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Abstract: This paper reviews current research on the microbial life that surrounds vertebrate embryos.
Several clades are believed to develop inside sterile—or near-sterile—embryonic microhabitats, while
others thrive within a veritable zoo of microbial life. The occurrence of embryo-associated microbes
in some groups, but not others, is an under-appreciated transition (possibly transitions) in vertebrate
evolution. A lack of comparable studies makes it currently impossible to correlate embryo-associated
microbiomes with other aspects of vertebrate evolution. However, there are embryonic features
that should instruct a more targeted survey. This paper concludes with a hypothesis for the role of
multiciliated surface cells in amphibian and some fish embryos, which may contribute to managing
embryo-associated microbial consortia. These cells are known to exist in some species that harbor in
ovo microbes or have relatively porous egg capsules, although most have not been assayed for embryo-
associated microbiota. Whether the currents generated within these extraembryonic microhabitats
contribute to culturing consistent microbial communities remains to be seen.

Keywords: vertebrate; embryo; microbiome; multiciliated cells

1. Introduction

Since the beginning of the 21st century, the life sciences have experienced a revolution
in our understanding of microbial interactions with multicellular life. There is a growing
appreciation for the influence of single-celled bacteria, fungi, protists, and viruses on many
nutritional, physiological, and behavioral host phenotypes. The revelation that we are
“animals in a bacterial world” [1,2] has largely been driven by new culture-free microbial
identification techniques. These include rDNA metabarcoding [3] as well as the sequencing
of entire microbial communities, or metagenomics [4]. However, parallel lines of research
have identified organisms that do not require a (primarily gut) microbiome [5]. These
apparent outliers indicate potential constraints on otherwise common host-microbiota
interactions. This review proposes that comparative studies of microbial interactions with
vertebrate embryos offer similar opportunities to interrogate these rules of engagement.
Despite a large amount of research on the controversial human in utero microbiota, we
know surprisingly little about which vertebrate embryos maintain an embryo-associated
microbial communities, and less still about the developmental and physiological con-
sequences of these consortia [6]. By reviewing the evidence at hand, this paper aims
to identify gaps in our understanding in order to prioritize future efforts in vertebrate
embryo-microbe research.

2. Terminology: In Ovo and In Utero

All vertebrates begin life inside a clear capsule called the oocyte coat, zona pellu-
cida, zona radiata, vitelline membrane, vitelline envelope, or perivitelline capsule [7,8]
(Figure 1A). These express zona pellucida (ZP) glycoproteins, which are involved in sperm
recognition, the acrosome reaction, and associated blocks to polyspermy [9]. This innermost
capsule is maternally derived and surrounds the unfertilized egg as well as the early em-
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bryo. Humans “hatch” from their zona pellucida prior to uterine implantation, and are of-
ten prematurely removed from these capsules during in vitro fertilization procedures with
frozen-thawed blastocyts [10]. In fish and amphibians, the innermost vitelline/perivitelline
capsule will rupture later in development, during organogenesis [11,12]. The vitelline
membrane of bird eggs degrades seven days after laying [13], after which they become
more susceptible to pathogens [14]. Many fish [12,15], amphibian [11], and most human
embryos [7] form transient “threads” or “filaments” inside the perivitelline space. These are
of largely unknown composition and function and vary in their attachments between the
embryo and surrounding membrane. To date, there have been no accounts of microbial life
within the perivitelline fluid. This would be a pre-requisite for transovarial transmission of
microbes in vertebrates, which has also never been found.

Figure 1. Vertebrate extraembryonic fluid microenvironments (shaded) and extraembryonic tissues
which may harbor embryo-associated microbial life. (A) All vertebrates begin within a maternally-
derived zona pellucida, also known as the vitelline membrane. After fertilization, perivitelline fluid
surrounds the zygote and early embryo. The in ovo fluid compartment of externally developing fish
(B) and amphibians (C) contains extraembryonic capsular fluid or “perivitelline fluid”, although the
vitelline membrane usually ruptures during neurulation. Maternally-derived egg capsules (“chorion”
in fish) surround the developing embryos and can vary in number. (D) Oviparous amniotes also
develop in ovo inside a post-zygotic maternally-derived shell and variable cuticle. The embryo proper
develops within the amniotic fluid (shaded). The extraembryonic chorion surrounds yolk, allantois,
and amnion, all of which could potentially harbor embryo-associated microbes. (E) These membranes
are also part of the in utero microenvironment of developing placental mammals, which also extend
fetal circulation to interface maternal circulation in the placenta. Panels D and E are redrawn with
permission from Barresi and Gilbert, Developmental Biology, 11th edition. Published by Oxford
University Press (2016).

Additional oocyte capsules of varying numbers [8] surround the innermost vitelline
envelope in fish [12] and amphibians [11,16] (Figure 1B,C). The outermost capsule in
fish is called the “chorion”, which is not homologous with the embryo-derived amniote
chorion [17]. These in turn are surrounded by maternally-derived jelly coat(s), which
can cluster eggs together. Several oviparous taxa also form post-fertilization capsules in
nidamental or shell glands, such as the skate egg case or reptile and bird eggs [8].

The external aquatic development of most (but not all) fish and amphibian embryos
contrasts the more terrestrial life histories enabled by the amniotic egg and its associated
membranes. The most prominent of those membranes is the amnion, which is the “pond”
where reptile and mammalian embryos develop. The amnion is also derived from the
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embryo and is not homologous with any fish or amphibian structures. Additional am-
niote innovations include the allantois for metabolic waste collection and chorion for gas
exchange (Figure 1D,E).

The primary concern of this review is to compare the occurrence and consequences
of microbes on developing vertebrate embryos. This may be either inside the embryo
proper, or inside the surrounding fluid and extraembryonic membranes of oviparous and
ovoviviparous species (an in ovo microbiota), or within the amniotic fluid and accom-
panying membranes, including the embryonic placenta, in viviparous mammals (an in
utero microbiota). Variation abounds in the timing of internal “hatching” from concentric
capsules, the formation and degradation of the amniote zona pellucida, alternative life
history strategies in various groups, or the extent of development that occurs within these
protected environments (as in differences between marsupial and placental mammals).
While the “pond” of amniotic fluid is not homologous to the capsular fluid of oviparous
an-amniotes, all of these embryos develop in controlled aqueous microenvironments that
have the potential to harbor microbial pathogens, and potentially commensal or mutualistic
microbes as well. By focusing on in ovo and in utero microbes, this review explores the
evidence for embryo-associated symbionts within the extraembryonic fluids, as opposed to
embryo-adjacent microbes that may grow on the outer surfaces of the rearing environment
or within the mother.

3. Methods for Identifying Microbial Consortia

Multiple techniques are available to identify and characterize microbial populations.
However, none are available to definitively establish the sterility of a surface or struc-
ture. As early as 1885, Thomas Escherich used culturing to claim the neonate intestine
is sterile [18]. This absence of evidence has since been called into question. Traditional
culture-based methods rely on mimicking the endogenous niche of target microbe(s),
which may be difficult to characterize [19]. Novel developments in staged bioreactors
allow the isolation and clonal culturing of a wider range of bacteria than conventional
techniques [20]; however, molecular techniques have become the current standard for
identifying rare environmental microbes [21].

Molecular approaches typically rely on the use of conserved sequence “barcodes”
for different microbial clades. These include tissue techniques such as fluorescent in
situ hybridizations (FISH [22]), or newer hybridization chain reaction (HCR-FISH [23]),
to detect clade-specific sequences with fluorescent probes. “Meta-barcoding” requires
degenerate PCR primers or primers that target highly conserved regions of fungal (internal
transcribed spacer region—ITS rDNA [24]), eukaryotic (18s rDNA [25]), bacterial (16s
rDNA [26]), or green algal (rubisco [27]) genomes. The amplified PCR products are either
analyzed for sequence heterogeneity through denaturing gradient gel electrophoresis [28],
hybridized to a taxa-defined DNA microarray chip [29], or prepared as libraries for next
generation sequencing and binned according to sequence similarity with curated reference
taxonomy classifiers [30]. While these PCR amplification-dependent techniques are more
sensitive than traditional culturing, they are also prone to false-positive signals from low-
abundance microbial populations [31]. A summary of representative vertebrate embryo-
associated bacterial communities, which have recently been reported using a range of 16s
rDNA sequencing approaches, is shown in Figure 2 [32–35]. Variation in PCR primers,
taxonomy classifiers, and negative control filtering makes this comparison preliminary at
best. Future comparative analyses should include consistent sampling and bioinformatic
approaches, including metagenomic sequencing, where all microbial genomes in a sample
are sequenced, and both the identity and inferred functions of shared community members
are revealed [21].
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Figure 2. Venn diagram of bacterial phyla identified inside in ovo and in utero microenvironments of
representative vertebrates through 16s rDNA metabarcoding [32–35]. Whitefish (Corregonus spp.)
perivitelline fluid sampling was followed by amplification of the V1–V2 16s regions and taxonomy
classification with RDP2.2 and Greengenes 12.10 [32]. Spotted salamander (Ambystoma maculatum) egg
capsule fluid sampling was followed by V4–V5 amplification and classification with SILVA132 [33].
Rat (Rattus norvegicus domestica) amniotic fluid extraction was followed by V3–V4 amplification and
Greengenes 13.8 classification [34]. Eastern fence lizard (Sceloporus undulatus) and four passerine
(Poecile atricapillus, Sialia sialis, Passer domesticus, and Tachycineta bicolor) in ovo contents were extracted
followed by V4 amplification and Greengenes 13.8 classification [35]. Other studies have described
teleost fish, bird and rodent embryonic microenvironments to be sterile [36–38]. “Cyanobacteria” may
represent free living prokaryotes or chloroplast DNA. Identification of conserved embryo-associated
phyla is preliminary as methodologies, including exclusion of negative control sequences, were
inconsistent between studies. Bacterial communities from the rat study were verified through FISH
staining in fetal gut [34] and the salamander study cultured multiple bacterial isolates from the same
capsular fluid [33].

4. Evidence for In Ovo and In Utero Microbiotas in Healthy Vertebrates
4.1. Fish

With over thirty-two thousand species [39], a global distribution, and 38 reproductive
guilds [40], it is difficult to generalize anything about the diversity of fish. Multiple studies
treat the teleost extraembryonic fluid as sterile. However, this may not be the case for all
fish. Kemp [41] describes pores in Australian lungfish chorion (Neoceratodus fosteri), which
allow noticeable “particle”, and presumably microbial, entry.

The majority of fish egg-microbiota research attention has focused on reducing infec-
tions in aquaculture [42,43], and controlling the colonization of gut microbiome [44–46].
Studies of microbial colonization on the surface of teleost eggs have found biased bac-
terial populations that differ from the surrounding environment in Salmo trutta (brown
trout [47,48]), Salmo salar L. (Atlantic salmon [49]), Gadus morhua and Hippoglossus hippoglos-
sus (cod and halibut, respectively [50]). Recent studies on controlling G. morhua [36], and
characterizing Danio rerio (zebrafish [51]) microbiota establishment explicitly state that the
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fluid inside the chorion is sterile. This may be the case for teleosts as their chorion ultra-
structure has plugged canals in its outer layers, which create a semipermeable membrane
that only allow small molecules to pass [52,53]. Additionally, unlike other vertebrates,
sperm can only access unfertilized teleost eggs through a specialized micropyle within
their oocyte capsule [12,54]. This restrictive access likely contributes to an effectively sterile
in ovo environment for teleost embryos.

However, it should be noted that neither the zebrafish or aquaculture studies have
assayed fish embryos in their native environments for in ovo colonization. A recent study by
Wilkins et al. [32] on field-collected whitefish embryos (Corregone spp.) from Switzerland
assayed whole eggs that were rinsed in sterile water before DNA extraction and 16s
rDNA PCR. They describe an early rich microbial community that becomes less diverse
(through alpha and beta metrics) over developmental time, potentially as a result of the
maturing immune system. This study is inconclusive in revealing a microbiota within the
extraembryonic fluid, since these communities could have been embedded in the outer
chorion. However, the results suggest a reevaluation of the presumed-sterile teleost egg by
focusing on native habitats instead of captive bred populations.

Fish eggs are immunologically active. Zebrafish embryos have an active innate im-
mune response with macrophages and neutrophils maturing early in development [55,56],
while adaptive immune responses mature after hatching [57]. Recent work using pro-
teomics has revealed enhanced innate immune functions in perivitelline fluid in zebrafish
embryos over three stages of development [58]. Peptide mass spectrometry revealed
candidate lectins, glucosidases, alpha-macroglobulin protease inhibitors, and chitinase
modifying enzymes inherited from the mother as well as iron co-factor chelation by zygotic
transferrin-a. Multiple papers have found trans-generational immune priming in teleost
fish, which is the inheritance of parental innate and adaptive immune components that
can differ based on the parental infection status [59]. It should be noted that a strong early
immune response does not prevent the establishment of symbiotic microbiota [60], and in
many cases it is important for establishing the correct microbial communities [61].

The apparent lack of a stable microbiome inside the teleost egg does not mean that
the surface microbiota of those eggs does not influence development. A stable microbiota
has been found on the outer chorion of multiple wild-collected fish species, which differs
from the surrounding water and/or substrate [32,62] and the composition of these chorion-
associated bacteria has been found to influence hatching and survival [63,64].

Additional embryo-associated microbiomes are found in association with fish that
engage in parental care. These include stable microbial communities associated with “preg-
nant” male pipefish (Sygnathus typhle), which is apparently attenuated by immunological
priming of the father [65]. Interestingly, this study found a distinct microbial population
on the surface of female gonadal eggs using 16s rDNA metabarcoding, but did not ex-
amine the inside of these eggs. In both the S. typhle brood pouch and Corregonus spp.
(whitefish [32]) chorion the bacterial alpha diversity decreases over developmental time,
again suggesting management by the developing immune system of the embryos. Parental
care may facilitate different modes, or extent, of transgenerational microbial transmission
which may be enhanced in these classically K-selected species. However, regardless of
reproductive guild, most evidence to date suggests that healthy teleosts develop inside
relatively sterile extraembryonic fluid. There are no studies to date on the possible sterility
of cyclostome, elasmobranch, or non-teleost osteichthyan extraembryonic fluid or their
potential microbiota.

4.2. Amphibians

Amphibians also have a large number of reproductive modes [66] which corresponds
to a wide variety of egg structures [11]. Their developing embryos often succumb to
infection from bacterial, fungal, or viral diseases [67–69]. However, the microbiota of their
embryos has received less attention than the work on fish.
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Most amphibian microbiome research focuses on the potentially beneficial cutaneous
bacteria that may ward off infectious diseases in adults [70]. Several studies have investi-
gated the recruitment of this cutaneous microbiota over post-hatching development [71]. It
appears that egg-associated bacteria found on the outer surface of the egg capsules differs
from the surrounding substrate and may be influenced by an attending parent [72–75].
However, no studies to date have examined whether bacteria within the extraembryonic
fluid have a role in establishing the adult cutaneous microbiome.

The original evidence that extraembryonic fluid of many amphibians is not sterile is
attributable to the common presence of the conspicuous green algae, Oophila amblystom-
atis [76]. To date, it has been found in the fluid of several ranid frog, and ambystomatid
and hynobiid salamander species (reviewed in [27]). The stability and persistence of other
microbes contained within amphibian egg capsules across evolution and development has
not been thoroughly established. However, preliminary investigation of eastern redbacked
salamanders using 16s rDNA metabarcoding has also revealed a stable bacterial community
inside terrestrial-developing salamander egg capsules (unpublished observation).

It has been known for decades that the fluid of Ambystoma maculatum (spotted salaman-
der) egg capsules also contain ciliates [77], a large number of commensal protists [78], and
bacteria [22,33]. The diversity of potential eukaryotic commensals was recently called into
question through 18s rDNA metabarcoding: Jurga et al. [79] revealed only a three-taxon
eukaryotic microbiota inside A. maculatum egg capsules from Nova Scotia, which includes
an occasional chytridiomycete, as well as consistent green algae (Oophila amblystomatis),
and cercozoan populations. The closest sequence match to the chytridomycete extracted
from the fluid is Rhyzophidium patellarium which is an algal parasite [80], suggesting a
potential antagonistic relationship with the algae inside the egg capsule microbiome. Inter-
estingly, the cercozoan and chytridiomycete variants were not found in association with
the European agile frog (Rana dalmatina) despite the presence of Oophila amblystomatis in
these eggs [27]. Although the sampling techniques for these two studies differed.

The bacteria within the A. maculatum egg capsule was recently identified from two
sites in Nova Scotia [33]. Metabarcoding with 16s rDNA primers revealed several phyla
conserved between the sites, and bacterial culturing consistently recovered isolates of
Herbaspirilium sp. This Gram-negative obligate aerobic species belongs to the Burkholderi-
ales, and has not found to be associated with other vertebrate embryos (Figure 2).

The embryo-associated microbiome in amphibians may have other protective roles.
Early speculation that microbes could produce mycosporine-like amino acids that absorb
UV irradiation, and are therefore protective to their hosts, has not yet been validated [81].
Additional host physiological and developmental effects from the in ovo microbiota in
amphibians remains to be determined.

4.3. Reptiles and Birds

The interior of healthy bird eggs is also thought to be sterile [37,82,83] with neonate
microbiome establishment occurring after hatching [84–86]. However, several studies
have focused on the superficial bacteria found on bird and reptile eggs. The uropygial
gland of multiple bird species produces antimicrobial secretions that protect the egg from
infection [82,87–89]. In the European hoopoe’s (Upupa epops) and red-bellied wood hoopoe
(Phoeniculus purpureus), these antibiotics are produced by symbiotic bacteria [90,91]. Unlike
several other species surveyed, U. epops’ egg shells have specialized crypts that adhere to
uropygial secretions and contain beneficial enterococcal bacteria. This may be unique to
hoopoes. There is no evidence of transgenerational bacterial transmission in woodlarks or
skylarks, which acquire their eggshell mcrobiome from the environment [84]. Similarly
endangered Eretmochelys imbricate (hawksbill sea turtles; [92]) and Lepidochelys olivacea
(Olive-Ridley sea turtles; [93]) acquire their eggshell microbiota from the environment.
These bacteria aid in pathogen defense and hatching success, respectively.

Unlike birds, crocodiles and turtles, the squamates (lizards, amphisbaenians, and
snakes) have a wide range of life history modes: including viviparity, ovoviviparity,
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and oviparity [94]. A recent study of gut microbiome acquisition in three viviparous
leiolaemid lizards from Argentina found conservation of gut bacteria between mothers
and their offspring, which was interpreted as evidence for potential transgenerational
transmission [95]. Although this was not directly assessed.

The inaccessibility of microorganisms to the developing embryo in oviparous amniotes
may also constrain opportunities for microbiota establishment. This is likely driven by
adaptations to avoid pathogens. Despite the prevalence of vertical parasite transmission
in mammals [96], there is only one example of a matrilineal inheritance of a parasite in
egg-laying amniotes. A French population of the European wall lizard (Podarcis muralis)
has been found to transmit a transovarial parasitic nematode (Suborder Spirurina), which
can enter the extrembryonic membranes and embryonic brain [97]. The rarity of vertical
transmission in oviparous amniotes is likely due to the early formation of the egg shell in
birds and turtles, which occurs soon after fertilization. Egg shell formation is delayed in
lizards and snakes until after the onset of organogenesis [98].

The majority of evidence that bacteria are capable of entering amniote eggs comes from
studies of Salmonella enteridis entry in chickens [99]. The routes of entry include maternal
diet, systemic spread, or ascending infection through the oviduct. Eggshell penetration
can also occur with opportunistic bacteria, including Pseudomonas sp., Alcaligenes sp.,
Carnobacterium sp. [100], and Campylobacter [101], indicating that the oviparous egg may be
susceptible to a wider range of potentially commensal and mutualistic bacteria.

One study to date has used culture-free 16s metabarcoding to look into the bacterial
communities inside the egg shell. Trevelline et al. [35] did not specifically target the amniotic
fluid, but punctured ethanol-sterilized eggs from eastern sand lizards (Sceloporus undulates)
and multiple bird species with a pipette tip and aspirated contents for DNA extraction
and 16s rDNA metabarcoding (Figure 2). Interestingly, they found a bacterial community
distinct from environmental saline-rinse controls, while the fungal community was not.
This study suggests an enrichment for environmental bacteria in the in ovo microbiota in
non-diseased embryos.

Given the controversy of the potential “in utero colonization” in humans, it is remark-
able that so little research attention has been given to this subject in oviparous amniotes.
Unfortunately, the same methodological artefacts from culture-free metabarcoding surveys
needs to be considered [31,102], and careful studies would benefit from a combination of
culturing and sequencing in order to validate results.

4.4. Mammals

While most of the in utero microbiome research has focused on the human womb, there
is a small body of comparative research within mammals that indicates a low-abundance
microbiota may exist in some species.

A handful of studies exist for marsupial pouches, which accommodate long develop-
mental periods following relatively short gestations [103]. Earlier work using culture-based
methods found early establishment of an intestinal microbiota in pouch-young quokka
(Setonix brachyurus; [104]), and brushtail possum (Trichosurus vulpecula; [105]), although
healthy koala (Phascolarctos cinereus) pouch cultures lead to no microbial growth [106].
Metabarcoding surveys of pouch microbiota of southern hairy-nosed wombats (Lasiorhinus
latifrons; [107]) found similar bacterial taxa with tammar wallaby (Macropus eugenii; [108]),
while Tasmanian devil (Sarcophilus harrisii) pouch microbiota was found to be largely
similar to the adult skin [109].

Comparative studies in placental mammals differ in their findings of a sterile in utero
environment. Mice and humans have a highly invasive hemochorial placenta, where
fetal tissue is in direct contact with maternal blood. Ruminants have a less permissive
epitheliochorial placenta, where the fetal tissue is separated from maternal circulation
by multiple tissue layers. A meta-analysis of placental types found that ruminants and
other epitheliochorial placenta-bearing mammals have a higher overall pathogen load
than hemochorial species, suggesting that the more restrictive barrier is a by-product of



Diversity 2021, 13, 527 8 of 18

pathogen co-evolution [110]. Subsequent work using 16s amplicon sequencing has found
the epitheliochorial lamb amnion, placenta, and fetal intestine [111], as well as the murine
placenta and fetal tissues [38], to be sterile. However, the intrauterine transfer of genetically
labeled Enterococcus faecium was detected in the amniotic fluid [112] and meconium [113]
in preterm mouse pups that were delivered by caesarian section.

There is a long history of research into the potential in utero microbiota encountered by
developing humans [114]. The field had largely resolved that the fetal microenvironment
is sterile, before modern molecular-based methods of microbial detection [115,116].

Most of the modern in utero microbiome research has focused on the placenta. Aa-
gaard et al. [117] used 16s rDNA metabarcoding to find a human placental microbiome
that is similar to the oral microbiome, although subsequent studies raised contamination
concerns [118], and later failed to find a stable microbiota once compared to blank con-
trols [119]. Additional placental microbiome studies [120–123] have been criticized for
failing to properly control for environmental contamination [31,115]. However, a very
small number of bacteria are detectable with HCR-FISH in human placentas following
delivery, without evidence for chorioamnioinitis [23]. Therefore, some independent lines
of evidence now suggest some bacteria within the healthy human placenta, although at
extremely low abundance.

Additional work has also focused on the human amniotic fluid and neonatal meco-
nium. Early culture-based techniques found healthy newborn meconium to be ster-
ile [124,125] while subsequent work with PCR and FISH found a rapid, potentially pre-
natal bacterial colonization in healthy infants [126]. Similarly, definitive culture-based
approaches found amniotic fluid to be sterile [127], which has largely been confirmed
by metagenomic cell-free DNA sequencing with stringent low abundance filtering [4].
However, a recent metabarcoding survey [128] using stringent decontamination and con-
taminant controls found an amniotic and meconial microbiota which correlated with
amniotic cytokine levels and meconium propionate levels [129].

While the establishment of a commensal or even mutualistic in utero human microbial
consortia remains controversial, there are many pathogens that are capable of maternal
transfer. These include viruses such as rubella, herpes simplex and zika; parasites such as
Toxoplasma gondi; and bacteria including syphilis and chlamydia [96]. Therefore, potential
transplacental or ascending routes of microbial entry exist for pathogens, which may be
employed by non-pathogenic microbes as well.

The implications for in utero colonization of the human microbiome remains a contro-
versial possibility with implications for the formation of the immune system, fetal-microbial
interactions, and the establishment of an adult microbiome [130,131]. However, if there is a
healthy and stable fetal microbiome, it is an exceptionally sparse community.

The reduced in utero microbiome does not necessarily mean that the developing human
embryo/ fetus is insulated from microbial influence. Recent single-cell transcriptomics
studies have revealed the surprisingly early differentiation of myeloid and lymphoid
components of the human immune system during the first trimester (reviewed in [132]).
Maternally derived bacterial metabolites (e.g., lipopolysaccharides or flagellin) from the
intestines and breast milk have been shown to influence the biochemical environment
and immune system of the developing fetus [133,134]. Gut microbes from pregnant mice
can influence offspring metabolic phenotypes in utero [135]. The direct fetal interaction
with microbial metabolites is one form of transgenerational immune priming, which
can also include transfer of innate and adaptive immune effectors, small RNA’s, histone
modifications, and potentially DNA methylation [59].

5. Gnotobiototic Vertebrates

The history of gnotobiotic/axenic research extends back to Louis Pasteur [136] and
now spans over 125 years [137]. A large number of gnotobiotic vertebrates have been es-
tablished, including fish, amphibians, birds, and mammals [138–140]. All of the derivation
techniques include isolating and sterilizing early embryos, which are then raised in sterile
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conditions. For instance, axenic mice are routinely derived from an aseptic hysterectomy
(mouse caesarian section) of conventional pregnant females followed by a germicidal
bath [141]. Axenic zebrafish are similarly derived from antibiotic-treated embryos fol-
lowing in vitro fertilization and later aseptically removed from their chorion [142]. Even
human neonates born with severe combined immunodeficiency disorders have been raised
“germ free” [143]. Gnotobiotic vertebrates do not necessarily resolve controversies over the
phylogenetic distribution of in ovo or in utero microbiota, since the derivation techniques in-
clude sterilizing embryos or neonates. However, they do suggest that none of the potential
embryo-associated microbiota are essential for survival.

6. Multiciliated Surface Cells

The patchy evidence for a stable in utero microbial community in placental mammals
makes it difficult to assess the evidence for either the presence or absence of embryo-
associated microbiota in other vertebrates. Received wisdom from fish and oviparous
amniote research suggests that their healthy embryonic/fetal microenvironments are typi-
cally sterile, although neither of these groups have received the intense level of scrutiny
given to humans. The few studies that have looked at amphibian in ovo microbiota corrob-
orate earlier accounts of a diverse assemblage in some species, although most comparative
studies focus on surface bacteria. Given the scarcity of evidence, it is impossible to draw
any meaningful correlations between microbiota structure, or even presence, with morphol-
ogy. However, morphology may provide clues as to which vertebrates should be studied
further for core microbiota within their extraembryonic fluids.

6.1. Vertebrate Embryos with Multiciliated Surface Cells

In particular, the multiciliated surface cells (MSC) on the surface of some aquatic
embryos may have a role in managing extraembryonic microbes. These widespread
epithelial cells create a synchronized metachronal beat which generates current around de-
veloping catshark (Scyliorhinus canicula [144]), frog [145–148]; caecilian [149,150]; salaman-
der [151–154], Australian lungfish (Neoceratodus fosteri; [3], and multiple invertebrates [155]
including amphioxus [156]. A more restrictive MSC population associated with the lateral
line system has also been reported for bichir (Polypterus senegalensis, P. palmas; [157,158]), gar
(Lepisosteus platyrhincus [159,160]) and sturgeon (Acipenser transmontanus [157]), and they
have been found in the olfactory pit of the paddlefish (Polyodon spatula [161]). However,
the homology of these localized MSCs in basal actinopterygians with the more dispersed
MSCs of lungfish and amphibians has been called into question [157].

MSCs are just one type of multiciliated cell found in eukaryotes [162]. Vertebrates
also form multiciliated epithelial cells in oviducts/ fallopian tubes, embryonic and adult
kidneys, ependymal lining of the ventricles and spinal cord, and the tracheobronchial
tree [162]. These cells differ from the monociliated cells of Henson’s node or Kupfer’s vesi-
cle, which are implicated in cellular signaling [145,162], but do not have the multiple cilia
and basal bodies that are formed de novo in multiciliated cells [163]. The presence of em-
bryonic MSCs has been used as a synapomorphy to unite lungfish with tetrapods [164,165],
although the presence of similar cells in basal actinopterygians and at least one shark,
suggests either convergent gain or loss across the vertebrates [157]. The widespread occur-
rence of the multiciliated epithelial cell phenotype in a variety of tissues suggests that this
convergence is possible.

6.2. Origin and Morphology of MSCs

Traditionally, most research on the function of surface MSCs has been on amphib-
ians [166]. The MSC population of Xenopus laevis (African clawed frog) have been the
subject of close scrutiny from a cellular and developmental perspective. These are investi-
gated as a model for understanding cilia formation, dynamics, and ciliopathies in humans
(such as Bardet–Biedl syndrome, e.g., [162,167]). Multiciliated surface cells form from a
lightly pigmented deep layer of ectoderm, which migrate to the surface by intercalating
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outer epithelial cells [154]. These kit tyrosine kinase receptor-presenting cells become
evenly distributed during the migration process through mutual repulsion, mediated by
the soluble Kit ligand Scf, and affinity to the surface cells, which is mediated by membrane-
bound Scf [168]. MSC differentiation is dependent on repressing Delta/Notch potentially
through miR449 [169], which results in expression of the transcriptional Multicilin/E2f
complex (MCIDAS/E2f4-E2f5) that drives expression of downstream ciliogenic regulators
and major ciliary proteins [170].

Like the mammalian airway, MSCs are classified as mucociliary cells. The embryonic
epithelia of Xenopus includes ionocytes, small secretory cells, goblet cells, and MSCs, which
together create and move a complex mucosal barrier to infection [171]. The outer ciliary
axonemes of individual MSCs beat at the same frequency, but in a staggered phase-shift
that creates a sequential “metachronal” wave and directional current [172]. The planar cell
polarity pathway coordinates the MSC directionality across the epithelium by coordinating
MSC polarization at the tissue level [173]. The currents collectively generated run from
anterior to posterior in lungfish [164] and amphibian [174] embryos (Figure 3C). These
currents not only move the cortical mucous, but also rotate the embryos within their egg
capsules, and create complex vortices within the capsular fluid (Figure 3D).

Figure 3. Multiciliated surface cells (MSC) in amphibian embryos. (A,B) Scanning electron micro-
graphs of the eastern redbacked salamander, Plethodon cinereus. (A) external gills 350× magnification;
and (B) white box in A, single MSC with tufts of external cilia (500×). (C) Antero-posterior mi-
crocurrents created around woodfrog (Rana sylvatica); and (D) Vectors represent detectable particle
displacement over two seconds in a timelapse of wild-collected R. sylvatica. MSCs create vortices
within the closed environment of the egg capsule that move both the embryo and its extraembryonic
fluid. Panel C is redrawn from Assheton [174], reproduced with permission from the Quarterly
Journal of Microscopical Sciences (copyright now under The Company of Biologists), (1896).

6.3. Proposed Functions of MSCs

The proposed functions of MSCs include cutaneous respiration [175–177], pre- and
post-hatchling movement [147,153,174,178], detecting chemical cues [145,174], and clearing
debris [41,174]. In their assessment of potential roles multiciliated surface cells might play
Nokhbatolfoghahai et al. [145] assert that these are not mutually exclusive functions. How-
ever, the majority of researchers emphasize a primarily respiratory function [145,153,179].
The currents generated by MSCs reduce the “diffusion boundary layer” of respiratory
media that surrounds embryos, potentially decreasing stagnation and increasing gas ex-
change [176].

However, if these cilia are exclusively used in respiration, then why are they not
more prevalent in externally-developing teleosts, which presumably contend with similar
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hypoxic environments [180]? Multiple teleosts have been reported to use cutaneous respira-
tion in early larval, and possibly embryonic stages. However, both the rice eel (Monopterus
albus; [181]) and tilapia (Oreochromis mossambicus; [182]) use their fins to generate currents
for cutaneous gas exchange. Burggren [175] points out that a cost–benefit analysis has not
been calculated for the oxygen demands of ciliary motion against apparent oxygenation
benefit (which is still true nearly 40 years later). Kemp [41] asserts that the respiratory
function would be minimal in lungfish, and instead emphasizes the clearing of debris and
preventing the settlement of pathogens, which can enter these eggs through conspicuous
pores prior to hatching in Neoceratodus fosteri.

Assheton [174] and Nokhbatolfoghahai et al. [145] both describe increased ciliary
flow surrounding the anuran adhesive glands, which is consistent with trapping debris,
although Nokhbatolfoghahai et al. [145] also asserts that any debris in the amphibian egg
capsule must be embryonic cells or foreign pathogens, since they assume the disease-free
in ovo environment is sterile.

6.4. Boundary Layers in Microbial Recruitment

Multiple independent studies have found the establishment of a boundary layer to be
essential in microbiota recruitment and cultivation. The physical management of bacterial
settlement depends on localized control of flow [183]. Dancing yeti crabs of deep-sea vents
(Kiwa puravuda) selectively recruit chemosynthetic bacteria on their waving setae, which
eventually becomes their primary food [184]; lung-associated bacteria and viruses directly
affect cilia formation and dynamics in the lung, while mucocilliary clearance winnows
the bacterial load [185,186]; and the currents established by cilia of multiple lengths clear
mucus and selectively recruit bacteria through the controlled distribution of chemical
signals and the physical microenvironment surrounding the bobtailed squid (Euprymna
scolopes) light organ [187].

Additionally, microbial influence on host boundary layer formation suggests com-
plex communication between the two. This is clearly revealed in microbial control of
spontaneous contractions in Hydra spp. [188], and the increased embryonic rotation associ-
ated with algal load (Oophila amblystomatis) inside spotted salamander (A. maculatum) egg
capsules [153].

If the surface ciliation of vertebrate embryos was strictly for respiration, then we
would anticipate seeing more externally developing species with this feature. However,
given the sporadic distribution of MSCs in a handful of vertebrate taxa, and the handful of
comparative studies on actual embryonic microbiomes, this review can only suggest that
future efforts in elucidating the function of extraembryonic microbial consortia focus on
those taxa that are known to have MSCs.

7. Conclusions

There has been a strong emphasis on the potential implications of embryo-associated
microbiomes in the recent literature [1,2,6,189,190]. Embryo-associated microbes have been
shown to have a role in embryo defense, development, metabolic exchanges, and vertical/
transgenerational transmission [6]. However, as this review illustrates, we are still largely
unaware of which vertebrate animals actually develop within a microbial community.
The evidence at hand is inconclusive due to lack of targeted sampling as well as poten-
tial false-positive signals from PCR-based techniques [31]. However, even if a cultivated
extraembryonic microbiota exists within teleosts and amniotes, it is likely not abundant.
Limited data suggest amphibians [79] and lungfish [41] encounter heavy microbial loads in
healthy wild-caught eggs. Both of these lineages have extensive multicilliated cells on the
embryonic and occasional larval integument, suggesting that the currents created by these
cells may have an under-appreciated role in embryo microbial consortia establishment
and maintenance. Whether this trend holds in additional vertebrate groups with MSCs
(e.g., basal actinopterygians and some elasmobrachs), and whether these microbial con-
sortia are voluntary or cultivated, remain to be seen. A targeted approach to establishing
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which lineages cultivate an extraembryonic microbial community could open up new lines
of inquiry into microbial effects on development in an important evolutionary lineage:
the vertebrates.
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