in centroid (i.e, a deterministic effect with centroid =black dot) or when plotted
as distance from centroid (i.e, a stochastic effect with spread = black arrow), both describing 3-diversity. Based on the impact a single infection
(yellow) has on uninfected hosts (blue), the effect of a co-infection (red) can be classified as either neutral, synergistic or antagonistic. Animal
symbols are in reference to the focal organism of studies featured in Table 1 and the number represents the frequency a similar result was found.

*=significant differences (i.e., p-value <0.05);

ns = non-significant differences (i.e,, p-value >0.05)

Additional file 1: Fig. S1, Table S1) that report and com-
pare the impact of single and co-infections.

Neutral effects

If a single infection does not result in observable changes
to the gut microbiome compared to the uninfected group,
then the effect is negligible or neutral. For instance, the
microbial a-diversity—a measure of intra-individual spe-
cies richness, evenness and phylogenetic diversity—of
mouse lemurs infected with an Adenovirus (AdV) was
indistinguishable from uninfected individuals [11]. Simi-
larly, and by extension, if a co-infection does not alter the
gut microbiome beyond the change that a single infec-
tion caused i.e., when both the single and co-infection
cause the same observable changes to the gut microbi-
ome, then the effect of the co-infection is said to be neu-
tral (Fig. 2A, D, G, J). In other words, neutral impacts

emerge when one co-infecting parasite does not inter-
fere with the manipulation of the other. Neutral effects
can be observed when considering both a- and f3-diver-
sity. Whilst a-diversity reflects intra-individual diver-
sity, 3-diversity is a measure of inter-individual diversity
in microbial communities. Impacts on the latter can be
investigated in two different ways: by testing for deter-
ministic effects, which move the microbiome communi-
ties towards a different but consistent configuration (i.e.,
shifted centroid location in ordination space), or stochas-
tic effects (i.e., Anna-Karenina principle [AKP]), which
translate into unique configurations of each individual
microbial community (i.e., changed dispersion from a
common group centroid; Figs. 1 and 2 top banner).
Neutral effects of additional infections on gut microbial
a-diversity were demonstrated in at least one experimen-
tal murine study [54], a study on domestic pigs [48] and
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in several medical studies on humans ([56-58], Table 1,
Fig. 2A). Neutral effects are also present among wild ani-
mals. In a free-ranging African buffalo (Syncerus caffer)
population infected with both bovine tuberculosis (Myco-
bacterium bovis, TB) and gastrointestinal helminths, gut
microbial o-diversity differed only between uninfected
and helminth-infected, but TB-negative buffalos [61].
Microbial richness of co-infected buffalos was indistin-
guishable from buffalos either only TB-positive or only
helminth infected (Fig. 2A). Thus, the effect of TB infec-
tion on a-diversity was neutral with respect to the change
seen in buffalos solely infected with helminths. Addition-
ally, the study finds the gut microbial community com-
position to remain unaffected by co-infections compared
to the single infections status (Fig. 2D, G; [61]). Lastly,
this work highlights some of the potential from wildlife
research in the context of co-infections (Box 1). Taken
together, neutral impacts might be a common outcome of
co-infections (Table 1).

BOX 1:Tracking changes in microbiomes from wild
animals is difficult but feasible

Information about the impact of co-infections on the
microbiome of wild animals, in particular, are scarce,
not least because a diverse set of skills is needed to
capture and analyse a variety of data (e.g., inten-
sive capture-recapture efforts in the field; molecular
screening for parasites and microbes in the labora-
tory; -omics pipelines for data processing and analy-
sis). A possible source of more information are studies
primarily dedicated to screening vectors for diseases
with zoonotic potential. Since species richness pre-
dicts parasite diversity, highly diverse vector groups
are targeted by a higher number of parasites than less
diverse taxa [62]. Rodents, bats, primates and birds
spearhead the list of diverse zoonotic vectors and res-
ervoirs with regular interactions with humans as we
further encroach on their natural habitats [63, 64].
Moreover, these taxa are often highly co-infected [31,
35, 65—67]. Infections in wildlife are likely so common
that an uninfected state may prove itself to be a rare
circumstance [65]. These vectors and reservoirs likely
transmit a plethora of parasites to new hosts (follow-
ing the 80:20 rule of disease transmission [68]). Gre-
garious bats, for instance, often carry a variety of viral
strains (e.g. [34, 35].) and have been implicated as res-
ervoirs of SARS-like CoVs [69] and sources of SARS-
CoV-2 [70]. Yet, fecal samples are easy to collect from
trapped rodents and netted bats and birds (e.g., [71,
72]), and tracking of vector populations on a regular
basis would allow gathering of important temporal
data on infection status and microbiome diversity [15,
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73]. Even perturbation studies aiming to vaccinate or
treat against certain parasites can be a powerful, even
if laborious endeavor and bring a more experimental
approach to wildlife research [61]. Importantly, more
detailed infection information will likely require more
nuanced analytical approaches to deal with parasite-
specific and infection load related impacts, possibly
also not easily captured by diversity metrices. Vec-
tors and reservoirs are ideal natural model systems to
study such dense infection information and the sub-
sequent impact of co-infections on host microbiomes.

Synergistic effects

As an alternative to neutral effects, single infections can
increase or decrease microbial a-diversity and change
centroid position and/or dispersion patterns of 3-diver-
sity (Fig. 1). A single infections with HIV, for instance,
can lower gut microbial richness and evenness [18, 19].
However, if a co-infection compounds the changes
caused by a single infection even further, then the effect
can be either synergistic or antagonistic, depending on
the direction of these changes. In the case of synergistic
effects, the impact of a co-infection is greater than the
measured effect of a single infection alone. For example, if
a single infection reduces (or increases) a-diversity, then
a co-infection would further reduce (or further increase)
gut microbial a-diversity (Fig. 2B). Such synergistic effect
was showcased in a study on mice infected with the pro-
tozoan Guardia lamblia and an enteroaggregative E. coli
(Table 1; [53]). The abundance of Enterobacteriaceae
increased following co-infection. As a consequence, co-
infection altered microbiome functionality (e.g., muscle
metabolism and energy expenditure regulation governed
by the creatine:creatinine ratio and nicotinamide path-
ways, respectively) [53].

The same prediction can also be formulated for f3-diver-
sity. When looking at deterministic effects, shifts in a gut
microbial community structure following a single infec-
tion could be accentuated during co-infection (Fig. 2E).
Besides further reductions in microbial «a-diversity, mice
experimentally co-infected with Schistosoma japonicum
and T. gondii displayed such a shift in microbiome com-
position further along ordination axis 1 than found in any
of the singly infected groups (Table 1; [55]). Both para-
sites are known to change the host microbiome indepen-
dently from one another [27, 55, 74, 75]. The helminth S.
japonicum causes schistosomiasis leading eventually to
periportal and liver cirrhosis. Schistosomiasis-induced
alteration of the microbiome composition in murine [74]
and human hosts [75] is thought to underlie changes in
Th1/Th2 responses linked to the development of hepatic
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fibrosis [55]. Yet, rather than worsening host health, the
shift in diversity and composition in co-infected mice
likely ameliorated S. japomicum-induced liver fibro-
sis, presumably due to the promotion of Thl immune
responses by T. gondii [55, 76].

When looking at stochastic effects, an increased (or
decreased) community dispersion following a single
infection could become more pronounced during co-
infection (Fig. 2H). On their own, infections with HIV
[18] and the hepatitis C virus (HCV) [77] result in more
dysbiotic guts. HIV-HCV co-infected individuals experi-
ence significantly lower a-diversity (Fig. 2B) and a more
pronounced 3-diversity dispersion (Fig. 2H), indicating
fewer similarities between individual microbial commu-
nities, compared with HIV singly infected patients [60].
Moreover, the observational study found all groups to
differ in their metabolome with the co-infected group
being most dissimilar [60]. Collectively, these findings
suggest synergism driving the dispersion in co-infected
patients.

Lastly, since each parasite may induce either determin-
istic or stochastic changes in the microbial 3-diversity
community, co-infections might yield mixed results (i.e.,
a shifted and more/less dispersed community; Fig. 2K).
The only evidence for this comes from experimental stud-
ies on poultry (Table 1). For instance, Histomonas melea-
gridis causes histomonosis in poultry [78]. The protozoan
compromises the intestinal mucosal barrier of its host,
disrupting nutrient uptake and enabling the establish-
ment of other pathogens, such as the avian pathogenic
E. coli. In domestic chickens (Gallus gallus domesticus)
co-infected with H. meleagridis and an avian pathogenic
E. coli strain, 3-diversity was both more dispersed and
shifted in co-infected pullets, while E. coli singly infected
hosts clustered tightly together [49]. The co-infection
with H. meleagridis also reduced the abundance of com-
mensal bacteria, such as the Ruminococcaceae, which
are involved in the breakdown and conversion of feed to
body weight, hence co-infected chicken lost significantly
more weight over the course of the experiment [49]. In
both poultry studies, co-infections also favored the estab-
lishment of unique compositions of competitive, patho-
genic bacteria, more distinct than those found in singly
infected individuals [49, 50]. Such compositional reshuf-
fling following frequent infections and aggressive anti-
microbial treatments on animal farms has led, and is
likely to lead, to the emergence of new potentially patho-
genic bacteria [63, 79].

Antagonistic effects

In contrast to synergistic effects, co-infections can
counteract the effects of a single infection seemingly
to return the gut microbial a- or 3-diversity (closer)
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toward its uninfected state (Fig. 2C, F, I, L). Such
an effect can be described as antagonistic and likely
evolved in some parasites as a mechanism to modulate
host- and microbiome-mediated immunity in order
to protect itself (and by extension its host) from a co-
colonizing competitor [26]. It is important to note here
that antagonistic effects are marked by a change in
direction rather than entirely nullifying the effect of a
single infection. Co-infections with helminths are likely
prime candidates to observe antagonistic effects owing
to their ability to modulate inflammatory responses
and maintain gut homeostasis for their own benefit
[80]. A cross-sectional study on 37 children from rural
parts of Argentina co-infected with the eukaryotic
protozoan Giardia duodenalis and helminths found
antagonistic effects of the co-infection compared to
single infections with either parasite: co-infected chil-
dren showed higher microbiome a-diversity than G.
duodenalis singly infected children, but lower diver-
sity than those children only infected with helminths
[59]. Yet, a-diversity of co-infected children was actu-
ally comparable to uninfected infants [59]. This indi-
cates counteractive microbiome modification by either
parasite (Fig. 2C). Critically though, the microbiomes
of co-infected children lost the ability to biosynthesize
Vitamin B,, in sufficient quantities, possibly as a result
of a shifting microbiome composition with anaerobic
Prevotella becoming the leading taxa in the G. duade-
nalis singly and co-infected group [59]. The loss of an
obligatory bacteria-derived micronutrient may explain
some of the pathologies (e.g. malabsorption, diarrhea)
observed with G. duodenalis infections [81], but also
showcases that, even though co-infections resulted in
microbial a-diversity akin to that of uninfected chil-
dren, changes in microbial composition associated with
a single disease agent can transform microbiome func-
tions with debilitating consequences for the host.
Antagonistic impacts of co-infection on the microbi-
ome were also investigated in an observational study on
130 Columbian children infected with the malaria para-
site Plasmodium vivax and either of two common hel-
minths (Trichuris trichiura, Ascaris lumbricoides; [58]).
While microbiome a-diversity was similar between un-,
singly and co-infected children, the microbiome compo-
sition differed deterministically (Fig. 2F): Prevotella copri
and Clostridiaceae were less abundant, whereas Bacte-
roides were more common in individuals only infected by
P vivax than in uninfected, helminth-only or co-infected
children [58]. The findings indicate modulation by the
helminth to maintain microbiome homeostasis, but
equally suggests strong impacts of single infections with
P vivax. Interestingly, singly and co-infected individuals
with P. vivax still had altered immunological parameters
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such as interleukins and hematocrit, indicating that P
vivax likely modulates immunity directly rather than via
the gut microbiome.

Case study: neutral and synergistic effects

of a co-infection on the gut microbiome

of a non-human primate

Non-human primates pose a significant zoonotic risk
to humans owing to a more recent, shared evolutionary
past [82] and an overlap in habitats following increased
human encroachment [83-85]. Zoonotic Adenoviruses
(AdVs), for instance, which can cause diarrhoea and mild
to severe diseases in humans and other primates [86],
originate more often than expected from primates [62].
Similarly, 20% of primate-borne helminths, although
much more host specific, are estimated to also infect
humans [87]. Monitoring programs make wild non-
human primate populations a natural model system to
explore the impact of infections, including co-infections,
on the host’s microbiome [88]. In order to emphasise this
point, we re-analysed microbiome data from helminth
and AdV-infected Malagasy mouse lemurs [11, 20].

The raw microbiome sequence data was accessed from
the NCBI database (BioProject: PRJNA715730) for 86
samples with known infection status and processed using
the same bioinformatics pipeline as described in [20].
The metadata revealed that a total of 40 samples were
uninfected hosts, while 11 were AdV™, 25 helminth™
and 10 infected with both parasites. Like AdV infection,
helminth infection represents a binomial variable with-
out information on helminth species or infection load.
Quality analysis following the Qiime 2 (version 2020.8)
pipeline recovered an average of 43,070 (range 22,150—
102,421) reads per sample after taxonomic assignments
using the Silva classifier (v138; [89]). After applying a
0.1% prevalence threshold [45], the gut microbial com-
munity of the mouse lemurs was dominated by 34.5%
Bacteroidota, 28.9% Actinobacteriota, 25.7% Firmicutes,
followed by 4.6% Campilobacterota and Proteobacteria
(<2% Patescibacteria, Fusobacteriota, Cyanobacteria and
Spirochaetota), which was coherent with previous find-
ings [11]. Investigating the effect of infection status (i.e.,
uninfected, helminth™, AdV*' or co-infected) on four
common a-diversity metrices (i.e., Faith’s phylogenetic
diversity, Chaol, Shannon diversity, Simpson) consist-
enly yielded no differences in a-diversity across infection
groups (Analysis of Variance: F; 4,=0.616-1.585; p>0.05,
Fig. 3A). This is in line with one study showing no dif-
ference in a-diversity between AdV*' and AdV™ mouse
lemurs [11], but in contrast with another study using
143 AdV-tested lemurs [20], which reported an increase
in Faith’s phylogenetic diversity in AdV* individuals.
Yet collectively these results suggests a neutral impact
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of co-infection (Fig. 2A). Interestingly though, the vari-
ance between the groups differed for Faith’s phylogenetic
diversity (Bartlett-test: p=0.029), Chaol (Bartlett-test:
p=0.022) and Simpson (Flinger-Killeen-test: p=0.049),
suggesting less variation in the singly and co-infected
groups, despite their lower sample size.

To differentiate deterministic from stochastic effects,
we compared the effect of infection status using PER-
MANOVAs (i.e., shifted centroid position) and PER-
MDISPs (i.e., altered dispersion) based on two 3-diversity
metrices (unweighted and weighted UniFrac, [90]).
Whereas no difference in centroid position was appar-
ent among infected groups (PERMANOVAs—weighted
UniFrac: Fyg,=0.855, R*=0.03, p=0.606; unweighted
UniFrac: Fyg,=1274, R*=0.04, p=0.122), gut micro-
bial 3-diversity was differently dispersed (PERMDISPs—
weighted UniFrac: F3g,=4.527, p=0.008; unweighted
UniFrac: F3g,=6.189, p=0.002). Pair-wise comparisons
revealed that, based on weighted UniFrac distances, all
infected groups were significantly less dispersed than the
uninfected group (Helminth™: p=0.014; AdV': p=0.030;
co-infected: p=0.027), but did not differ significantly
from one another in terms of their structural composition
of ASVs (Fig. 3B; Additional file 1: Table S2). Unweighted
UniFrac distances drew a different picture (Fig. 3C): here
the gut microbiome community composition of AdV"
and co-infected individuals differed from uninfected
ones (AdV*': p=0.012; co-infected: p=0.002), while
Helminth™ were not dissimilar to the microbiomes from
uninfected individuals (Helminth™: p=0.144). Crucially
though, singly infected groups differed compared to the
co-infected group (Helminth™ vs. co-infected: p=0.014;
AdV* vs. co-infected: p=0.069). Collectively, these
results rule out a deterministic shift of the mouse lemur
gut microbiome, but suggest a rather stochastic contrac-
tion following anti-AKP expectations [15]. In short, gut
microbial communities became less dispersed and, thus,
more similar following a co-infection. Anti-AKP dynam-
ics, in this context, describe precisely the opposite pat-
tern to a frequent observation among microbiologists: ‘all
healthy microbiomes are similar; each dysbiotic microbi-
ome is dysbiotic in its own way’ (in reference to the open-
ing line of Tolstoy’s Anna Karenina: ‘all happy families
are alike; each unhappy family is unhappy in its own way’
[15]). Yet both are feasible outcomes: AKP, anti-AKP and
non-AKP (possibly deterministic) effects were found to
be as common as 50%, 25% and 25% in humans suffering
from microbiome-associated diseases [91].

To sum up, both neutral (Fig. 2G) and synergis-
tic (Fig. 2H) effects of a co-infection were observed:
the AdV +infections, for instance, seem to shrink the
microbiome irrespective of a co-infecting helminth,
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wild population, co-infecting parasites, therefore, shape
the host’s microbiome in a way that no longer resem-
bles its uninfected configuration.

whereas a single infection with a helminth somewhat
maintains similarities with a healthy gut microbial com-
position and only contracts to become more homoge-
nous with the addition of the co-infecting virus. In this
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Fig. 4 Pathways to novel, potentially pathogenic bacterial disease
agents. Aside from direct changes to the host microbiome caused

by habitat disturbances (blue arrows), parasites directly impact host
microbiome (red solid arrow) and indirectly via manipulation of

host health (red dashed arrow). Since anthropogenically disturbed
habitats facilitate the transmission and persistence of parasites, direct
and indirect parasite-mediated changes to a host’s microbiome may
become more frequent, and a dysbiotic gut may become a source of
harmful bacteria. Adapted from [30]

Discussion
Parasitic infections are a constant in nature. But rather
than linking single parasites with a single disease or
pathology as proposed by early pioneers of microbiology,
modern disease ecology understands that the outcome of
disease is largely determined by four interacting factors:
the host, the parasite, the environment and the microbi-
ome - the most recent addition [30]. As extension to the
former disease triangle [92], the concept of the disease
pyramid captures the direct and indirect four-way inter-
actions between habitat disturbance, host susceptibility,
pathogenicity and microbiome stability [30] and helps
explain a rise in emerging or re-emerging infectious dis-
eases in wildlife [93, 94], which in part cross trans-species
boundaries to become public health problems [63, 64].
Three key realizations make the microbiome an essential
addition in the light of the One health framework: the
host microbiome is readily and directly impacted by hab-
itat disturbance [40], host health [95] and parasitic infec-
tions (e.g., [11, 96]), the microbiome itself shapes host
health and disease progression [9, 10], and a dysbiotic
microbiome is a breeding ground for potentially harmful
bacteria [97, 98]. Particularly, the acquisition of patho-
genic or antibiotic properties via horizontal gene trans-
fer or de novo mutations in the pressure cooker that is
a highly destabilized microbiome, is daunting for human
and animal health alike.

Parasitic infections are particularly conducive to caus-
ing microbial dysbiosis (Fig. 4). Parasites evolved to
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outmaneuver host-associated commensals and host
defenses. As such, parasitic infections either impact host-
associated microbial communities directly or indirectly
via host health or the manipulation of host immunity.
Distinguishing between the direct competition with host
microbial communities and microbiome- or host-medi-
ated pathways is a major challenge for future research
in this field (e.g., [58, 96]). An attempt was made with an
elaborate experiment on mice co-infected with the hel-
minth Trichinella spiralis and a murine Norovirus [52].
Even though T spiralis changed the abundance of several
bacterial families independently of the co-infecting virus,
the study showed empirically that compositional changes
likely stem from altered interactions between the micro-
biome and host immunity even though only the latter
was manipulated directly by the parasite [52]. Such com-
plexity is laborious to unravel. It requires a push for novel
study designs and analytical workflows to make sense of
information-dense host and microbe data, which must
include infection status.

Additionally, anthropogenically disturbed and biologi-
cally depauperated habitats tend to experience increased
parasite diversity and prevalence (Fig. 4; e.g., [71, 99,
100]). This emphasizes the importance of understanding
host-microbiome-parasite interactions. However, even
information on the impact of single infections is scarce,
notwithstanding findings from model organisms or path-
ogens with current relevance to human disease manage-
ment. But single infections are not a realistic scenario,
neither for wildlife (e.g., [24, 25]) nor for humans (e.g.,
[37, 38]) and the co-infection risk is likely to increase fol-
lowing further human encroachment into nature. There-
fore, we hypothesize that, matching the disease pyramid
[30], more pronounced anthropogenic disturbances (e.g.,
via habitat fragmentation, agricultural intensification,
environmental pollution, climate change) coupled with
increased parasite pressure likely lead to more dysbiotic
host-associated microbial communities, which, in turn,
may facilitate the emergence and transmission of novel
and potentially pathogenic bacteria (Fig. 4).

The impact of co-infections is likely fundamental to
understand these dynamics. Even from the few studies
published to date, it can be said that co-infections mold
how the four-way interactions pan out and host health
and microbiome stability are affected. Since effects on the
gut microbiome (and other microbiome communities,
such as of the skin; [101]) are likely parasite-specific, it is
useful to outline a predictive framework to conceptual-
ize coupled effects (Fig. 2). In doing so, we found some
instances in which co-infections altered host microbial
a-diversity, but others where a-diversity seemed statisti-
cally indistinguishable from uninfected or singly-infected
individuals. By contrast, f3-diversity was frequently
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shifted farther or dispersed more widely than after a sin-
gle infection alone. Shifts in microbial communities could
indicate either a cohesive (host- or microbiome-directed)
response to mitigate an infection (e.g., [28]) or modula-
tion by the parasite to enable its own establishment and
persistence (e.g., [41]). Such dysbiosis may favor the
persistence of harmful bacteria usually competitively
excluded or down-regulated [97]. Co-infections did, for
instance, often change the abundance of Clostridiaceae
and Bacteroides (Table 1), both competitive bacterial
families with opportunistically pathogenic members.

In contrast to deterministic shifts, dispersion fol-
lowing the Anna-Karenina principle may seem as if
the host and/or microbiome were unable to form a
coherent response to the infection stress [15]—pos-
sibly expected when encountering a novel pathogen.
Alternatively, dispersion may be seen as an evolution-
ary strategy to uncover an effective response from more
divergent microbial communities (following similar
principles behind host genetic diversity in relation to
selection). The results of at least one study are sugges-
tive: the skin microbiome of the recently re-discovered
neotropical Green-eyed frog (Lithobates vibicarius) was
more divergent among those individuals encountering
frequent human disturbance [102]. The disturbed skin
microbiome, however, was rich in bacteria with putative
inhibitory function against the chytrid fungus Batra-
chochytrium dendrobatis (Bd), which drove the original
decline of the species. These findings offer the possibil-
ity of microbiome-mediated assistance to combat infec-
tions via a changed microbial configuration and hence
function. By contrast, anti-AKP dynamics, as observed in
single and even more pronounced in co-infected mouse
lemurs (Fig. 3; [11, 20]), reduce variation in the microbial
community to a core when the (co-)parasitic challenge is
too severe. Unlike AKP, anti-AKP could thus lower the
microbiome’s ability to aid host recovery. Irrespective of
whether through a shift or dispersion in the microbial
community, host health is expected to decline because
essential microbiome-mediated functions are abandoned
(e.g., [49]). As host health further deteriorates, genetic
control of its microbiome is likely to suffer, accelerating
“pathobiome-genesis”.

A picture emerges that co-infections may contribute
to the severity of disease [30] and, as we propose here,
the emergence of novel, potentially harmful bacteria con-
cocted in a dysbiotic gut (Fig. 4). Habitats at the intercept
between human- and wildlife-dominated environments
and crowded with parasites materialize as breeding
grounds for novel bacterial strains and, simultaneously,
as research hotspots (Box 1). Recent zoonotic outbreaks
and the SARS-CoV-2 global pandemic stress the inter-
connected nature of wildlife and human health. In fact,
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a global One health perspective has never been more apt.
Since microbial communities are an intricate component
of every ecosystem [30], their inclusion in planetary One
health considerations is overdue [103]. Thus, understand-
ing and predicting their response to challenges requires
the verbalisation of a priori expectations, which we have
formulated here with respect to host infection status
(Fig. 2). Demystifying the black box that is the four-way
interaction between environment, hosts, parasites and
the microbiome will necessitate a multi-disciplinary
approach from environmental, evolutionary, medical and
computational scientists.

Conclusion

Microbial ecology lacked a predictive framework out-
lining the possible impacts of co-infections on host
microbiomes. For this reason, we introduced a cohe-
sive framework that can be employed as a tool to test a
priori expectations. Recognizing how parasites interact
to shape the host microbiome may facilitate identifying
patterns of (gut) microbial dysbiosis. Nevertheless, while
this review is expansive, many questions remain unre-
solved. Most urgently, how consistent is the degree and
direction of parasite-induced change to the microbiome,
how do multiple infections shape commensal gut micro-
bial communities and advance dysbiosis, and how far do
feedback loops spiral and possibly threaten host health,
co-inhabiting animal hosts and the encroaching human
society? Understanding microbial diversity and its resil-
ience will be of central importance for the future of the
One health approach.

Abbreviations

AdV: Adenovirus; AKP: Anna-Karenina principle; ASV: Amplicon sequence vari-
ant; HCV: Hepatitis C virus; HIV: Human immunodeficiency virus; HLA: Human
leukocyte antigen; TB: Bovine tuberculosis.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/542523-022-00198-5.

Additional file 1. Figure S1. Literature search results for Set #1 (yellow),
Set #2 (red), Set #3 (black dashed) and Set #4 (blue). Table S1. Reference
list of the 14 studies included in the systematic review. Table S2. Pair-wise
comparisons of PERMDISP results comparing the gut microbial composi-
tion of uninfected, singly infected and co-infected individuals using A)
weighted UniFrac and B) unweighted UniFrac distances. Only p-values are
shown.

Acknowledgements

We like to thank A. Risely and A. Heni for their ideas during initial discussions
and comments at an early stage of this work and M. Meyer for her keen eye to
spot inconsistencies. Conceptual figures were designed using Biorender.com

Author contributions
DWS conceived the idea. DWS, GF and SS developed the concept. DWS and
GF analysed the data. DWS performed the literature review. DWS, GF and SS


https://doi.org/10.1186/s42523-022-00198-5
https://doi.org/10.1186/s42523-022-00198-5

Schmid et al. Animal Microbiome (2022) 4:48

wrote the manuscript. W, JR, YRR, BKM, AH, JG provided data and feedback.
Each author contributed to the final version. All authors read and approved
the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This research
was funded within the framework of the DFG Priority Program SPP 1596/2
Ecology and Species Barriers in Emerging Infectious Diseases (SO 428/9-1, 9-2
and SO 427/17-1).

Availability of data and materials
Data analysed for the case study can be found in [11, 20].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Institute of Evolutionary Ecology and Conservation Genomics, Ulm University,
Ulm, Germany. “Faculty of Medicine, Institute for Infectious Diseases, University
of Bern, Bern, Switzerland. 3Faculté Des Sciences, Université d’Antananarivo,
566 Antananarivo, Madagascar. “Department of Animal Ecology and Conser-
vation, Institute of Zoology, Universitat Hamburg, Hamburg, Germany.

Received: 1 December 2021 Accepted: 26 July 2022
Published online: 09 August 2022

References

1. McFall-Ngai M, Hadfield MG, Bosch TCG, Carey HV, Domazet-Loso T,
Douglas AE, et al. Animals in a bacterial world, a new imperative for the
life sciences. Proc Natl Acad Sci USA. 2013;110:3229-36. https://doi.org/
10.1073/pnas.1218525110.

2. Sachs JL, Skophammer RG, Regus JU. Evolutionary transitions in bacte-
rial symbiosis. Proc Natl Acad Sci U S A. 2011;108(SUPPL. 2):10800-7.
https://doi.org/10.1073/pnas.1100304108.

3. Kohl KD, Weiss RB, Cox J, Dale C, Dearing MD. Gut microbes of mamma-
lian herbivores facilitate intake of plant toxins. Ecol Lett. 2014;17:1238-
46. https://doi.org/10.1111/ele.12329.

4. Dominguez-Bello MG, Godoy-Vitorino F, Knight R, Blaser MJ. Role of the
microbiome in human development. Gut. 2019;68:1108-14.

5. Ezenwa VO, Gerardo NM, Inouye DW, Medina M, Xavier JB. Animal
behavior and the microbiome. Science. 2012;338:198-9. https://doi.
0rg/10.1126/SCIENCE.1227412.

6. Leonard SP, Powell JE, Perutka J, Geng P, Heckmann LC, Horak RD, et al.
Engineered symbionts activate honey bee immunity and limit patho-
gens. Science. 2020;367:573-6.

7. Dong Y, Manfredini F, Dimopoulos G. Implication of the mosquito mid-
gut microbiota in the defense against malaria parasites. PLoS Pathog.
2009;5: e1000423.

8. Buffie CG, BucciV, Stein RR, McKenney PT, Ling L, Gobourne A, et al. Pre-
cision microbiome reconstitution restores bile acid mediated resistance
to Clostridium difficile. Nature. 2015;517:205-8.

9. Pitlik SD, Koren O. How holobionts get sick-toward a unifying scheme of
disease. Microbiome. 2017;5:64.

10. Kamada N, Chen GY, Inohara N, Ntez G. Control of pathogens and
pathobionts by the gut microbiota. Nat Immunol. 2013;14:685-90.
https://doi.org/10.1038/ni.2608.

11, Wasimuddin, Corman VM, Ganzhorn JU, Rakotondranary J, Ratovona-
mana YR, Drosten C, et al. Adenovirus infection is associated with
altered gut microbial communities in a non-human primate. Sci Rep.
2019;9:1-12. https://doi.org/10.1038/541598-019-49829-z.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 13 of 15

Borewicz KA, Kim HB, Singer RS, Gebhart CJ, Sreevatsan S, Johnson

T, et al. Changes in the porcine intestinal microbiome in response to
infection with Salmonella enterica and Lawsonia intracellularis. PLoS
ONE. 2015;10: €0139106. https://doi.org/10.1371/journal.pone.0139106.
Li RW, Li W, Sun J, Yu P, Baldwin RL, Urban JF. The effect of helminth
infection on the microbial composition and structure of the caprine
abomasal microbiome. Sci Rep. 2016. https://doi.org/10.1038/srep2
0606.

van Tilburg BE, Pettersen VK, Gutierrez MW, Laforest-Lapointe |,
Jendzjowsky NG, Cavin J-B, et al. Intestinal fungi are causally implicated
in microbiome assembly and immune development in mice. Nat Com-
mun. 2020;11:1-16. https://doi.org/10.1038/s41467-020-16431-1.
Zaneveld JR, McMinds R, Thurber RV. Stress and stability: Applying

the Anna Karenina principle to animal microbiomes. Nat Microbiol.
2017;2:17121. https://doi.org/10.1038/nmicrobiol.2017.121.

Drew GC, Stevens EJ, King KC. Microbial evolution and transitions along
the parasite-mutualist continuum. Nat Rev Microbiol. 2021;19:623-38.
https://doi.org/10.1038/541579-021-00550-7.

Peachey LE, Castro C, Molena RA, Jenkins TP, Griffin JL, Cantacessi C.
Dysbiosis associated with acute helminth infections in herbivorous
youngstock - observations and implications. Sci Rep. 2019;9:11121.
Twigg HL, Knox KS, Zhou J, Crothers KA, Nelson DE, Toh E, et al. Effect
of advanced HIV infection on the respiratory microbiome. Am J

Respir Crit Care Med. 2016;194:226-35. https://doi.org/10.1164/rccm.
201509-18750C.

Pickard JM, Zeng MY, Caruso R, NUnez G. Gut microbiota: Role in
pathogen colonization, immune responses, and inflammatory disease.
Immunol Rev. 2017,279:70-89. https://doi.org/10.1111/imr.12567.
Montero BK, Wasimuddin, Schwensow N, Gillingham MAF, Ratovona-
mana YR, Rakotondranary SJ, CormanV, et al. Evidence of MHC class |
and Il influencing viral and helminth infection via the microbiome in a
non — human primate. PLoS ONE. 2021;17:e1009675.

Moeller AH, Shilts M, Li Y, Rudicell RS, Lonsdorf EV, Pusey AE, et al.
Siv-induced instability of the chimpanzee gut microbiome. Cell Host
Microbe. 2013;14:340-5. https://doi.org/10.1016/j.chom.2013.08.005.
Hahn M, Piecyk A, Jorge F, Cerrato R, Kalbe M, Dheilly NM. The host
phenotype and microbiome varies with infection status, parasite origin
and parasite microbiome composition. Mol Ecol. 2022. https://doi.org/
10.21203/rs.3.rs-323107/v1.

Khosravi A, Mazmanian SK. Disruption of the gut microbiome as a risk
factor for microbial infections. Curr Opin Microbiol. 2013;16:221-7.
https://doi.org/10.1016/j.mib.2013.03.009.

Ezenwa VO. Helminth—-microparasite co-infection in wildlife: lessons
from ruminants, rodents and rabbits. Parasite Immunol. 2016;38:527-34.
https://doi.org/10.1111/pim.12348.

Hoarau AOG, Mavingui P, Lebarbenchon C. Coinfections in wildlife:
Focus on a neglected aspect of infectious disease epidemiology. PLoS
Pathog. 2020;16: €1008790. https://doi.org/10.1371/journal. ppat.10087
90.

Frisan T. Co- and polymicrobial infections in the gut mucosa: The host-
microbiota—pathogen perspective. Cell Microbiol. 2021;23: e13279.
Couturier-Maillard A, Froux N, Piotet-Morin J, Michaudel C, Brault L, Le
Bérichel J, et al. Interleukin-22-deficiency and microbiota contribute to
the exacerbation of Toxoplasma gondii-induced intestinal inflammation
article. Mucosal Immunol. 2018;11:1181-90.

ZuoT, Zhang F, Lui GCY, Yeoh YK, Li AYL, Zhan H, et al. Alterations in gut
microbiota of patients with COVID-19 during time of hospitalization.
Gastroenterology. 2020;159:944-955.e8. https://doi.org/10.1053/j.gastro.
2020.05.048.

Din AU, Mazhar M, Wasim M, Ahmad W, Bibi A, Hassan A, et al. SARS-
CoV-2 microbiome dysbiosis linked disorders and possible probiotics
role. Biomed Pharmacother. 2021;133: 110947.

Bernardo-Cravo AP, Schmeller DS, Chatzinotas A, Vredenburg VT, Loyau
A. Environmental factors and host microbiomes shape host-pathogen
dynamics. Trends Parasitol. 2020;36:616-33. https://doi.org/10.1016/j.pt.
2020.04.010.

Andersson M, Scherman K, Réberg L. Infection dynamics of the tick-
borne pathogen “Candidatus Neoehrlichia mikurensis”and coinfections
with Borrelia afzelii in bank voles in Southern Sweden. Appl Environ
Microbiol. 2014;80:1645-9. https://doi.org/10.1128/AEM.03469-13.


https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1073/pnas.1100304108
https://doi.org/10.1111/ele.12329
https://doi.org/10.1126/SCIENCE.1227412
https://doi.org/10.1126/SCIENCE.1227412
https://doi.org/10.1038/ni.2608
https://doi.org/10.1038/s41598-019-49829-z
https://doi.org/10.1371/journal.pone.0139106
https://doi.org/10.1038/srep20606
https://doi.org/10.1038/srep20606
https://doi.org/10.1038/s41467-020-16431-1
https://doi.org/10.1038/nmicrobiol.2017.121
https://doi.org/10.1038/s41579-021-00550-7
https://doi.org/10.1164/rccm.201509-1875OC
https://doi.org/10.1164/rccm.201509-1875OC
https://doi.org/10.1111/imr.12567
https://doi.org/10.1016/j.chom.2013.08.005
https://doi.org/10.21203/rs.3.rs-323107/v1
https://doi.org/10.21203/rs.3.rs-323107/v1
https://doi.org/10.1016/j.mib.2013.03.009
https://doi.org/10.1111/pim.12348
https://doi.org/10.1371/journal.ppat.1008790
https://doi.org/10.1371/journal.ppat.1008790
https://doi.org/10.1053/j.gastro.2020.05.048
https://doi.org/10.1053/j.gastro.2020.05.048
https://doi.org/10.1016/j.pt.2020.04.010
https://doi.org/10.1016/j.pt.2020.04.010
https://doi.org/10.1128/AEM.03469-13

Schmid et al. Animal Microbiome

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2022) 4:48

Telfer S, Lambin X, Birtles R, Beldomenico P, Burthe S, Paterson S, et al.
Species interactions in a parasite community drive infection risk in a
wildlife population. Science. 2010;330:243-6. https://doi.org/10.1126/
science.1190333.

Abd-Elmonsef Mahmoud G, Osman YA, Abdel-Hakeem SS. Hydrolytic
bacteria associated with natural helminth infection in the midgut of
Red Sea marbled spinefoot rabbit fish Siganus rivulatus. Microb Pathog.
2020;147:104404.

Yang XL, Zhang YZ, Jiang RD, Guo H, Zhang W, Li B, et al. Genetically
diverse filoviruses in Rousettus and Eonycteris spp. Bats, China, 2009 and
2015. Emerg Infect Dis. 2017;23:482-6. https://doi.org/10.3201/eid2303.
161119.

Ortowska A, Smreczak M, Potyrato P, Bomba A, Trebas P, Rola J. First
detection of bat astroviruses (BtAstVs) among bats in Poland: The
genetic BtAstVs diversity reveals multiple co-infection of bats with dif-
ferent strains. Viruses. 2021;13:158. https://doi.org/10.3390/v13020158.
Petney TN, Andrews RH. Multiparasite communities in animals and
humans: frequency, structure and pathogenic significance*. Int J Parasi-
tol. 1998;28:377-93.

Mason LMK, Duffell E, Veldhuijzen IK, Petriti U, Bunge EM, Tavoschi L.
Hepatitis b and c prevalence and incidence in key population groups
with multiple risk factors in the EU/ EEA: A systematic review. Eurosur-
veillance. 2019,24:1800614. https://doi.org/10.2807/1560-7917.ES.2019.
24.30.1800614.

Yang T, Chen Q, Li D, Wang T, Gou Y, Wei B, et al. High prevalence of
syphilis, HBV, and HCV co-infection, and low rate of effective vaccina-
tion against hepatitis B in HIV-infected patients in West China hospital. J
Med Virol. 2018;90:101-8. https://doi.org/10.1002/jmv.24912.

Kohl C, Brinkmann A, Radonic¢ A, Dabrowski PW, Mihldorfer K,

Nitsche A, et al. The virome of German bats: comparing virus dis-
covery approaches. Sci Rep. 2021;11:1-18. https://doi.org/10.1038/
$41598-021-86435-4.

Fackelmann G, Gillingham MAF, Schmid J, Heni AC, Wilhelm K,
Schwensow N, et al. Human encroachment into wildlife gut micro-
biomes. Commun Biol. 2021;4:1-11. https://doi.org/10.1038/
$42003-021-02315-7.

Cattadori IM, Boag B, Hudson PJ. Parasite co-infection and interaction as
drivers of host heterogeneity. Int J Parasitol. 2008;38:371-80.

Al-Neama RT, Bown KJ, Blake DP, Birtles RJ. Determinants of Eimeria
and Campylobacter infection dynamics in UK domestic sheep: the role
of co-infection. Parasitology. 2021;148:623-9. https://doi.org/10.1017/
S0031182021000044.

Pedersen AB, Antonovics J. Anthelmintic treatment alters the parasite
community in a wild mouse host. Biol Lett. 2013;9:20130205. https://
doi.org/10.1098/rsbl.2013.0205.

Hafer N, Milinski M. Inter- and intraspecific conflicts between parasites
over host manipulation. Proc R Soc B Biol Sci. 2016;283:20152870.
https://doi.org/10.1098/rspb.2015.2870.

Risely A, Gillingham MAF, Béchet A, Brandel S, Heni AC, Heurich M, et al.
Phylogeny- and abundance-based metrics allow for the consistent
comparison of core gut microbiome diversity indices across host spe-
cies. Front Microbiol. 2021;12:659918. https://doi.org/10.3389/fmicb.
2021.659918.

Tipton L, Darcy JL, Hynson NA. A developing symbiosis: Enabling cross-
talk between ecologists and microbiome scientists. Front Microbiol.
2019. https://doi.org/10.3389/fmicb.2019.00292.

Kumar M, Ji B, Zengler K, Nielsen J. Modelling approaches for studying
the microbiome. Nat Microbiol. 2019;4:1253-67. https://doi.org/10.
1038/541564-019-0491-9.

Leite FLL, Singer RS, Ward T, Gebhart CJ, Isaacson RE. Vaccination against
Lawsonia intracellularis decreases shedding of Salmonella enterica
serovar Typhimurium in co-infected pigs and alters the gut microbi-
ome. Sci Rep. 2018. https://doi.org/10.1038/541598-018-21255-7.
Abdelhamid MK, Quijada NM, Dzieciol M, Hatfaludi T, Bilic |, Selberherr
E, et al. Co-infection of chicken layers with Histomonas meleagridis and
avian pathogenic Escherichia coliis associated with dysbiosis, cecal
colonization and translocation of the bacteria from the gut lumen.
Front Microbiol. 2020. https://doi.org/10.3389/fmicb.2020.586437.10.
3389/fmich.2020.586437.

Wan X, Xu L, Sun X, Li H, Yan F, Han R, et al. Gut microbiota profiles

of commercial laying hens infected with tumorigenic viruses. BMC

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

Page 14 of 15

Vet Res. 2020. https://doi.org/10.1186/512917-020-02430-3.10.1186/
$12917-020-02430-3.

Whary MT, Muthupalani S, Ge Z, Feng Y, Lofgren J, Shi HN, et al. Hel-
minth co-infection in Helicobacter pylori infected INS-GAS mice attenu-
ates gastric premalignant lesions of epithelial dysplasia and glandular
atrophy and preserves colonization resistance of the stomach to lower
bowel microbiota. Microbes Infect. 2014;16:345-55.

Osborne LC, Monticelli LA, Nice TJ, Sutherland TE, Siracusa MC, Hep-
worth MR, et al. Virus-helminth coinfection reveals a microbiota-inde-
pendent mechanism of immunomodulation. Science. 2014;345:578-82.
Bartelt LA, Bolick DT, Mayneris-Perxachs J, Kolling GL, Medlock GL, Zaen-
ker El, et al. Cross-modulation of pathogen-specific pathways enhances
malnutrition during enteric co-infection with Giardia lamblia and
enteroaggregative Escherichia coli. PLOS Pathog. 2017;13: €1006471.
https://doi.org/10.1371/journal.ppat.1006471.

Wang G, He Y, Jin X, Zhou Y, Chen X, Zhao J, et al. The effect of co-
infection of food-borne pathogenic bacteria on the progression of
Campylobacter jejuni infection in mice. Front Microbiol. 2018. https://
doi.org/10.3389/fmicb.2018.01977.

Xu F, Cheng R, Miao S, Zhu Y, Sun Z, Qiu L, et al. Prior Toxoplasma gondii
infection ameliorates liver fibrosis induced by Schistosoma japonicum
through inhibiting th2 response and improving balance of intestinal
flora in mice. Int J Mol Sci. 2020. https://doi.org/10.3390/ijms21082711.
Youmans BP, Ajami NJ, Jiang Z-D, Campbell F, Wadsworth D, Petrosino
JF, et al. Characterization of the human gut microbiome during travel-
ers'diarrhea. Gut Microbes. 2015;6:110-9. https://doi.org/10.1080/
19490976.2015.1019693.

Mathew S, Smatti MK, Al Ansari K, Nasrallah GK, Al Thani AA, Yassine HM.
Mixed viral-bacterial infections and their effects on gut microbiota and
clinical illnesses in children. Sci Rep. 2019;9:1-12. https://doi.org/10.
1038/541598-018-37162-w.

Easton AV, Raciny-Aleman M, Liu V, Ruan E, Marier C, Heguy A, et al.
Immune response and microbiota profiles during coinfection with
Plasmodium vivax and soil-transmitted helminths. MBio. 2020;11:1-17.
https://doi.org/10.1128/mBio.01705-20.

Mejia R, Damania A, Jeun R, Bryan PE, Vargas P, Juarez M, et al. Impact
of intestinal parasites on microbiota and cobalamin gene sequences:
A pilot study. Parasit Vectors. 2020;13:200. https://doi.org/10.1186/
$13071-020-04073-7.

Taylor BC, Weldon KC, Ellis RJ, Franklin D, Groth T, Gentry EC, et al.
Depression in individuals coinfected with HIV and HCV is associated
with systematic differences in the gut microbiome and metabolome.
mSystems. 2020;5:1-16.

Sabey KA, Song SJ, Jolles A, Knight R, Ezenwa VO. Coinfection and
infection duration shape how pathogens affect the African buffalo

gut microbiota. ISME J. 2021;15:1359-71. https://doi.org/10.1038/
$41396-020-00855-0.

Mollentze N, Streicker DG. Viral zoonotic risk is homogenous among
taxonomic orders of mammalian and avian reservoir hosts. Proc Nat!
Acad Sci U S A. 2020;117:9423-30. https://doi.org/10.1073/pnas.19191
76117.

Johnson CK, Hitchens PL, Pandit PS, Rushmore J, Evans TS, Young CCW,
et al. Global shifts in mammalian population trends reveal key predic-
tors of virus spillover risk. Proc R Soc B Biol Sci. 2020;287:20192736.
https://doi.org/10.1098/rspb.2019.2736.

Gibb R, Redding DW, Chin KQ, Donnelly CA, Blackburn TM, New-

bold T, et al. Zoonotic host diversity increases in human-dominated
ecosystems. Nature, 2020;584:396-402. https://doi.org/10.1038/
s41586-020-2562-8.

Kreisinger J, Bastien G, Hauffe HC, Marchesi J, Perkins SE. Interactions
between multiple helminths and the gut microbiota in wild rodents.
Philos Trans R Soc B Biol Sci. 2015. https://doi.org/10.1098/rstb.2014.
0295.

Wacharapluesadee S, Duengkae P, Rodpan A, Kaewpom T, Maneeorn P,
Kanchanasaka B, et al. Diversity of coronavirus in bats from Eastern Thai-
land. Virol J. 2015;12:1-7. https://doi.org/10.1186/512985-015-0289-1.
Ge XY, Wang N, Zhang W, Hu B, Li B, Zhang YZ, et al. Coexistence of mul-
tiple coronaviruses in several bat colonies in an abandoned mineshaft.
Virol Sin. 2016;31:31-40. https://doi.org/10.1007/512250-016-3713-9.
Woolhouse MEJ, Dye C, Etard JF, Smith T, Charlwood JD, Garnett

GP, et al. Heterogeneities in the transmission of infectious agents:


https://doi.org/10.1126/science.1190333
https://doi.org/10.1126/science.1190333
https://doi.org/10.3201/eid2303.161119
https://doi.org/10.3201/eid2303.161119
https://doi.org/10.3390/v13020158
https://doi.org/10.2807/1560-7917.ES.2019.24.30.1800614
https://doi.org/10.2807/1560-7917.ES.2019.24.30.1800614
https://doi.org/10.1002/jmv.24912
https://doi.org/10.1038/s41598-021-86435-4
https://doi.org/10.1038/s41598-021-86435-4
https://doi.org/10.1038/s42003-021-02315-7
https://doi.org/10.1038/s42003-021-02315-7
https://doi.org/10.1017/S0031182021000044
https://doi.org/10.1017/S0031182021000044
https://doi.org/10.1098/rsbl.2013.0205
https://doi.org/10.1098/rsbl.2013.0205
https://doi.org/10.1098/rspb.2015.2870
https://doi.org/10.3389/fmicb.2021.659918
https://doi.org/10.3389/fmicb.2021.659918
https://doi.org/10.3389/fmicb.2019.00292
https://doi.org/10.1038/s41564-019-0491-9
https://doi.org/10.1038/s41564-019-0491-9
https://doi.org/10.1038/s41598-018-21255-7
https://doi.org/10.3389/fmicb.2020.586437.10.3389/fmicb.2020.586437
https://doi.org/10.3389/fmicb.2020.586437.10.3389/fmicb.2020.586437
https://doi.org/10.1186/s12917-020-02430-3.10.1186/s12917-020-02430-3
https://doi.org/10.1186/s12917-020-02430-3.10.1186/s12917-020-02430-3
https://doi.org/10.1371/journal.ppat.1006471
https://doi.org/10.3389/fmicb.2018.01977
https://doi.org/10.3389/fmicb.2018.01977
https://doi.org/10.3390/ijms21082711
https://doi.org/10.1080/19490976.2015.1019693
https://doi.org/10.1080/19490976.2015.1019693
https://doi.org/10.1038/s41598-018-37162-w
https://doi.org/10.1038/s41598-018-37162-w
https://doi.org/10.1128/mBio.01705-20
https://doi.org/10.1186/s13071-020-04073-7
https://doi.org/10.1186/s13071-020-04073-7
https://doi.org/10.1038/s41396-020-00855-0
https://doi.org/10.1038/s41396-020-00855-0
https://doi.org/10.1073/pnas.1919176117
https://doi.org/10.1073/pnas.1919176117
https://doi.org/10.1098/rspb.2019.2736
https://doi.org/10.1038/s41586-020-2562-8
https://doi.org/10.1038/s41586-020-2562-8
https://doi.org/10.1098/rstb.2014.0295
https://doi.org/10.1098/rstb.2014.0295
https://doi.org/10.1186/s12985-015-0289-1
https://doi.org/10.1007/s12250-016-3713-9

Schmid et al. Animal Microbiome

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

(2022) 4:48

Implications for the design of control programs. Proc Natl Acad SciU S
A. 1997,94:338-42. https://doi.org/10.1073/pnas.94.1.338.

LiW, Shi Z,Yu M, Ren W, Smith C, Epstein JH, et al. Bats are natural
reservoirs of SARS-like coronaviruses. Science. 2005;310:676-9.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia
outbreak associated with a new coronavirus of probable bat origin.
Nature. 2020;579:270-3.

Schmid J, Rasche A, Eibner G, Jeworowski L, Page RA, Corman VM,

et al. Ecological drivers of Hepacivirus infection in a neotropical rodent
inhabiting landscapes with various degrees of human environmen-

tal change. Oecologia. 2018;188:289-302. https://doi.org/10.1007/
S00442-018-4210-7.

Wasimuddin, Brandel SD, Tschapka M, Page R, Rasche A, Corman VM,

et al. Astrovirus infections induce age-dependent dysbiosis in gut
microbiomes of bats. ISME J. 2018;12:2883-93. https://doi.org/10.1038/
$41396-018-0239-1.

Letko M, Seifert SN, Olival KJ, Plowright RK, Munster VJ. Bat-borne virus
diversity, spillover and emergence. Nat Rev Microbiol. 2020;18:461-71.
https://doi.org/10.1038/541579-020-0394-z.

Zhao'Y,Yang S, Li B, LiW, Wang J, Chen Z, et al. Alterations of the mice
gut microbiome via Schistosoma japonicum ova-induced granuloma.
Front Microbiol. 2019;10:352. https://doi.org/10.3389/fmich.2019.00352.
Osakunor DNM, Munk P, Mduluza T, Petersen TN, Brinch C, Ivens A,

et al. The gut microbiome but not the resistome is associated with
urogenital schistosomiasis in preschool-aged children. Commun Biol.
2020;3:1-11. https://doi.org/10.1038/542003-020-0859-7.

Benson A, Pifer R, Behrendt CL, Hooper LV, Yarovinsky F. Gut Commensal
bacteria direct a protective immune response against toxoplasma gon-
dii. Cell Host Microbe. 2009;6:187-96. https://doi.org/10.1016/j.chom.
2009.06.005.

Inoue T, Nakayama J, Moriya K, Kawaratani H, Momoda R, Ito K, et al.
Gut dysbiosis associated with Hepatitis C virus infection. Clin Infect Dis.
2018;67:869-77. https://doi.org/10.1093/cid/ciy205.

Liebhart D, Ganas P, Sulejmanovic T, Hess M. Histomonosis in poultry:
previous and current strategies for prevention and therapy. Avian
Pathol. 2017;46:1-18. https://doi.org/10.1080/03079457.2016.1229458.
Tompkins DM, Carver S, Jones ME, Krko3ek M, Skerratt LF. Emerging
infectious diseases of wildlife: a critical perspective. Trends Parasitol.
2015;31:149-59.

Giacomin P, Croese J, Krause L, Loukas A, Cantacessi C. Suppression of
inflammation by helminths: a role for the gut microbiota? Philos Trans R
Soc B Biol Sci. 2015. https://doi.org/10.1098/RSTB.2014.0296.

Olivares JL, Ferndndez R, Fleta J, Ruiz MY, Clavel A. Vitamin B12 and

folic acid in children with intestinal parasitic infection. J Am Coll Nutr.
2002;21:109-13. https://doi.org/10.1080/07315724.2002.10719202.

Loy DE, Plenderleith LJ, Sundararaman SA, Liu W, Gruszczyk J, Chen

YJ, et al. Evolutionary history of human Plasmodium vivax revealed by
genome-wide analyses of related ape parasites. Proc Natl Acad Sci U S
A.2018;115:E8450-9. https://doi.org/10.1073/pnas.1810053115.

Zohdy S, Grossman MK, Fried IR, Rasambainarivo FT, Wright PC, Gillespie
TR. Diversity and prevalence of diarrhea-associated viruses in the lemur
community and associated human population of Ranomafana National
Park, Madagascar. Int J Primatol. 2015;36:143-53. https://doi.org/10.
1007/510764-015-9817-5.

Ragazzo LJ, Zohdy S, Velonabison M, Herrera J, Wright PC, Gillespie TR.
Entamoeba histolytica infection in wild lemurs associated with proximity
to humans. Vet Parasitol. 2018;249:98-101.

Kowalewski MM, Salzer JS, Deutsch JC, Rafio M, Kuhlenschmidt MS,
Gillespie TR. Black and gold howler monkeys (Alouatta caraya) as
sentinels of ecosystem health: Patterns of zoonotic protozoa infec-

tion relative to degree of human-primate contact. Am J Primatol.
2011;73:75-83. https://doi.org/10.1002/ajp.20803.

Tan B, Wu LJ, Yang XL, Li B, Zhang W, Lei YS, et al. Isolation and charac-
terization of adenoviruses infecting endangered golden snub-nosed
monkeys (Rhinopithecus roxellana). Virol J. 2016;13:1-5. https://doi.org/
10.1186/512985-016-0648-6.

Pedersen AB, Altizer S, Poss M, Cunningham AA, Nunn CL. Patterns of
host specificity and transmission among parasites of wild primates. Int J
Parasitol. 2005;35:647-57.

Cooper N, Nunn CL. Identifying future zoonotic disease threats: Where
are the gaps in our understanding of primate infectious diseases? Evol

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

101.

103.

Page 15 of 15

Med Public Heal. 2013;2013:27-36. https://doi.org/10.1093/emph/
eot001.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: Improved data processing and
web-based tools. Nucleic Acids Res. 2013;41:D590-6. https://doi.org/10.
1093/nar/gks1219.

Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an
effective distance metric for microbial community comparison. ISME J.
2010;5:169-72. https://doi.org/10.1038/ismej.2010.133.

Ma Z (Sam). Testing the Anna Karenina Principle in Human Microbi-
ome-Associated Diseases. iScience. 2020;23:101007. https://doi.org/10.
1016/J.15C1.2020.101007.

Stevens RB. Cultural practices in disease control. Plant Pathol. 1960;
357-429.

Fisher MC, Henk DA, Briggs CJ, Brownstein JS, Madoff LC, McCraw SL,
et al. Emerging fungal threats to animal, plant and ecosystem health.
Nature. 2012;484:186-94.

Altizer S, Ostfeld RS, Johnson PTJ, Kutz S, Harvell CD. Climate change
and infectious diseases: from evidence to a predictive framework.
Science. 2013;341:514-9. https://doi.org/10.1126/SCIENCE.1239401/
SUPPL_FILE/514.MP3.

Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley
RE, et al. A core gut microbiome in obese and lean twins. Nat 2008
4577228.2008;457:480-4. https://doi.org/10.1038/nature07540.
Fleischer R, Schmid DW, Wasimuddin, Brandel SD, Rasche A, Corman
VM, et al. Interaction between MHC diversity and constitution, gut
microbiota and Astrovirus infections in a neotropical bat. Mol Ecol.
2022;31:3342-59. https://doi.org/10.1111/MEC.16491.

Stecher B, Maier L, Hardt WD. “Blooming”in the gut: How dys-

biosis might contribute to pathogen evolution. Nat Rev Microbiol.
2013;11:277-84.

Wotzka SY, Nguyen BD, Hardt WD. Salmonella typhimurium diarrhea
reveals basic principles of enteropathogen infection and disease-
promoted DNA exchange. Cell Host Microbe. 2017;21:443-54.
Thatcher HR, Downs CT, Koyama NF. Using parasitic load to measure
the effect of anthropogenic disturbance on Vervet Monkeys. EcoHealth.
2018;15:676-81. https://doi.org/10.1007/510393-018-1349-y.

Civitello DJ, Cohen J, Fatima H, Halstead NT, Liriano J, McMahon TA,

et al. Biodiversity inhibits parasites: broad evidence for the dilution
effect. Proc Natl Acad Sci. 2015;112:8667-71.

Medina D, Greenspan SE, Carvalho T, Guilherme Becker C, Toledo LF.
Co-infecting pathogen lineages have additive effects on host bacterial
communities. FEMS Microbiol Ecol. 2021,97:1-15.

Jiménez RR, Alvarado G, Sandoval J, Sommer S. Habitat disturbance
influences the skin microbiome of a rediscovered neotropical-montane
frog. BMC Microbiol. 2020,20:1-14.

Trinh P, Zaneveld JR, Safranek S, Rabinowitz PM. One Health relation-
ships between human, animal, and environmental microbiomes: A
mini-review. Front Public Heal. 2018. https://doi.org/10.3389/fpubh.
2018.00235.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1073/pnas.94.1.338
https://doi.org/10.1007/S00442-018-4210-7
https://doi.org/10.1007/S00442-018-4210-7
https://doi.org/10.1038/s41396-018-0239-1
https://doi.org/10.1038/s41396-018-0239-1
https://doi.org/10.1038/s41579-020-0394-z
https://doi.org/10.3389/fmicb.2019.00352
https://doi.org/10.1038/s42003-020-0859-7
https://doi.org/10.1016/j.chom.2009.06.005
https://doi.org/10.1016/j.chom.2009.06.005
https://doi.org/10.1093/cid/ciy205
https://doi.org/10.1080/03079457.2016.1229458
https://doi.org/10.1098/RSTB.2014.0296
https://doi.org/10.1080/07315724.2002.10719202
https://doi.org/10.1073/pnas.1810053115
https://doi.org/10.1007/s10764-015-9817-5
https://doi.org/10.1007/s10764-015-9817-5
https://doi.org/10.1002/ajp.20803
https://doi.org/10.1186/s12985-016-0648-6
https://doi.org/10.1186/s12985-016-0648-6
https://doi.org/10.1093/emph/eot001
https://doi.org/10.1093/emph/eot001
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1016/J.ISCI.2020.101007
https://doi.org/10.1016/J.ISCI.2020.101007
https://doi.org/10.1126/SCIENCE.1239401/SUPPL_FILE/514.MP3
https://doi.org/10.1126/SCIENCE.1239401/SUPPL_FILE/514.MP3
https://doi.org/10.1038/nature07540
https://doi.org/10.1111/MEC.16491
https://doi.org/10.1007/s10393-018-1349-y
https://doi.org/10.3389/fpubh.2018.00235
https://doi.org/10.3389/fpubh.2018.00235

	A framework for testing the impact of co-infections on host gut microbiomes
	Abstract 
	Introduction
	Expected impacts of co-infections on microbial communities: a theoretical framework
	Neutral effects
	BOX 1: Tracking changes in microbiomes from wild animals is difficult but feasible
	Synergistic effects
	Antagonistic effects

	Case study: neutral and synergistic effects of a co-infection on the gut microbiome of a non-human primate
	Discussion
	Conclusion
	Acknowledgements
	References


