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A B S T R A C T

The human gut microbiota is composed of bacteria (microbiota or microbiome), fungi (mycobiome), viruses, and archaea, but most of the
research is primarily focused on the bacterial component of this ecosystem. Besides bacteria, fungi have been shown to play a role in host
health and physiologic functions. However, studies on mycobiota composition during infancy, the factors that might shape infant gut
mycobiota, and implications to child health and development are limited. In this review, we discuss the factors likely shaping gut mycobiota,
interkingdom interactions, and associations with child health outcomes and highlight the gaps in our current knowledge of this ecosystem.
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Statement of Significance
Gut mycobiota plays an essential role in early life leading to programming of child health and development. This review discusses the role of

multiple factors on the infant gut mycobiota composition and function and its association with health outcomes. It also highlights the knowledge
gap and proposes future directions.
Introduction

The human gastrointestinal ecosystem, or microbiome (total
bacterial genome in an environment), plays a significant role in
shaping host physiology, immune function, metabolism, and the
gut–brain axis [1,2]. Though bacteria, fungi, viruses, and
archaea are present in the gastrointestinal ecosystem, most
humanmicrobiome research to date has focused primarily on the
bacterial component. In addition, the first fecal microbiota (total
bacterial community in an environment) transplant to treat
Clostridioides difficile was carried out in the 1950s [3] and
received renewed interest since the 1980s [4–6]. Microbiota
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research over the last several decades has led to approval of 2
fecal microbiota-based therapies for recurrent C. difficile infec-
tion by the United States Food and Drug Administration [7].
Although lower in diversity than bacteria, fungal colonization in
the gastrointestinal system has experienced increased attention
during the last decade. The composition and characteristics of
mycobiota (total fungal communities in an environment) in
healthy mammals and their interaction with other microbiota
likely harbor important insights into child health and develop-
ment. The commensal mycobiome provides a variety of essential
roles in the metabolism and digestion of nutrients and provides
antigens to shape the host-acquired immune system response
nit.
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[8–12]. Intestinal fungal changes are associated with disease in
adults [13]; mucosal fungi actively modulate the innate and
adaptive immune responses and have been associated with dis-
ease susceptibility (e.g., metabolic diseases, cancer, gastrointes-
tinal disorders) [9,14–18]. Literature so far has shown the
association of microbiota or mycobiota to host health and
physiologic outcomes [19–28]. However, we propose that the
understanding of the whole ecosystem, including the mycobiota
along with microbiota, will help develop future interventions to
improve health. In this review, we aim to provide a current
overview of the impact of early life factors on the gastrointestinal
tract mycobiome (i.e., small and large intestine or fecal myco-
biome) and its potential implications for host health and the gap
in knowledge for future studies.

Despite evidence of early fungal colonization in the infant
(i.e., 0–1 y) gastrointestinal tract, our knowledge of its effects on
child (i.e., <14 y) health is limited. Recent evidence on micro-
biome composition and dynamics during early life development
suggests that microbial effects on host immune function and
metabolism can impact later health outcomes [29–31]. Our
improved understanding of the development of the infant
gastrointestinal tract mycobiome composition, factors involved
in determining mycobiome composition, and mechanisms that
underlie homeostasis will help formulate interventions for
maintaining homeostasis and host health. Initially, we will
discuss the diversity and composition of the mycobiome, factors
shaping its development, and mechanisms by which it impacts
host physiology. We will then review evidence on the impact of
early life factors on the mycobiome and potential downstream
risk of developing chronic diseases later in life. Finally, we will
explore the potential therapeutic and/or nutritional in-
terventions targeting the mycobiome during early life to pro-
mote lifelong health.

The scientific terminology for commensal bacteria and fungi
is not consistent in the literature as “microbiome” is often used
in reference to bacteria alone or collectively to refer to bacteria,
fungi, viruses, and archaea. To avoid confusion, we use
“microbiota” or “microbiome” to refer to bacteria and “myco-
biota” or “mycobiome” (total fungal genomes in an environ-
ment) to refer specifically to fungi in the current review. For
this review, we used the following search terms in the PubMed
databases: “mycobiota and child health,” “mycobiota and in-
fant,” “mycobiota and health outcomes or infant health out-
comes,” and “mycobiome and child health.” The search terms
“fungus” and “fungi” were excluded from this study due to the
prevalence of literature on free living fungal organisms (such as
mushrooms) unrelated to the human mycobiome. We also
reviewed reference lists from PubMed related to gastrointes-
tinal system mycobiome and child health to capture any addi-
tional literature missed with search terms to identify gaps in
knowledge and suggest future studies to fill these limitations.
This review provides a current synthesis on the role of early life
factors in shaping the mycobiome and its implications for
human health and highlights potential avenues for future
research and therapeutic interventions.

Diversity and Composition of the Mycobiome

As has been previously observed in human microbiota com-
munities, the diversity and composition of the mycobiome are
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critical factors that influence other microbial gastrointestinal
tract communities, host physiology, and host health outcomes.
Also, the timeline, pattern of development, and mycobiome di-
versity in infants is similar to gut microbiome, and this could
possibly influence the microbial community structure. It is
important to note that variation in microbiome community
structure exists in healthy populations [32]; however, certain
alterations in mycobiome composition and diversity have been
associated with the development of diseases [e.g., inflammatory
bowel disease (IBD), asthma, obesity]. Increased diversity of the
gut mycobiome is associated with a healthy immune system and
reduced risk of chronic disease. Furthermore, gastrointestinal
tract mycobiome diversity increases significantly throughout the
first year of life [21,33]. This increased diversity likely confers
protective effects during early development. For example,
full-term infants with greater mycobiome diversity have reduced
risk of developing allergies in later life [33]. Furthermore, pre-
term infants have decreased mycobiome diversity and experi-
ence increased risk of gastrointestinal comorbidities compared
with full-term infants [34]. In addition, decreased diversity of
the gut mycobiome, such as that seen with Crohn’s disease, is
associated with increased inflammation and disease severity in
adults [18]. However, it is currently unknown what portion of
these gastrointestinal issues may be attributable to changes in
the mycobiome compared with other causes due to lack of
research on these topics.

Early Life Factors Impact on Gastrointestinal
Tract Mycobiota Colonization and Health
Outcomes

The development of gut mycobiota is affected by many fac-
tors, including mode of delivery [35], diets [36,37], environ-
ment [35,37,38], geographic location [35,38], and consumption
of drugs or supplements [39,40]. Although colonization occurs
at various body sites (e.g., mouth, skin, and gut) [41], we focus
our discussion on the gastrointestinal tract mycobiota. We
outline the factors shaping gastrointestinal tract mycobiota
composition (Figure 1), the association of the mycobiota with
health outcomes, mycobiota–microbiota interactions in the
gastrointestinal tract, and resulting health outcomes in children.
Maternal factors and birth mode
Mycobiomes are vertically transferred from mother to infant;

an infant’s skin, oral, and anal mycobiomes are similar to their
mother’s mycobiota regardless of the time point or body site
sampled [41]. However, Amenyogbe et al. [42] provided evi-
dence that the influence of maternal mycobiota on the coloni-
zation of infants may be limited, as 2 strains of Candida glabrata
were shared between mother–infant pairs in low-resource set-
tings during only the first month of life. Infants are exposed to
mycobiota at birth through contact with the vaginal wall and
skin [43] and skin-to-skin contact following delivery from
mother to infant [44,45]. As expected, Candida, which is highly
abundant on the vaginal walls, was the dominant fungal genus in
the meconium of vaginally delivered infants, whereasMalassezia
was predominantly found in infants delivered by Cesarean sec-
tion [46]; a possible source of fungi is the skin of mother [47].
Existing studies report conflicting associations between the



FIGURE 1. Gastrointestinal tract mycobiota impact on child health outcomes. The cartoon summarizes the current literature on various factors
that influence gut mycobiota and, in turn, impact child health outcomes. Maternal factors such as geographic location, environment, diet, mode of
delivery, and antibiotic use influence milk mycobiota composition. In addition, postnatal factors, including neonatal diet, antibiotic use, and age,
influence infant gut mycobiota composition, function, and gut health. All these factors likely impact obesity, allergies, and chronic disease out-
comes in children. Created with BioRender.com.
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mode of delivery and composition of infant gastrointestinal tract
mycobiota at 18 mo of age. In 1 study, Trichosporonwas the most
abundant in Cesarean-delivered infants [46]. However, these
findings have not yet been replicated by other groups [45].

Several studies have investigated associations between mode
of delivery, time since delivery, and milk mycobiota composi-
tion. In 1 study, Saccharomyces cerevisiae was the most abundant
species followed by Aspergillus glaucus in transient milk (i.e.,
expressed on days 7–15 after birth) in Cesarean births but dis-
appeared in mature milk (i.e., expressed on days 45–90) [48].
Penicillium rubenswas the most abundant in mature milk samples
[48]. In contrast, in mothers who experienced a vaginal delivery,
Malassezia globosa was the most abundant fungus in both tran-
sient and mature milk samples [48]. In another study across
countries, the relative abundance of Cryptococcus, Candida
smithsonii, and Ascomycota species were higher in milk samples
of females that delivered vaginally, and Sistotrema, Malassezia
restricta, and Davidiella tassiana were abundant in samples
delivered by Cesarean sections [35]. However, these findings
should be considered cautiously, as the geographic locations of
subjects differed and may better explain these differences in taxa
[35]. Collectively, these studies highlight differences in fungal
colonization in human milk through associations with mode of
delivery and length of time since delivery. The mechanism of
how the mode of delivery impacts mycobiota presence in human
milk is unknown, and the functional relevance of these specific
mycobiota to either mother or infant is also understudied.

Maternal diet, obesity, and probiotic supplementation impact
the infant gastrointestinal tract microbiome [45,49–53]. Pro-
biotics could restore the gastrointestinal tract microbiota to
reduce inflammation and benefit the immune system and other
physiologic functions in a host [54]. With the increase in popu-
larity of use of probiotics, it would be important to understand
the role of probiotic supplementation on mycobiota composition
and function and determine how those changes impact the host.
3

So far, only 1 study has investigated how supplementation of the
maternal diet with a probiotic affects the gut mycobiome, sug-
gesting a considerable knowledge gap in the field of mycobiota
[45]. No significant effect of intake of maternal probiotic milk
containing Lactobacillus and a Bifidobacterium species from 36
weeks of gestation until 3 mo after birth on infant gastrointes-
tinal tract mycobiota composition was found. However, mothers
who received supplementation compared with pregnant controls
harbored a higher abundance of total fungal DNA and a lower
abundance of S. cerevisiae in the maternal gut. Additional clinical
studies with larger groups and the use of animal models are
needed to understand how various maternal factors influence
infants’ mycobiota composition and the synergistic effects of
these factors on infants’ health outcomes.

Geographic location and environment
Although mother–offspring transfer likely inoculates the in-

fant gastrointestinal tract mycobiota in early life, other factors
such as geography and housing environment are known to have a
role in shaping its composition throughout development. The
abundance of mycobiota present in the infant’s environment
may also be an independent contributor to its colonization.
Heisel et al. [44] hypothesized that environmental surfaces in
the neonatal intensive care unit (NICU) and maternal milk
impact the gastrointestinal tract mycobiota of neonates who
spend the first months of their lives in intensive care units.
Although NICU surfaces and human milk harbored different
fungal communities, Candida and Saccharomyces species were
prevalent in both. Nel Van et al. [55] and Amenyogbe et al. [42]
analyzed the mycobiome diversity of low-resource rural African
towns and found that Ascomycota and Basidiomycota are the 2
most abundant phyla in infant gastrointestinal tract mycobiota in
South African children. However, M. globosa was prominent in
infants living in rural communities in Ghana during the first 3 mo
of life [42].
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Not surprisingly, geographical location (i.e., Spain, Finland,
South Africa, and China) is associated with differences in
mycobiota composition of human milk, which is likely attributed
to cultural factors and maternal diet intake (see preceding sec-
tion) [35]. For example, Malassezia was lower and Rhodotorula
and Saccharomycetales species were more abundant in South
African breast milk samples than in samples from other locations
(i.e., China, Spain, Finland). In samples from China, Penicillium
and Rhodotorula were lower and Malassezia was highly abun-
dant, whereas in Spanish and Finnish samples, Saccharomyces
was higher. Malassezia, Davidiella, Sistotrema, and Penicillium
genera were identified in milk samples collected from China,
Spain, Finland, and South Africa, but their relative abundances
varied [35]. Saccharomyces was the most abundant in Spanish
and Finnish samples, whereasMalasseziawas highly abundant in
samples from China. In contrast, Rhodotorula and Saccha-
romycetales species were more abundant and Malassezia was less
abundant than samples from China, Spain, and Finland [17].
These findings suggest that geographic location and environ-
ment contribute to the presence of these species in human milk.
How these environmental factors influence mycobiota compo-
sition and diversity in later life remains to be explored. Although
the gastrointestinal tract mycobiota community is dynamic over
the first few years of life, insufficient evidence is available to
determine the independent contribution of age in changing this
community. Additional research would require larger cohorts in
multiple geographic locations to determine the contribution of
increasing age to mycobiota diversity in infants and children.
Postnatal diet
Nutrition affects the gastrointestinal tract mycobiome [56],

and postnatal diet is likely another influential factor in early life
mycobiota composition [57]. Deficiency in micronutrients may
also impact child health outcomes through gastrointestinal tract
mycobiota, but more research is needed to determine the role
and mechanisms of this relationship. Malnutrition is a global
health issue that can increase risk of infection and gastrointes-
tinal tract microbiota immaturity [58–61]. International health
programs include the use of micronutrient supplements (i.e.,
vitamins and minerals) as one of the ways to improve health
outcomes in malnourished children. An improved understanding
of the effects of these supplements on the gastrointestinal tract
ecosystem would be beneficial to determine their association
with health outcomes. Recently, children aged 12–24 mo were
administered supplements containing vitamins and iron with or
without zinc for 1 y. Subjects receiving supplements that lacked
zinc showed increased Mucormycetes relative to the
zinc-supplemented group [40]. Mucormycetes is a fungal taxon
known to cause mucormycosis, a symptomatic respiratory and
skin infection that can be fatal if left untreated. The addition of
zinc reducedMucormycetes amounts and may lower the ability of
some eukaryotes to infect and persist in the host gut. In addition
to the effects of zinc, vitamin A supplementation was associated
with a higher fungal alpha diversity [55], suggesting the role of
supplements in fungal community structure.

Recently, Gutierrez et al. [62] identified a positive association
between Saccharomyces and Malassezia species and body mass
index z-score between 1 and 5 y of age in children, suggesting an
association for these fungal species with growth and develop-
ment. Gut mycobiota of South African infants were colonized by
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Ascomycota and Basidiomycota [55], which were also abundant
in the large intestine of piglets fed either human milk or formula
milk from 2 to 21 d of life [57]. Piglets that were fed human milk
from day 2 to day 21 had higherM. globosa in the cecal lumen at
weaning compared with those fed formula milk, whereas the
latter had M. globosa abundantly colonized in both the cecal
lumen and distal colon at day 51 of life. M. globosa features
prominently in the gut mycobiome during the first 3 mo of life of
human milk-fed infants [42]. Malassezia species have the ca-
pacity to synthesize indoles to modulate the immune system
[63]. The similarities in gut mycobiota composition between
animal models and humans show promising translational appli-
cations for future mechanistic studies with animal models to
understand the benefits of this species on host health. Altogether,
this suggests that deficiencies in different micronutrients in in-
fants and children may impact child health outcomes through
gastrointestinal tract mycobiota, but more research is needed to
determine the role and mechanisms of this relationship.

Gastrointestinal tract mycobiota and health
outcomes

In adults, mycobiota composition change has been reported
in IBD [64], diabetes [65], schizophrenia [66], C. difficile [67],
and Crohn’s disease [68]. Similar studies in children are
limited compared to studies on gastrointestinal tract micro-
biota, and the majority focus on childhood allergies (e.g.,
asthma, atopy), which are common in children and can have
long-term effects. Atopic diseases are inflammatory conditions
characterized by IgE production in response to environmental
allergens and include dermatitis, asthma, and rhinoconjuncti-
vitis and are also associated with changes in gastrointestinal
tract mycobiota [35,38]. Arrieta et al. [19] reported early life
gastrointestinal system changes with yeast Pichia kudriavzevii
and a higher mycobiota proportion than microbiota, though no
significant differences were found in fungal alpha or beta di-
versity. Notably, fungal ecosystem alterations (i.e., P.
kudriavzevii, Saccharomyces) were more strongly associated
with asthma risk than microbiota composition in this case-
–control study with control and atopic wheeze subjects [51].
Only 1 study reported fungal composition change in obese
children with lower Candida spp. and Saccharomyces spp. than
normal weight children [69], though childhood obesity is one
of the leading health issues in children, suggesting a knowl-
edge gap and need for future studies.

At least 2 studies reported an increased abundance of fecal
Rhodotorula in children with atopies [21,70]. Acremonium and
Rhizopus were the most abundant fungi in the feces of children
who had outgrown atopic dermatitis within 1 y of age,
whereas Rhodotorula was the most abundant in children whose
symptoms persisted. These findings are in contrast to the no
atopy healthy control children, in whom a higher abundance
of Kodamaea and Wickerhamomyces was found [70].
Meta-proteomics revealed most of the fungal proteins of
Acremonium, Wickerhamomyces, Rhodotorula, and Rhizopus
were significantly increased in the persistent atopic dermatitis
group, suggesting they were not only present but also meta-
bolically active in infants’ guts. The Rhodotorula metabolites,
RAN-binding protein 1 and glycerol kinase were hypothesized
to be related to atopic dermatitis manifestation in these infants
[70]. Alternaria, Cladosporium, Saccharomyces, Acremonium,



TABLE 1
Mycobiota and health outcomes in children

Mycobiota taxa Taxa Health
condition

Alpha and beta diversity Sample size and age Geographic
location

Article (PMID)

Saccharomyces,
Aspergillus, and
Pichia kudriavzevii

Increased AW No difference between
control and AW children

n ¼ 27 (AW),
n ¼ 70 (healthy control)
Ages: 3 mo to 5 y

Ecuador Arrieta et al.
[19] 2018
(29241587)

Pichia kudriavzevii Increased AW — n ¼ 12 (AW),
n ¼ 115 (healthy control)
Ages: 3 mo to 5 y

Canada Boutin et al.
[73] 2021
(33876729)

Malassezia Decreased Allergy Change in beta diversity at 3-
mo stool associated with
sensitization to inhalant
allergens at 5 y
Increased alpha diversity at 3
mo of age and decreased
alpha diversity at 1 y of age
associated with inhalant
atopy

n ¼ 343
Ages: 3 mo, 1 y, and 5 y

Canada Boutin et al.
[21] 2021
(34060330)

Rhodotorula and
Candida

Increased

Cladosporium Increased
Alternaria Increased
Saccharomyces Decreased
Candida Decreased

Rhodotorula Increased Atopic
dermatitis

Higher alpha diversity in
group with persistent atopic
dermatitis

n ¼ 17 (Atopic dermatitis),
n ¼ 17 (healthy control)
Ages: 9–12 mo

Thailand Mok et al. [70]
2021
(34575786)

Acremonium Increased
Rhizopus Increased
Candida Increased FIP — n ¼ 36 (FIP), Ages: 3–56 d United States Coates et al.

[71] 2005
(15995004)

Candida Increased AD No difference in alpha
diversity

n ¼ 40 (AD),
n ¼ 40 (neurotypical control)
Ages: 3.6–17 y

Italy Strati et al.
[72] 2017
(28222761)Aspergillus Increased Different beta diversity

between control and AD
subjects

Malassezia Increased
Penicillium Increased
Candida Increased Obesity — n ¼ 28 (obese),

n ¼ 33 (normal weight
control)
Ages: Average of 10.03 y

Italy Borgo et al.
[69] 2017
(27007700)

Saccharomyces

Candida parapsilosis
and C. guilliermondii
(var. nitratophila)

Increased IBD Lower overall fungal diversity
in IBD samples

n ¼ 24 (IBD),
n ¼ 90 (healthy control)
Ages: 4–20 y

United States Chehoud et al.
[75] 2015
(26083617)

Cladosporium
cladosporioides

Decreased

Candida albicans Decreased Type 1
diabetes
T1DM

Higher fungal species
diversity in T1DM subjects

n ¼ 53 (T1DM),
n ¼ 30 (healthy control)
Ages: Averages of 10.9 and
10.3 y

Poland Kowalewska
et al. [74]
2016
(27143864)

Abbreviations: AD, autism disorder; AW, atopic wheeze; FIP, focal intestinal perforation; IBD, inflammatory bowel disease; T1DM, type 1 diabetes
mellitus.
— indicated no data were provided in the referenced article.
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and Rhizopus are also increased with atopies [21,69,71,72].
These limited studies provide some evidence that altered
mycobiota composition contributes to atopic diseases during
the first months of life through the production and release of
metabolites that could provoke an altered inflammatory state,
revealing a possible strategy to identify high-risk patients. The
lack of existing studies limits our understanding of early life
gut mycobiota and its impact on long-term health outcomes.
Changes in Candida abundance are usually associated with
health outcomes in later life. An increased Candida abundance
is associated with atopies, focal intestinal perforation, autism
disorder, asthma, and IBD, whereas decreased Candida is
associated with type 1 diabetes and obesity [19,21,71].
Further studies are needed to determine if these associations
are causal and/or disease-specific and present in early
childhood as well as in adults (Table 1 [19,21,69–74] and
Figure 1).
5

Similarly, another fungal species, P. kudriavzevii, was asso-
ciated with later life asthma outcomes in Canadian and
Ecuadorian children, and Alternaria, Cladosporium, Saccharo-
myces, Acremonium, and Rhizopus are also increased with at-
opies [21]. The most common fungal species that is associated
with multiple health outcomes is Candida species. An abun-
dance of Candida has been shown to increase in atopies, focal
intestinal perforation, autism disorder, and IBD, whereas in
type 1 diabetes and obesity, its abundance was lowered [19,
71–74,76], suggesting fungal abundance change could be
disease-specific (Table 1 and Figure 1). However, it is yet to be
determined how early life mycobiota programs the gastroin-
testinal ecosystem and its impact on long-term health out-
comes. From these studies, compositional changes in the
mycobiome have been observed to associate with the devel-
opment of atopic diseases that these relationships warrant
further study for potential causative links.

pmid:29241587
pmid:33876729
pmid:34060330
pmid:34575786
pmid:15995004
pmid:27007700
pmid:26083617
pmid:27143864
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Mycobiota and Microbiota Interkingdom
Communication

Despite the lack of literature describing the mycobiome, we
would be remiss not to discuss the importance of how fungi
interact with other microorganisms in the gastrointestinal tract.
This ecosystem is characterized by a wide range of species, and
the interaction between bacteria and fungi is specifically
required for nutrient metabolism, modulation of the host im-
mune system, and metabolite production [77–79]. Within the
complex gastrointestinal ecosystem, bacteria and fungi compete
for nutrients and influence activities in the host [77–79].
Further, these interactions may impact the overall health of the
host and the state of the immune system. Our improved under-
standing of these complex interactions could provide valuable
insights into how the microbiota and mycobiota shape our
overall health and potentially develop strategies to maintain a
beneficial gastrointestinal ecosystem.

The gastrointestinal tract mycobiome in healthy humans has
low diversity and is dominated by few taxa compared with the
microbiome. Germ-free mice (which are free of microorganisms)
could provide a valuable model to identify a direct relationship
between fungal colonization and the host immune function [70].
In the absence of gut microbiota, mycobiota grow in high
abundance. Co-colonization with other microbiota alters the
relative abundance of fungal species and significantly increases
alpha diversity. Similarly, the presence of mycobiota changes the
abundance and diversity of other members of the microbiota
community. Mycobiota colonization promotes significant shifts
in overall microbiota. For example, one species of fungus,
C. albicans, is negatively associated with several bacterial species
(e.g., L. reuteri, Muribaculum intestinale, Flavonifractor plautii,
Turicimonas muris, Bifidobacterium longum, and Clostridium clos-
tridioforme). However, it is positively correlated to other fungi:
I. orientalis, Candida parapsilosis, R. mucilaginosa, and bacterial
species C. clostridioforme, Blautia coccoides, Enterococcus faecalis,
and M. intestinale. These shifts in microbial population were
associated with decreased B cells, higher CD3þ T cells, and
increased cytokines (i.e., IL-4, IL-6, IL-12, and IL-10) in both
microbiota and mycobiota colonized mice when compared with
microbiota or mycobiota colonization alone [80]. In addition,
the interactions between both communities (mycobiota and
microbiota) produce inflammation in the gastrointestinal tract.
As an example, exclusive mycobiota colonization is insufficient
to cause overt dextran sulfate sodium-induced colitis, whereas
microbiota and mycobiota co-colonization increases colonic
inflammation, which suggests that interkingdom interactions
influence host physiologic responses.

Although antibiotics do not directly impact mycobiota, their
use is associated with mycobiota overgrowth and alterations in
community structure [74,81,82]. For example, infants treated
with amoxicillin and macrolides for respiratory syncytial virus
harbored greater mycobiota diversity and richness and a higher
relative abundance of Candida compared with those who were
not treated [39]. In addition, cephalosporin exposure increased
invasive candidiasis in premature infants [83], and the patho-
genic fungus Trichosporon is also highly abundant in the gut of
children exposed to antibiotics during labor or delivery relative
to antibiotic-unexposed children [46]. These changes in the
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composition of infant gut mycobiota following antibiotics likely
reflect reduced competition/cooperation with resident gut
microbiota, encouraging the growth of pathogenic/opportunistic
species. To fully understand the role of mycobiota, we must
examine the mycobiota both in isolation (as in germ-free mice)
and in the presence of a complete gut ecosystem over time and
space in both humans and animal models.

Conclusion

With the advancement of methodologies like high-
throughput sequencing, there is an increased interest in gastro-
intestinal tract mycobiota studies. However, most of the efforts
have been on adults. In children, alterations in mycobiota have
been associated with health conditions like allergies, type 1 dia-
betes, and autism symptoms. In addition, limited studies on
mycobiota and child health outcomes, such as cognitive func-
tion, response to vaccinations, and gut health, resulted in a huge
knowledge gap in this field. By 1 y of age, the fungal community
of a child is largely established, and this may have beneficial
effects against allergies and gastrointestinal disease later in life.
Transmission of the mycobiome from mother to infant is a crit-
ical step in colonization altered by mode of delivery, feeding
regime, and maternal diet. As the infant grows, mycobiota di-
versity is further impacted by housing environment, cultural
practices, and geographic location, and it is unknown if these
differences persist into later life. Large long-term studies among
different cultures and geographic locations are needed to
determine whether early mycobiota colonization directly de-
termines later diversity and composition or if these factors are
altered through later life experiences.

Postnatal diet composition influences the mycobiome, with
known differences between formula- and breast-fed infants, as
well as changes in children 1–2 y of age receiving vitamin sup-
plementation. Although the mechanisms are poorly understood,
alterations of mycobiota may contribute to inflammatory
changes in early life that contribute to later disease development.
It is currently unknown whether this change is causal, disease-
specific, or immune-modulated. Studies of interactions be-
tween the fungal and other microbiome components have shown
shifts in host immune cells and inflammation levels. The use of
medications, such as antibiotics, that alter the host microbiome
also alters the mycobiome community structure and likely con-
tributes to fungal overgrowth or other diseases. With our current
limited understanding of the role of fungal species in developing
early microbiomes and the immune system, we must direct
research toward maternal and infant hosts in various environ-
mental conditions and across diverse geographic locations.

Future Directions

1) Mycobiota are early colonizers of the infant gastrointes-
tinal tract and contribute to the maintenance of gut ho-
meostasis. As changes in fungal communities are
associated with childhood asthma and atopies, most
studies strive to identify associations between mycobiota
composition and a health outcome and rarely report the
full mycobiota profile. In addition, most studies in human
subjects use only stool samples, as collecting samples from



K.A. Rodriguez et al. Advances in Nutrition 15 (2024) 100185
the intestine is challenging. Future studies on gastroin-
testinal tract mycobiota are needed, as stool mycobiota
may not accurately represent the small and large intestine
mycobiota, and the true core gut mycobiota remains to be
fully defined in humans of all life stages.

2) A lack of mechanistic studies provides limited information
on the impact of specific mycobiota species on host health
and physiologic outcomes. Future studies are needed, such
as germ-free mice or organoid models, that could reca-
pitulate host physiology to fill the knowledge gap. In
addition, creating an animal model with antifungal treat-
ment would be useful to determine the role of gastroin-
testinal tract mycobiota on health outcomes. Determining
important players in complex mycobiota–microbiota–host
interactions is challenging yet essential to identifying
causal mycobiota.

3) Systems biology approaches focusing on interactions be-
tween multiple systems, such as transkingdom network
analysis [84], can provide insights into key mycobiota. The
ecosystem in the gastrointestinal tract exists as a population
of bacteria, fungi, viruses, and archaea. Future studies must
be evaluated in longitudinal clinical cohorts and animal
models to determine the competition/population dynamics
and various factors impacting ecological niches.

4) In addition, longitudinal studies with metadata and
mother–infant dyads are needed to understand the
contribution of various maternal and postnatal factors and
their synergy in mycobiota composition and function.

5) It is challenging to grow commensal fungi for particular
species. It would be important to investigate cultural
conditions and growth factors needed to advance the field
of mycobiota. Leveraging various anaerobic culture tech-
niques developed for microbiota research (i.e., Simulator
of the Human Intestinal Microbial Ecosystem [85], Kobe
University Human Intestinal Microbiota Model [86], and
Gut-in-chip [87]) over the last decade will likely benefit
the field of mycobiota.

6) Another potential area of research is to investigate the
transmission of milk mycobiota from mother to infant
either through internal (oro-entero-mammary) or external
(retrograde inoculation) and whether mycobiota are pre-
sent in the intramammary milk or only after breastfeeding
via contact with maternal skin. The literature suggests the
infant oral cavity is a potential source of milk mycobiota;
conversely, maternal or environmental factors could be
possible sources. The literature is conflicting in terms of
specific species of mycobiota presence (i.e., Malassezia)
with delivery mode and its presence in milk; thus, future
studies are needed to clarify the source of the species in
milk and infants. Another outstanding question is whether
these mycobiota change the milk composition in-
mammary gland and whether the gastrointestinal tract
mycobiota uses the milk components (i.e., human milk
oligosaccharides) like some well-known microbiota such
as Bifidobacterium.

7) A high prevalence of mold and aflatoxins in low- and
middle-income countries within food supplies [88,89] has
been noted, and this may impact mycobiota composition
and, in turn, child health [90–92]. It would be interesting
to incorporate these variables in future studies.
7

Terminology

Alpha diversity: Distribution of species abundance in a sample
or community. Alpha diversity is determined by calculating
richness (total number of species sample or community) and
evenness (a measure of species abundance).

Beta diversity: Beta diversity measures the similarity or
dissimilarity between 2 or more samples or communities.

Mycobiota: total fungal communities in an environment.
Mycobiome: total genomes of fungi in an environment.
Infant: 0–1 y of age.
Child: <14 y.
Gastrointestinal tract: small and large intestine regions.

Author contributions
The authors’ responsibilities were as follows – LY and KE -

conceptualized the topic and drafted the final manuscript; KR, RT,
MG - conducted the literature review; MG - prepared the summary
figure; MG, MR and JRR - edited and provided feedback.

Conflict of interest
The authors report no conflicts of interest.

Funding
The authors are supported by the Arkansas Children’s

Research Institute (KES), the National Institutes of Health
P20GM121293 (KES), the Horace C. Cabe Distinguished Chair in
Infectious Disease (KES), and USDA-ARS Project #6026-51000-
012-000D (MG, MLR, KES, RT, JRR, LY).

References

[1] Human Microbiome Project Consortium, Structure, function and
diversity of the healthy human microbiome, Nature 486 (7402) (2012)
207–214, https://doi.org/10.1038/nature11234.

[2] A.K. Nash, T.A. Auchtung, M.C. Wong, D.P. Smith, J.R. Gesell,
M.C. Ross, et al., The gut mycobiome of the Human Microbiome Project
healthy cohort, Microbiome 5 (1) (2017) 153, https://doi.org/10.1186/
s40168-017-0373-4.

[3] B. Eiseman, W. Silen, G.S. Bascom, A.J. Kauvar, Fecal enema as an
adjunct in the treatment of pseudomembranous enterocolitis, Surgery
44 (5) (1958) 854–859.

[4] M. Tvede, J. Rask-Madsen, Bacteriotherapy for chronic relapsing
Clostridium difficile diarrhoea in six patients, Lancet 1 (8648) (1989)
1156–1160, https://doi.org/10.1016/s0140-6736(89)92749-9.

[5] C.P. Kelly, Fecal microbiota transplantation–an old therapy comes of
age, N. Engl. J. Med. 368 (5) (2013) 474–475, https://doi.org/10.1056/
nejme1214816.

[6] A. Khoruts, A.R. Weingarden, Emergence of fecal microbiota
transplantation as an approach to repair disrupted microbial gut
ecology, Immunol Lett 162 (2 Pt A) (2014) 77–81, https://doi.org/
10.1016/j.imlet.2014.07.016.

[7] T. Carvalho, First oral fecal microbiota transplant therapy approved,
Nat. Med. 29 (7) (2023) 1581–1582, https://doi.org/10.1038/d41591-
023-00046-2.

[8] F.M. Borges, T.O. de Paula, M.R.A. Sarmiento, M.G. de Oliveira,
M.L.M. Pereira, I.V. Toledo, et al., Fungal diversity of human gut
microbiota among eutrophic, overweight, and obese individuals based
on aerobic culture-dependent approach, Curr. Microbiol. 75 (6) (2018)
726–735, https://doi.org/10.1007/s00284-018-1438-8.

[9] M. Mar Rodríguez, D. P�erez, F. Javier Chaves, E. Esteve, P. Marin-
Garcia, G. Xifra, et al., Obesity changes the human gut mycobiome, Sci.
Rep. 5 (2015) 14600, https://doi.org/10.1038/srep14600.

[10] N. Gouba, M. Drancourt, Digestive tract mycobiota: a source of
infection, Med. Mal. Infect. 45 (1–2) (2015) 9–16, https://doi.org/
10.1016/j.medmal.2015.01.007.

https://doi.org/10.1038/nature11234
https://doi.org/10.1186/s40168-017-0373-4
https://doi.org/10.1186/s40168-017-0373-4
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref3
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref3
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref3
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref3
https://doi.org/10.1016/s0140-6736(89)92749-9
https://doi.org/10.1056/nejme1214816
https://doi.org/10.1056/nejme1214816
https://doi.org/10.1016/j.imlet.2014.07.016
https://doi.org/10.1016/j.imlet.2014.07.016
https://doi.org/10.1038/d41591-023-00046-2
https://doi.org/10.1038/d41591-023-00046-2
https://doi.org/10.1007/s00284-018-1438-8
https://doi.org/10.1038/srep14600
https://doi.org/10.1016/j.medmal.2015.01.007
https://doi.org/10.1016/j.medmal.2015.01.007


K.A. Rodriguez et al. Advances in Nutrition 15 (2024) 100185
[11] L. Cui, A. Morris, E. Ghedin, The human mycobiome in health and
disease, Genome Med 5 (7) (2013) 63, https://doi.org/10.1186/
gm467.

[12] C.L. Maynard, C.O. Elson, R.D. Hatton, C.T. Weaver, Reciprocal
interactions of the intestinal microbiota and immune system, Nature
489 (7415) (2012) 231–241, https://doi.org/10.1038/nature11551.

[13] P. Belvoncikova, P. Splichalova, P. Videnska, R. Gardlik, The human
mycobiome: colonization, composition and the role in health and
disease, J. Fungi (Basel) 8 (10) (2022) 1046, https://doi.org/10.3390/
jof8101046.

[14] L. Romani, Immunity to fungal infections, Nat. Rev. Immunol. 11 (4)
(2011) 275–288, https://doi.org/10.1038/nri2939.

[15] D.M. Underhill, I.D. Iliev, The mycobiota: interactions between
commensal fungi and the host immune system, Nat. Rev. Immunol. 14
(6) (2014) 405–416, https://doi.org/10.1038/nri3684.

[16] L. Rizzetto, C. De Filippo, D. Cavalieri, Richness and diversity of
mammalian fungal communities shape innate and adaptive immunity in
health and disease, Eur. J. Immunol. 44 (11) (2014) 3166–3181,
https://doi.org/10.1002/eji.201344403.

[17] C. Luan, L. Xie, X. Yang, H. Miao, N. Lv, R. Zhang, et al., Dysbiosis of
fungal microbiota in the intestinal mucosa of patients with colorectal
adenomas, Sci. Rep. 5 (2015) 7980, https://doi.org/10.1038/
srep07980.

[18] H. Sokol, V. Leducq, H. Aschard, H.P. Pham, S. Jegou, C. Landman, et
al., Fungal microbiota dysbiosis in IBD, Gut 66 (6) (2017) 1039–1048,
https://doi.org/10.1136/gutjnl-2015-310746.

[19] M.C. Arrieta, A. Ar�evalo, L. Stiemsma, P. Dimitriu, M.E. Chico, S. Loor,
et al., Associations between infant fungal and bacterial dysbiosis and
childhood atopic wheeze in a nonindustrialized setting, J. Allergy Clin.
Immunol. 142 (2) (2018) 424–434.e10, https://doi.org/10.1016/
j.jaci.2017.08.041.

[20] B. Behbod, J.E. Sordillo, E.B. Hoffman, S. Datta, T.E. Webb, D.L. Kwan,
et al., Asthma and allergy development: contrasting influences of yeasts
and other fungal exposures, Clin. Exp. Allergy 45 (1) (2015) 154–163,
https://doi.org/10.1111/cea.12401.

[21] R.C.T. Boutin, H. Sbihi, R.J. McLaughlin, A.S. Hahn, K.M. Konwar,
R.S. Loo, et al., Composition and associations of the infant gut fungal
microbiota with environmental factors and childhood allergic
outcomes, mBio 12 (3) (2021) e0339620, https://doi.org/10.1128/
mbio.03396-20.

[22] E. van Tilburg Bernardes, M.W. Gutierrez, M.C. Arrieta, The fungal
microbiome and asthma, Front. Cell. Infect. Microbiol. 10 (2020)
583418, https://doi.org/10.3389/fcimb.2020.583418.

[23] T.R. Abrahamsson, H.E. Jakobsson, A.F. Andersson, B. Bj€orkst�en,
L. Engstrand, M.C. Jenmalm, Low gut microbiota diversity in early
infancy precedes asthma at school age, Clin. Exp. Allergy 44 (6) (2014)
842–850, https://doi.org/10.1111/cea.12253.

[24] B. Aktas, T.J. De Wolfe, N. Safdar, B.J. Darien, J.L. Steele, The impact of
Lactobacillus casei on the composition of the cecal microbiota and
innate immune system is strain specific, PLOS ONE 11 (5) (2016)
e0156374, https://doi.org/10.1371/journal.pone.0156374.

[25] L.G. Albenberg, G.D. Wu, Diet and the intestinal microbiome:
associations, functions, and implications for health and disease,
Gastroenterology 146 (6) (2014) 1564–1572, https://doi.org/10.1053/
j.gastro.2014.01.058.

[26] T. Arora, F. B€ackhed, The gut microbiota and metabolic disease: current
understanding and future perspectives, J. Intern. Med. 280 (4) (2016)
339–349, https://doi.org/10.1111/joim.12508.

[27] L.V. Blanton, M.R. Charbonneau, T. Salih, M.J. Barratt, S. Venkatesh,
O. Ilkaveya, et al., Gut bacteria that prevent growth impairments
transmitted by microbiota from malnourished children, Science 351
(6275) (2016) aad3311, https://doi.org/10.1126/science.aad3311.

[28] Y.E. Borre, G.W. O’Keeffe, G. Clarke, C. Stanton, T.G. Dinan, J.F. Cryan,
Microbiota and neurodevelopmental windows: implications for brain
disorders, Trends Mol. Med. 20 (9) (2014) 509–518, https://doi.org/
10.1016/j.molmed.2014.05.002.

[29] S. Tamburini, N. Shen, H.C. Wu, J.C. Clemente, The microbiome in
early life: implications for health outcomes, Nat. Med. 22 (7) (2016)
713–722, https://doi.org/10.1038/nm.4142.

[30] L.M. Cox, S. Yamanishi, J. Sohn, A.V. Alekseyenko, J.M. Leung, I. Cho,
et al., Altering the intestinal microbiota during a critical developmental
window has lasting metabolic consequences, Cell 158 (4) (2014)
705–721, https://doi.org/10.1016/j.cell.2014.05.052.

[31] Z. Al Nabhani, G. Eberl, Imprinting of the immune system by the
microbiota early in life, Mucosal Immunol 13 (2) (2020) 183–189,
https://doi.org/10.1038/s41385-020-0257-y.
8

[32] H. Brüssow, Problems with the concept of gut microbiota dysbiosis,
Microb. Biotechnol. 13 (2) (2020) 423–434, https://doi.org/10.1111/
1751-7915.13479.

[33] K.E. Fujimura, A.R. Sitarik, S. Havstad, D.L. Lin, S. Levan, D. Fadrosh, et
al., Neonatal gut microbiota associates with childhood multisensitized
atopy and T cell differentiation, Nat. Med. 22 (10) (2016) 1187–1191,
https://doi.org/10.1038/nm.4176.

[34] S.A. James, S. Phillips, A. Telatin, D. Baker, R. Ansorge, P. Clarke, et al.,
Preterm infants harbour a rapidly changing mycobiota that includes
Candida pathobionts, J. Fungi (Basel) 6 (4) (2020) 273, https://
doi.org/10.3390/jof6040273.

[35] A. Boix-Amor�os, F. Puente-S�anchez, E. du Toit, K.M. Linderborg,
Y. Zhang, B. Yang, et al., Mycobiome profiles in breast milk from
healthy women depend on mode of delivery, geographic location, and
interaction with bacteria, Appl. Environ. Microbiol. 85 (9) (2019)
e02994, https://doi.org/10.1128/aem.02994-18, 18.

[36] T.S. Mims, Q.A. Abdallah, J.D. Stewart, S.P. Watts, C.T. White,
T.V. Rousselle, et al., The gut mycobiome of healthy mice is shaped by
the environment and correlates with metabolic outcomes in response to
diet, Commun. Biol. 4 (1) (2021) 281, https://doi.org/10.1038/
s42003-021-01820-z.

[37] T. Heisel, A.J. Johnson, S. Gonia, A. Dillon, E. Skalla, J. Haapala, et al.,
Bacterial, fungal, and interkingdom microbiome features of exclusively
breastfeeding dyads are associated with infant age, antibiotic exposure,
and birth mode, Front. Microbiol. 13 (2022) 1050574, https://doi.org/
10.3389/fmicb.2022.1050574.

[38] S. Moossavi, K. Fehr, H. Derakhshani, H. Sbihi, B. Robertson, L. Bode, et
al., Human milk fungi: environmental determinants and inter-kingdom
associations with milk bacteria in the CHILD Cohort Study, BMC
Microbiol 20 (1) (2020) 146, https://doi.org/10.1186/s12866-020-
01829-0.

[39] R. Ventin-Holmberg, S. Saqib, K. Korpela, A. Nikkonen, V. Peltola,
A. Salonen, et al., The effect of antibiotics on the infant gut fungal
microbiota, J. Fungi (Basel) 8 (4) (2022) 328, https://doi.org/10.3390/
jof8040328.

[40] A. Popovic, C. Bourdon, P.W. Wang, D.S. Guttman, S. Soofi,
Z.A. Bhutta, et al., Micronutrient supplements can promote disruptive
protozoan and fungal communities in the developing infant gut, Nat.
Commun. 12 (1) (2021) 6729, https://doi.org/10.1038/s41467-021-
27010-3.

[41] T.L. Ward, M.G. Dominguez-Bello, T. Heisel, G. Al-Ghalith, D. Knights,
C.A. Gale, Development of the human mycobiome over the first month
of life and across body sites, mSystems 3 (3) (2018) e00140, https://
doi.org/10.1128/msystems.00140-17, 17.

[42] N. Amenyogbe, D. Adu-Gyasi, Y. Enuameh, K.P. Asante, D.G. Konadu,
S. Kaali, et al., Bacterial and fungal gut community dynamics over the
first 5 years of life in predominantly rural communities in Ghana, Front.
Microbiol. 12 (2021) 664407, https://doi.org/10.3389/
fmicb.2021.664407.

[43] K.A. Willis, J.H. Purvis, E.D. Myers, M.M. Aziz, I. Karabayir,
C.K. Gomes, et al., Fungi form interkingdom microbial communities in
the primordial human gut that develop with gestational age, FASEB J
33 (11) (2019) 12825–12837, https://doi.org/10.1096/
fj.201901436rr.

[44] T. Heisel, L. Nyaribo, M.J. Sadowsky, C.A. Gale, Breastmilk and NICU
surfaces are potential sources of fungi for infant mycobiomes, Fungal
Genet. Biol. 128 (2019) 29–35, https://doi.org/10.1016/
j.fgb.2019.03.008.

[45] K. Schei, E. Avershina, T. Øien, K. Rudi, T. Follestad, S. Salamati,
R.A. Ødegård, Early gut mycobiota and mother-offspring transfer,
Microbiome 5 (1) (2017) 107, https://doi.org/10.1186/s40168-017-
0319-x.

[46] J. Turunen, N. Paalanne, J. Reunanen, T. Tapiainen, M.V. Tejesvi,
Development of gut mycobiome in infants and young children: a
prospective cohort study, Pediatr. Res. 94 (2) (2023) 486–494, https://
doi.org/10.1038/s41390-023-02471-y.

[47] M. Spatz, M.L. Richard, Overview of the potential role of Malassezia in
gut health and disease, Front. Cell. Infect. Microbiol. 10 (2020) 201,
https://doi.org/10.3389/fcimb.2020.00201.

[48] M. Dinleyici, V. P�erez-Brocal, S. Arslanoglu, O. Aydemir, S.S. Ozumut,
N. Tekin, et al., Human milk mycobiota composition:
relationship with gestational age, delivery mode, and birth weight,
Benef. Microbes 11 (2) (2020) 151–162, https://doi.org/10.3920/
bm2019.0158.

[49] J. Mirpuri, Evidence for maternal diet-mediated effects on the offspring
microbiome and immunity: implications for public health initiatives,

https://doi.org/10.1186/gm467
https://doi.org/10.1186/gm467
https://doi.org/10.1038/nature11551
https://doi.org/10.3390/jof8101046
https://doi.org/10.3390/jof8101046
https://doi.org/10.1038/nri2939
https://doi.org/10.1038/nri3684
https://doi.org/10.1002/eji.201344403
https://doi.org/10.1038/srep07980
https://doi.org/10.1038/srep07980
https://doi.org/10.1136/gutjnl-2015-310746
https://doi.org/10.1016/j.jaci.2017.08.041
https://doi.org/10.1016/j.jaci.2017.08.041
https://doi.org/10.1111/cea.12401
https://doi.org/10.1128/mbio.03396-20
https://doi.org/10.1128/mbio.03396-20
https://doi.org/10.3389/fcimb.2020.583418
https://doi.org/10.1111/cea.12253
https://doi.org/10.1371/journal.pone.0156374
https://doi.org/10.1053/j.gastro.2014.01.058
https://doi.org/10.1053/j.gastro.2014.01.058
https://doi.org/10.1111/joim.12508
https://doi.org/10.1126/science.aad3311
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1038/nm.4142
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1038/s41385-020-0257-y
https://doi.org/10.1111/1751-7915.13479
https://doi.org/10.1111/1751-7915.13479
https://doi.org/10.1038/nm.4176
https://doi.org/10.3390/jof6040273
https://doi.org/10.3390/jof6040273
https://doi.org/10.1128/aem.02994-18
https://doi.org/10.1038/s42003-021-01820-z
https://doi.org/10.1038/s42003-021-01820-z
https://doi.org/10.3389/fmicb.2022.1050574
https://doi.org/10.3389/fmicb.2022.1050574
https://doi.org/10.1186/s12866-020-01829-0
https://doi.org/10.1186/s12866-020-01829-0
https://doi.org/10.3390/jof8040328
https://doi.org/10.3390/jof8040328
https://doi.org/10.1038/s41467-021-27010-3
https://doi.org/10.1038/s41467-021-27010-3
https://doi.org/10.1128/msystems.00140-17
https://doi.org/10.1128/msystems.00140-17
https://doi.org/10.3389/fmicb.2021.664407
https://doi.org/10.3389/fmicb.2021.664407
https://doi.org/10.1096/fj.201901436rr
https://doi.org/10.1096/fj.201901436rr
https://doi.org/10.1016/j.fgb.2019.03.008
https://doi.org/10.1016/j.fgb.2019.03.008
https://doi.org/10.1186/s40168-017-0319-x
https://doi.org/10.1186/s40168-017-0319-x
https://doi.org/10.1038/s41390-023-02471-y
https://doi.org/10.1038/s41390-023-02471-y
https://doi.org/10.3389/fcimb.2020.00201
https://doi.org/10.3920/bm2019.0158
https://doi.org/10.3920/bm2019.0158


K.A. Rodriguez et al. Advances in Nutrition 15 (2024) 100185
Pediatr. Res. 89 (2) (2021) 301–306, https://doi.org/10.1038/s41390-
020-01121-x.

[50] J. Ma, A.L. Prince, D. Bader, M. Hu, R. Ganu, K. Baquero, et al., High-fat
maternal diet during pregnancy persistently alters the offspring
microbiome in a primate model, Nat. Commun. 5 (2014) 3889, https://
doi.org/10.1038/ncomms4889.

[51] N.T. Mueller, E. Bakacs, J. Combellick, Z. Grigoryan, M.G. Dominguez-
Bello, The infant microbiome development: mom matters, Trends Mol.
Med. 21 (2) (2015) 109–117, https://doi.org/10.1016/
j.molmed.2014.12.002.

[52] C. Cuinat, S.E. Stinson, W.E. Ward, E.M. Comelli, Maternal intake of
probiotics to program offspring health, Curr. Nutr. Rep. 11 (4) (2022)
537–562, https://doi.org/10.1007/s13668-022-00429-w.

[53] T.K. Soderborg, S.J. Borengasser, L.A. Barbour, J.E. Friedman, Microbial
transmission from mothers with obesity or diabetes to infants: an
innovative opportunity to interrupt a vicious cycle, Diabetologia 59 (5)
(2016) 895–906, https://doi.org/10.1007/s00125-016-3880-0.

[54] P. Hemarajata, J. Versalovic, Effects of probiotics on gut microbiota:
mechanisms of intestinal immunomodulation and neuromodulation,
Therap. Adv. Gastroenterol. 6 (1) (2013) 39–51, https://doi.org/
10.1177/1756283X12459294.

[55] K. Nel Van Zyl, A.C. Whitelaw, A.C. Hesseling, J.A. Seddon,
A.M. Demers, M. Newton-Foot, Fungal diversity in the gut microbiome
of young South African children, BMC Microbiol 22 (1) (2022) 201,
https://doi.org/10.1186/s12866-022-02615-w.

[56] W.D. Fiers, I. Leonardi, I.D. Iliev, From birth and throughout life: fungal
microbiota in nutrition and metabolic health, Annu. Rev. Nutr. 40
(2020) 323–343, https://doi.org/10.1146/annurev-nutr-013120-
043659.

[57] A. Elolimy, F. Rosa, P. Tripp, M. Zeineldin, A.K. Bowlin, C. Randolph, et
al., Bacterial and fungal adaptations in cecum and distal colon of piglets
fed with dairy-based milk formula in comparison with human milk,
Front. Microbiol. 13 (2022) 801854, https://doi.org/10.3389/
fmicb.2022.801854.

[58] 2020 Global Nutrition Report: Action on Equity to End Malnutrition,
Development Initiatives, Bristol, UK, 2020.

[59] United Nations Children’s Fund (UNICEF), World Health Organization,
International Bank for Reconstruction and Development/The World
Bank, Levels and Trends in Child Malnutrition: Key Findings of the 2021
Edition of the Joint Child Malnutrition Estimates, World Health
Organization, Geneva, 2021.

[60] S. Subramanian, S. Huq, T. Yatsunenko, R. Haque, M. Mahfuz,
M.A. Alam, et al., Persistent gut microbiota immaturity in malnourished
Bangladeshi children, Nature 510 (7505) (2014) 417–421, https://
doi.org/10.1038/nature13421.

[61] M.I. Smith, T. Yatsunenko, M.J. Manary, I. Trehan, R. Mkakosya,
J. Cheng, et al., Gut microbiomes of Malawian twin pairs discordant for
kwashiorkor, Science 339 (6119) (2013) 548–554, https://doi.org/
10.1126/science.1229000.

[62] M.W. Gutierrez, E.M. Mercer, S. Moossavi, I. Laforest-Lapointe,
M.E. Reyna, A.B. Becker, et al., Maturational patterns of the infant gut
mycobiome are associated with early-life body mass index, Cell Rep.
Med. 4 (2) (2023) 100928, https://doi.org/10.1016/
j.xcrm.2023.100928.

[63] P. Magiatis, P. Pappas, G. Gaitanis, N. Mexia, E. Melliou, M. Galanou, et
al., Malassezia yeasts produce a collection of exceptionally potent
activators of the Ah (dioxin) receptor detected in diseased human skin,
J. Invest. Dermatol. 133 (8) (2013) 2023–2030, https://doi.org/
10.1038/jid.2013.92.

[64] X.V. Li, I. Leonardi, G.G. Putzel, A. Semon, W.D. Fiers, T. Kusakabe, et
al., Immune regulation by fungal strain diversity in inflammatory bowel
disease, Nature 603 (7902) (2022) 672–678, https://doi.org/10.1038/
s41586-022-04502-w.

[65] I. Ferrocino, V. Ponzo, M. Pellegrini, I. Goitre,M. Papurello, I. Franciosa, et
al., Mycobiota composition and changes across pregnancy in patients with
gestational diabetes mellitus (GDM), Sci Rep 12 (1) (2022 Jun 2) 9192,
https://doi.org/10.1038/s41598-022-13438-0.

[66] X. Yuan, X. Li, Y. Kang, L. Pang, G. Hei, X. Zhang, et al., Gut mycobiota
dysbiosis in drug-naive, first-episode schizophrenia, Schizophr. Res.
250 (2022) 76–86, https://doi.org/10.1016/j.schres.2022.10.011.

[67] Y. Cao, L. Wang, S. Ke, C.P. Kelly, N.R. Pollock, J.A. Villafuerte G�alvez,
et al., Analysis of intestinal mycobiota of patients with Clostridioides
difficile infection among a prospective inpatient cohort, Microbiol.
Spectr. 10 (4) (2022) e0136222, https://doi.org/10.1128/
spectrum.01362-22.
9

[68] I. Doron, M. Mesko, X.V. Li, T. Kusakabe, I. Leonardi, D.G. Shaw, et al.,
Mycobiota-induced IgA antibodies regulate fungal commensalism in the
gut and are dysregulated in Crohn’s disease, Nat. Microbiol. 6 (12)
(2021) 1493–1504, https://doi.org/10.1038/s41564-021-00983-z.

[69] F. Borgo, E. Verduci, A. Riva, C. Lassandro, E. Riva, G. Morace,
E. Borghi, Relative abundance in bacterial and fungal gut microbes in
obese children: a case control study, Child. Obes. 13 (1) (2017) 78–84,
https://doi.org/10.1089/chi.2015.0194.

[70] K. Mok, N. Suratanon, S. Roytrakul, S. Charoenlappanit,
P. Patumcharoenpol, P. Chatchatee, et al., ITS2 sequencing and targeted
meta-proteomics of infant gut mycobiome reveal the functional role of
Rhodotorula sp. during atopic dermatitis manifestation, J. Fungi (Basel)
7 (9) (2021) 748, https://doi.org/10.3390/jof7090748.

[71] E.W. Coates, M.G. Karlowicz, D.P. Croitoru, E.S. Buescher, Distinctive
distribution of pathogens associated with peritonitis in neonates with
focal intestinal perforation compared with necrotizing enterocolitis,
Pediatrics 116 (2) (2005) e241–e246, https://doi.org/10.1542/
peds.2004-2537.

[72] F. Strati, D. Cavalieri, D. Albanese, C. De Felice, C. Donati, J. Hayek, et
al., New evidences on the altered gut microbiota in autism spectrum
disorders, Microbiome 5 (1) (2017) 24, https://doi.org/10.1186/
s40168-017-0242-1.

[73] R.C. Boutin, C. Petersen, S.E. Woodward, A. Serapio-Palacios,
T. Bozorgmehr, R. Loo, et al., Bacterial-fungal interactions in the
neonatal gut influence asthma outcomes later in life, Elife 10 (2021)
e67740, https://doi.org/10.7554/eLife.67740.

[74] B. Kowalewska, K. Zorena, M. Szmigiero-Kawko, P. Wą _z, M. Mysliwiec,
Higher diversity in fungal species discriminates children with type 1
diabetes mellitus from healthy control, Patient Prefer, Adherence 10
(2016) 591–599, https://doi.org/10.2147/PPA.S97852.

[75] C. Chehoud, L.G. Albenberg, C. Judge, C. Hoffmann, S. Grunberg,
K. Bittinger, et al., Fungal signature in the gut microbiota of pediatric
patients with inflammatory bowel disease, Inflamm. Bowel Dis. 21 (8)
(2015 Aug 1) 1948–1956.

[76] J. Shankar, N.V. Solis, S. Mounaud, S. Szpakowski, H. Liu, L. Losada, et
al., Using Bayesian modelling to investigate factors governing
antibiotic-induced Candida albicans colonization of the GI tract, Sci.
Rep. 5 (2015) 8131, https://doi.org/10.1038/srep08131.

[77] A. Lapiere, M.L. Richard, Bacterial-fungal metabolic interactions within
the microbiota and their potential relevance in human health and
disease: a short review, Gut Microbes 14 (1) (2022) 2105610, https://
doi.org/10.1080/19490976.2022.2105610.

[78] F. Zhang, D. Aschenbrenner, J.Y. Yoo, T. Zuo, The gut mycobiome in
health, disease, and clinical applications in association with the gut
bacterial microbiome assembly, Lancet Microbe 3 (12) (2022)
e969–e983, https://doi.org/10.1016/S2666-5247(22)00203-8.

[79] A. Deveau, G. Bonito, J. Uehling, M. Paoletti, M. Becker,
S. Bindschedler, et al., Bacterial-fungal interactions: ecology,
mechanisms and challenges, FEMS Microbiol. Rev. 42 (3) (2018)
335–352, https://doi.org/10.1093/femsre/fuy008.

[80] E. van Tilburg Bernardes, V.K. Pettersen, M.W. Gutierrez, I. Laforest-
Lapointe, N.G. Jendzjowsky, J.B. Cavin, et al., Intestinal fungi are
causally implicated in microbiome assembly and immune development
in mice, Nat. Commun. 11 (1) (2020) 2577, https://doi.org/10.1038/
s41467-020-16431-1.

[81] S. Dollive, Y.Y. Chen, S. Grunberg, K. Bittinger, C. Hoffmann,
L. Vandivier, et al., Fungi of the murine gut: episodic variation and
proliferation during antibiotic treatment, PLOS ONE 8 (8) (2013)
e71806, https://doi.org/10.1371/journal.pone.0071806.

[82] P.B. Helstrom, E. Balish, Effect of oral tetracycline, the microbial flora,
and the athymic state on gastrointestinal colonization and infection of
BALB/c mice with Candida albicans, Infect. Immun. 23 (3) (1979)
764–774, https://doi.org/10.1128/iai.23.3.764-774.1979.

[83] M.S. Kelly, D.K. Benjamin Jr., P.B. Smith, The epidemiology and
diagnosis of invasive candidiasis among premature infants, Clin.
Perinatol. 42 (1) (2015) 105–117, https://doi.org/10.1016/
j.clp.2014.10.008, viii–ix.

[84] R.R. Rodrigues, N. Shulzhenko, A. Morgun, Transkingdom networks: a
systems biology approach to identify causal members of host-
microbiota interactions, Methods Mol. Biol. 1849 (2018) 227–242,
https://doi.org/10.1007/978-1-4939-8728-3_15.

[85] T. Van de Wiele, P. Van den Abbeele, W. Ossieur, S. Possemiers,
M. Marzorati, The simulator of the human intestinal microbial
ecosystem (SHIME), in: K. Verhoeckx, P. Cotter, I. Lopez-Exposito,
C. Kleiveland, T. Lea, A. Mackie, et al. (Eds.), The Impact of Food

https://doi.org/10.1038/s41390-020-01121-x
https://doi.org/10.1038/s41390-020-01121-x
https://doi.org/10.1038/ncomms4889
https://doi.org/10.1038/ncomms4889
https://doi.org/10.1016/j.molmed.2014.12.002
https://doi.org/10.1016/j.molmed.2014.12.002
https://doi.org/10.1007/s13668-022-00429-w
https://doi.org/10.1007/s00125-016-3880-0
https://doi.org/10.1177/1756283X12459294
https://doi.org/10.1177/1756283X12459294
https://doi.org/10.1186/s12866-022-02615-w
https://doi.org/10.1146/annurev-nutr-013120-043659
https://doi.org/10.1146/annurev-nutr-013120-043659
https://doi.org/10.3389/fmicb.2022.801854
https://doi.org/10.3389/fmicb.2022.801854
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref58
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref58
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref59
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref59
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref59
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref59
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref59
https://doi.org/10.1038/nature13421
https://doi.org/10.1038/nature13421
https://doi.org/10.1126/science.1229000
https://doi.org/10.1126/science.1229000
https://doi.org/10.1016/j.xcrm.2023.100928
https://doi.org/10.1016/j.xcrm.2023.100928
https://doi.org/10.1038/jid.2013.92
https://doi.org/10.1038/jid.2013.92
https://doi.org/10.1038/s41586-022-04502-w
https://doi.org/10.1038/s41586-022-04502-w
https://doi.org/10.1038/s41598-022-13438-0
https://doi.org/10.1016/j.schres.2022.10.011
https://doi.org/10.1128/spectrum.01362-22
https://doi.org/10.1128/spectrum.01362-22
https://doi.org/10.1038/s41564-021-00983-z
https://doi.org/10.1089/chi.2015.0194
https://doi.org/10.3390/jof7090748
https://doi.org/10.1542/peds.2004-2537
https://doi.org/10.1542/peds.2004-2537
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.7554/eLife.67740
https://doi.org/10.2147/PPA.S97852
http://refhub.elsevier.com/S2161-8313(24)00019-X/optStaDrMcMHo
http://refhub.elsevier.com/S2161-8313(24)00019-X/optStaDrMcMHo
http://refhub.elsevier.com/S2161-8313(24)00019-X/optStaDrMcMHo
http://refhub.elsevier.com/S2161-8313(24)00019-X/optStaDrMcMHo
http://refhub.elsevier.com/S2161-8313(24)00019-X/optStaDrMcMHo
https://doi.org/10.1038/srep08131
https://doi.org/10.1080/19490976.2022.2105610
https://doi.org/10.1080/19490976.2022.2105610
https://doi.org/10.1016/S2666-5247(22)00203-8
https://doi.org/10.1093/femsre/fuy008
https://doi.org/10.1038/s41467-020-16431-1
https://doi.org/10.1038/s41467-020-16431-1
https://doi.org/10.1371/journal.pone.0071806
https://doi.org/10.1128/iai.23.3.764-774.1979
https://doi.org/10.1016/j.clp.2014.10.008
https://doi.org/10.1016/j.clp.2014.10.008
https://doi.org/10.1007/978-1-4939-8728-3_15
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref84
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref84
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref84
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref84


K.A. Rodriguez et al. Advances in Nutrition 15 (2024) 100185
Bioactives on Health: In Vitro and Ex Vivo Models, Springer, Cham,
Switzerland, 2015, pp. 305–317.

[86] N. Hoshi, J. Inoue, D. Sasaki, K. Sasaki, The Kobe University Human
Intestinal Microbiota Model for gut intervention studies, Appl.
Microbiol. Biotechnol. 105 (7) (2021) 2625–2632, https://doi.org/
10.1007/s00253-021-11217-x.

[87] Y. Xiang, H. Wen, Y. Yu, M. Li, X. Fu, S. Huang, Gut-on-chip: recreating
human intestine in vitro, J. Tissue Eng. 11 (2020) 2041731420965318,
https://doi.org/10.1177/2041731420965318.

[88] D. Grace, Food safety in low and middle income countries, Int. J.
Environ. Res. Public Health 12 (9) (2015) 10490–10507, https://
doi.org/10.3390/ijerph120910490.

[89] N. Benkerroum, Aflatoxins: producing-molds, structure, health issues
and incidence in southeast Asian and sub-saharan African countries, Int.
10
J. Environ. Res. Public Health 17 (4) (2020) 1215, https://doi.org/
10.3390/ijerph17041215.

[90] W.P. Liew, S. Mohd-Redzwan, L.T.L. Than, Gut microbiota profiling of
aflatoxin B1-induced rats treated with Lactobacillus casei Shirota,
Toxins (Basel) 11 (1) (2019) 49, https://doi.org/10.3390/
toxins11010049.

[91] W.P. Liew, S. Mohd-Redzwan, Mycotoxin: its impact on gut health and
microbiota, Front. Cell. Infect. Microbiol. 8 (2018) 60, https://doi.org/
10.3389/fcimb.2018.00060.

[92] A.P. Wacoo, P. Atukunda, G. Muhoozi, M. Braster, M. Wagner,
T.J.V.D. Broek, et al., Aflatoxins: occurrence, exposure, and binding to
Lactobacillus species from the gut microbiota of rural Ugandan
children, Microorganisms 8 (3) (2020) 347, https://doi.org/10.3390/
microorganisms8030347.

http://refhub.elsevier.com/S2161-8313(24)00019-X/sref84
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref84
http://refhub.elsevier.com/S2161-8313(24)00019-X/sref84
https://doi.org/10.1007/s00253-021-11217-x
https://doi.org/10.1007/s00253-021-11217-x
https://doi.org/10.1177/2041731420965318
https://doi.org/10.3390/ijerph120910490
https://doi.org/10.3390/ijerph120910490
https://doi.org/10.3390/ijerph17041215
https://doi.org/10.3390/ijerph17041215
https://doi.org/10.3390/toxins11010049
https://doi.org/10.3390/toxins11010049
https://doi.org/10.3389/fcimb.2018.00060
https://doi.org/10.3389/fcimb.2018.00060
https://doi.org/10.3390/microorganisms8030347
https://doi.org/10.3390/microorganisms8030347

	Outline placeholder
	Introduction

	Statement of Significance
	Diversity and Composition of the Mycobiome
	Early Life Factors Impact on Gastrointestinal Tract Mycobiota Colonization and Health Outcomes
	Maternal factors and birth mode
	Geographic location and environment
	Postnatal diet
	Gastrointestinal tract mycobiota and health outcomes

	Mycobiota and Microbiota Interkingdom Communication
	Conclusion
	Future Directions
	Terminology
	Author contributions
	Conflict of interest
	Funding

	References


