The maternal control in the embryonic development of zebrafish
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Abstract

The maternal control directing the very first hours of life is of pivotal importance for ensuring proper
development to the growing embryo. Thanks to the finely regulated inheritance of maternal factors
including mRNAs and proteins produced during oogenesis and stored into the mature oocyte, the
embryo is sustained throughout the so-called maternal-to-zygotic transition, a period in development
characterized by a species-specific length in time, during which critical biological changes regarding
cell cycle and zygotic transcriptional activation occur.

In order not to provoke any kind of persistent damage, the process must be delicately balanced.
Surprisingly, our knowledge as to the possible effects of beneficial bacteria regarding the modulation
of the quality and/or quantity of both maternally-supplied and zygotically-transcribed mRNAS, is very
limited. To date, only one group has investigated the consequences of the parentally-supplied
Lactobacillus rhamnosus on the storage of mMRNAs into mature oocytes, leading to an altered
maternal control process in the F1 generation. Particular attention was called on the monitoring of
several biomarkers involved in autophagy, apoptosis and axis patterning, while data on miRNA
generation and pluripotency maintenance are herein presented for the first time, and can assist in
laying the ground for further investigations in this field.

In this review, the reader is supplied with the current knowledge on the above-mentioned biological
process, first by drawing the general background and then by emphasizing the most important
findings that have highlighted their focal role in normal animal development.



1. Introduction

The successfulness of biological processes occurring during the earliest steps of the embryonic
development of zebrafish (Pelegri, 2003), as well as of all vertebrate and invertebrate organisms
(e.g. Drosophila — St Johnston and Nusslein-Volhard, 1992; Caenorhabditis elegans — Kemphues
and Strome, 1997; ascidians — Nishida, 2005; Xenopus — Heasman, 1997) strictly depends on
maternal factors (i.e. mRNAS, proteins or any other biomolecule) originated during oogenesis (Babin
et al., 2007). Their amount and localization into oocytes influence precise embryonic developmental
schemes and determine their functions (Babin et al., 2007). Maternal gene products regulate all
aspects of both oocyte and embryonic development. These include oocyte maturation (Lee et al.,
2014), fertilization and transitions between meiotic and mitotic cell cycles (Marlow, 2010), cell fate
and patterning (Tadros and Lipshitz, 2009), and processes related to cellular metabolism (Pelegri,
2003) among others.

Howley and Ho (2000), expanding previous research by Bally- Cuif et al. (1998), showed the
localization of b-catenin, pou-2, cyclin B, vasa and dazl, used as references, in zebrafish ovaries by
whole mount in situ hybridization. By this study maternal mRNAs were classified into four classes:
() ubiquitously distributed, (ii) localized at the animal pole, (iii) at the vegetal pole and (iv) in the
cortex. Such localization was established at the end of the vitellogenesis, when the nucleus
moves towards the animal pole (Babin et al., 2007).

Early embryo development is characterized by synchronous and rapid cleavages lacking the G
phase that generate a large population of zygotic blastomers (Marlow, 2010) during the maternal-
to-zygotic transition (MZT). During this period, maternal transcripts begin to be depleted,
transcription is initiated and cell cycle changes, and towards its end cells become susceptible to
apoptosis (Langley et al., 2014; Stack and Newport, 1997; Tadros and Lipshitz, 2009). This stage
also includes the midblastula transition (MBT), a precise developmental point, at which the cell cycle
length increases and loses synchrony, and large-scale zygotic transcription is activated (Kane and
Kimmel, 1993). Following MBT, cells acquire mobility and can manifest apoptosis in response to
DNA damages caused by cleavage replications (Ikegami et al., 1997; Kane and Kimmel, 1993;
Newport and Kirschner, 1982a; Stack and Newport, 1997).

Two models have tried to explain distinct features of the transition between the maternal and zygotic
functions: the nucleocytoplasmic (N/C) ratio model (Newport and Kirschner, 1982a,b) and the
maternal clock model (Howe et al., 1995). The former proposes the presence of a transcription
repressor in the early embryo, whose titration depends on subsequent cell divisions and the
consequently increasing ratio of nucleus (or DNA) to cytoplasm; the latter suggests that a molecular
clock responsible for regulating the cell processes that happen within the MZT is set into motion by
fertilization.

Both models were recently integrated into a more detailed mechanism that aims at thoroughly
explaining how zygotic transcription is initiated (Langley et al., 2014). According to it, subsequent
cell divisions first titrate out the transcription repressor that holds genomic DNA into a repressed
state. After fertilization, maternal mRNAs maintained in an inactive state by the binding of proteins
to specific regions at their 3'-UTR (Groisman et al., 2002; Harvey et al., 2013; Mendez and Richter,
2001) are polyadenylated and afterwards translated, in order to accumulate the correct repertoire of
transcription factors. These are available at the 128-cell stage in zebrafish, but transcription is still
prevented from beginning until genomic DNA switches into a compatible state. Chromatin regulation
was suggested to control the timing of gene activation during the MZT (Akkers et al., 2009; Chen
et al., 2013; Lindeman et al., 2011; Prioleau et al., 1994; Schuettengruber et al., 2009; Vastenhouw
et al., 2010), but it is still controversial whether methylation at the lysine 4 or 27 (H3K4me3 and
H3K27me3) plays a role. These marks are normally associated with transcriptionally active and



repressed genes, respectively. Some authors (Barski et al., 2007; Chen et al., 2013; Vastenhouw et
al., 2010) did not find them either in the zebrafish or Drosophila until zygotic transcription is initiated,
whereas others (Jiang et al., 2013; Potok et al., 2013) recently evidenced the tight regulation of
methylation by early zebrafish embryo whole-genome bisulfite sequencing. Akkers et al. (2009),
Lindeman et al. (2011) and Vastenhouw et al. (2010) reported the occurrence of H3K4me3 across
promoters of early embryonic genes, while H3K27me3 is associated to genes encoding specific
developmental functions.

Expectedly, the DNA methyltransferase Dnmtl was also suggested to control transcriptional
repression in the early embryo, as its MO-knockdown resulted in the premature expression of some
genes in Xenopus (Dunican et al., 2008; Stancheva and Median, 2000). Through knockdown and
knockout experiments, Dnmt1’s role in zebrafish embryos was found crucial for proper differentiation
of the intestine, exocrine pancreas, and retina (Rai et al., 2006), as well as for the development and
maintenance of lens (Tittle et al., 2011). Its role is strongly linked to transcriptional activity, as inactive
Dnmtl altered gene expression. Deleterious effects could be rescued either by active zebrafish or
human DNMT1 (Rai et al., 2006).

The advent of microarrays and high-throughput RNA sequencing technologies have revolutionized
the field. On one hand, they have allowed a deeper understanding of the maternal contribution’s
extent; on the other, they unveiled the challenge of detecting transcriptionally-active genes when
numeric discrepancy between maternal and zygotic copies is so great (Lee et al., 2014) or when
degradation of maternal copies occurs concurrently with de novo transcription, in fact canceling the
signal (De Renzis et al., 2007). RNAs inherited by the mothers account for 40-75% of all functional
genes. Such number is far higher than that of zygotic transcripts (Tadros and Lipshitz, 2009; Wang
et al., 2004; Wei et al., 2006), and it amounts to 60—70% of all MRNA molecules at zebrafish’s peak
zygotic expression (Lee et al., 2013). In order to obtain a more accurate assessment of the
expression, several methods were applied to the zebrafish model. Rothstein et al. (1992) depleted
the maternal contribution by means of subtractive hybridization techniques; Newport and Kirschner
(1982a) discriminated zygotic contribution by labeling it with maodified ribonucleotides; Hamatani
et al. (2004) under-represented the zygotic contribution by applying RNA polymerase-inhibiting a-
amanitin and actino-mycin; taking advantage of the RNAseq techniques’ ever- increasing
sensibility, it was possible to distinguish zygotic transcripts from maternal ones by specific alternative
splicing (Aanes et al., 2013), transcription start sites (TSSs) (Haberle et al., 2014; Nepal et al., 2013),
and polyadenylation (Ulitsky et al., 2012).

The timing of genome activation varies according to the experimental model: as a general rule, the
number of cell cycles required for transcriptional initiation is higher in lower vertebrates than in
mammals. Zebrafish embryos perform a number of cell divisions ranging between 7 and 9 (64-cell
to 256-cell stages) (Aanes et al., 2011; Harvey et al., 2013; Heyn et al., 2014; Lee et al., 2013), and
12 (Kane and Kimmel, 1993; Newport and Kirschner, 1982a) before zygotic genome is activated.
Transcripts increase from several hundreds (Heyn et al., 2014) to several thousands prior to
gastrulation (Harvey et al., 2013; Lee et al., 2013). Since embryonic genome is held inactive, the
mitotic cycles preceding transcription only rely upon maternal products as well as on the contribution
from sperm (Dae and Roy, 2006; Yabe et al., 2007), although the latter was assumed as minimal
by Sawicki and colleagues (1981).

Despite on Xenopus rather than zebrafish, the study of Collart and colleagues (2014) exemplified
the behavior of genes during the first hours of life through high-resolution expression profiling.
Authors revealed that the onset of zygotic gene expression is not sudden, rather it proceeds in the
form of waves (Tadros and Lipshitz, 2009). Three waves of gene activity involving maternal
transcripts’ polyadenylation, zygotic transcription and a final, shorter, post-MBT wave were found. A
broader network of early- expressed genes is needed for transcriptional regulation, stem cell
maintenance and axis patterning (Langley et al., 2014), and indicate both the multifactorial



complexity of the embryonic development and the delicate regulation to which the maternal control
must be subjected in order not to induce any damages.

The ability of the gut microbiota to communicate with the brain and to modulate behavior by
intervening at, among others, the neuroendocrine level, is a concept that has been emerging
domineeringly in the last years, so that the actual existence of a microbiome-gut-brain axis is being
recognized (Cryan and O’Mahony, 2011). Nonetheless, very little research has focused on how the
maternal control can be possibly modulated by the administration of beneficial bacteria that affect
the natural gut microbiota by establishing new ecological relations. The Lactic Acid Bacteria (LAB)
were already demonstrated to be responsible for providing benefits to normal biological processes
such as immune system (e.g. Balcézar et al., 2007; Verschuere et al., 2000), nutrient metabolism
(e.g. Falcinelli et al., 2015, 2016; Suzer et al., 2008), growth (e.g. Carnevali et al., 2006), stress
tolerance (e.g. Gioacchini et al., 2014; Rollo et al., 2006), bone calcification (e.g. Avella et al., 2012;
Maradonna et al., 2013), development and reproduction (e.g. Carnevali et al., 2013; Castex et al.,
2008; Gioacchini et al., 2012).

In our laboratory, we called our attention on the subject and we investigated whether a specific
supplementation of the LAB Lactobacillus rhamnosus to parental fish could influence the quality and/
or the quantity of both maternally- and zygotically-controlled transcripts in the F1 generation (Miccoli
et al., 2015). We explicitly focused on autophagy, apoptosis and axis patterning by monitoring the
temporal and spatial expression patterns of such key developmental processes’ well-established
biomarkers. Additional results regarding the effects of L. rhamnosus on miRNA processing and stem
cell pluripotency will be presented for the first time.

We herein review the current knowledge about the above- mentioned key biological activities playing
a central role during development and report novel findings relating probiotic supplementation,
mMiRNA processing and stem-cell pluripotency signals.



2. Autophagy-related biomarkers

Autophagy is an intracellular self-degradative catabolic pathway useful for recycling
unnecessary/harmful cytoplasmic constituents through the lysosomes via a double membrane
vesicle named autophagosome. The multiple targets are long-lived, misfolded or aggregated
proteins, damaged organelles such as mitochondria, ribosomes or endoplasmic reticulum, and
pathogens (Funderburk et al., 2010; Glick et al., 2010). With such proteolytic process, the organism
maintains cellular homeostasis and balances sources of energy during development and in response
to both extracellular (e.g., nutrients, oxygen availability, overcrowding, and temperature) and
intracellular stressors (Klionsky and Emr, 2000; Levine and Klionsky, 2004).

Three variants of autophagy exist — macroautophagy, microautophagy, and chaperone-mediated
autophagy (Mizushima and Komatsu, 2011). These differ in terms of the pathway used to deliver the
material to be degraded to the lysosome compartment, which can either be systematic and
autophagosome-mediated (Masaki et al., 1987) or occasional and directly involving the lysosomal
membrane through invagination (Marzella et al., 1981). In all cases, they share a common
degradative compartment and process, which ultimately leads to the redistribution of the recycled
substances (Levine and Klionsky, 2004). The term autophagy usually refers to the macroautophagy
process.

A major molecular advancement regarding autophagy came from the discovery of the yeast
autophagic machinery components, the AuTophagy-related (ATG) Genes. ATG1, ATG5, ATG6 and
ATG13 were firstly discovered and cloned by Prof. Ohsumi’s research group (2006). More than
thirty-seven Atg proteins are known and reviewed in terms of function (Mizushima et al., 2011) and
nomenclature (Klionsky et al., 2003).

The fundamental mechanism of autophagy is evolutionary conserved, as ATG homologs were
discovered in human (Mizushima et al., 1998). Authors identified hAtg12, hAtg5 and the conjugation
between them, similarly to the yeast’s counterparts. The additional discovery of Apg16L-mouse
homolog of Atg16- (Mizushima et al., 2003), confirmed the widespread conservation of the system
throughout eukaryotes.

The dynamics of autophagy induction have been unveiled and consist in a multi-factorial
phosphorylation-inductive interactions among Atg proteins (e.g. Ohsumi, 2014), overall resulting in
the translocation of protein complexes at the endoplasmic reticulum and the formation of the
autophagosome, first, and the autolysosome (e.g. Klionsky et al., 2014), thereafter. Among the
pivotal Atg proteins, Beclin 1 must be mentioned. Such direct interactor of the Bcl-2 protein was
discovered in late 1990s (Liang et al., 1999). The mammalian gene and the encoded protein have a
structural similarity with the yeast apg6/vps30 (Liang et al., 1999), reason for which it was included
into the Atg family and is also known as Atg6 (Klionsky et al., 2003). Such evidences demonstrated
that Beclin 1 is highly conserved in eukaryotes.

Beclin 1 is part of the phosphatidylinositol 3-kinase class Il (PI3KIII) complex. Once activated, the
complex leads to the generation of phosphatidylinositol 3-phosphate (PI3P) which eventually recruits
Atg proteins involved in the autophagosome biogenesis (Kihara et al., 2001). In order to test for
Beclin 1’s role, Yue and colleagues (2003) generated Beclin 1-knockout mice and found that loss of
this protein leads to an early death during embryogenesis, demonstrating Beclin 1’s vital importance
in such developmental phase. Beclin 1 constitutes the platform of the multifactorial autophagic
signaling, as evidenced by the presence of several domains in its 60-kDa protein structure that
enables multiple protein interactions (Erlich et al., 2007; Furuya et al., 2014; Pattingre et al., 2005).
For details, the Beclin 1-Vps34 interaction and all the mammalian associated binding partners have
been thoroughly reviewed by Funderburk and co-workers (2010).

While the structure and functions of Beclin 1 are well- understood, little is known about its regulation
(Wirawan et al., 2012). Transcriptionally, BECN1 possesses miRNA30a binding sites in its 3’ -UTR



(Zhu et al., 2009), while the promoter region and the second intron can be hypermethylated and
possibly subjected to a decreased expression (Li et al., 2010). Post-translationally, Beclin 1 can be
proteolytically cleaved by caspases (Luo and Rubinsztein, 2009): the resulting fragments were
defined cytotoxic (Wirawan et al., 2012), as they do not only lose the ability to induce autophagy, but
also serve as a positive feedback loop stimulating cell death (Luo and Rubinsztein, 2009; Wirawan
et al., 2010). Other than the well-characterized roles, Beclin 1 has autophagy- independent functions.
For instances, it is involved in the endocytic pathway in macrophages (Sanjuan et al., 2007) and
apoptotic cell clearance (Qu et al., 2007). Beclin 1’s activity can also be regulated by the interaction
with other proteins, as indicated by the binding with Bcl-2 and Bcl-xL at its N-terminal BH3 domain
(Erlich et al., 2007; Maiuri et al., 2007a; Pattingre et al., 2005). These bindings suppress autophagy,
indicating that such Bcl-2 family members have other roles in addition to the anti-apoptotic one,
which would be anyway maintained (Ciechomska et al., 2009). Beclin 1-dependent autophagy
can also be regulated by the peptide’s sub-cellular localization: under physiological condition,
autophagy is prevented from being triggered because of the Ambral binding to the Beclin 1-PI3KIlI
complex at microtubules (Di Bartolomeo et al., 2010).

Ambral protein (Activating Molecule in Beclin-1-Regulated Autophagy) in fact has the greatest effect
as it holds the autophagic key complex in place until the triggering stimulus is received. Upon
autophagy induction, Ambral receives an ULK1-mediated phosphorylation, which causes its
releases from the dynein chains and allows the translocation of the complex to the autophagosome
forming spot, the endoplasmic reticulum. Other than receiving a phosphorylation by ULK1, it was
recently found that Ambral itself is able to exert a regulatory control on the activity of ULK1 through
ubiquitylation and stabilization, in fact positively self-feedbacking. This suggests that Ambral might
have a broader role in affecting the successfulness of autophagy (Nazio et al., 2013), also hy
coordinating several other process such as selective mitochondria removal and cell cycle down-
regulation or by being subjected to post-translational modifications including caspase cleavage
(Cianfanelli et al., 2015).

A study noted that autophagy “is enhanced in cells undergoing remodeling in the course of
differentiation or other induced changes, as in newborn kidney, lung, intestine, fetal duodenum,
metamorphosing insect salivary glands, regressing Mullerian ducts, amphibian erythrocytes,
keratinizing skin, and rat prostate after castration” (Deter and De Duve, 1967). Autophagy is hence
involved in cellular architectural changes that specifically occur during differentiation and
development. Indeed, Ambral is crucial during vertebrate embryogenesis: during mouse
development Ambral is highly expressed in neuroepithelium and its knockout in mouse leads to
early embryonic lethality, exencephaly and imperfect neural tube closure (Fimia et al., 2007).
Accordingly, knockdown by translation-blocking morpholino showed that the two Ambral proteins,
produced by the two paralogous genes identified and characterized in zebrafish, are both required
during development as their silencing results in developmental abnormalities consisting in body
growth delay, curved shape, hemorrhagic pericardial cavity and neural tube defects (Benato et al.,
2013). Ambral proteins are also crucial for the correct development and morphogenesis of skeletal
muscle in zebrafish. Noteworthy, muscle defects were rescued after co-injection of human AMBRAL
MRNA, pointing out the conservation of Ambral functions through evolutionary times (Skobo et al.,
2014). Moreover, the cloning and characterization of Ambral in the tunicate Botryllus schlosseri has
recently demonstrated that Ambral is an ancient gene, having evolved distinctly at least before the
radiation of Bilateria (Gasparini et al., 2016).

Autophagy defects lead to various neurodegenerative and lysosomal-related diseases, and to
oncogenesis and cancer progression (Mizushima and Komatsu, 2011). For instance, MO- induced
ablation of Ambral caused severe developmental issues, neural abnormalities, decreased viability,
reduced autophagy and increased apoptosis (Benato et al., 2013). Accordingly, Ambra1’s functional
deficiency in mice is typically accompanied by the appearance of a large number of apoptotic cells



(Cecconi et al., 2008; Fimia et al., 2007). Reduced levels of Ambral cause increased susceptibility
to different apoptotic stimuli (Pagliarini et al., 2012).

Maiuri et al. (2007b) reported the complex relationship between autophagy and apoptosis, stating
that proteins that are able to induce cell death can also induce autophagy and vice versa. The anti-
apoptotic factor Bcl-2 acts as a factor in such crosstalk. A dynamic mitochondrial interaction between
Ambral and Bcl-2 regulates both Beclin-1-dependent autophagy and apoptosis. In physiological
conditions, Ambral is prevented from associating with the Beclin1-PI3KIIl complex; if apoptosis is
induced, Bcl-2 releases Ambral, which is then possibly degraded by caspases (Strappazzon et al.,
2011).

Ambralal and 1b paralogous genes, as well as becnl and Ic3 can be all influenced by the
supplementation of beneficial bacteria, such as L. rhamnosus, which are able to alter zebrafish’s
own microbiota. The administration of the probiotic L. rhamnosus on zebrafish adult fish produced
evident effects on ovarian autophagic and apoptotic processes (Gioacchini et al., 2013) as well as
on both maternal and zygotic levels of such autophagy-related signals (Miccoli et al., 2015). In
embryos from probiotic-treated fish ranging from 0 h post-fertilization (hpf) to 4 hpf they are present
in lower relative amounts than controls’ (Fig. 1A-D). All mentioned signals are maternal factors:
ambrala and becnl were replaced by zygotic messages after 8 hpf, while ambralb and Ic3
maintained themselves to expression levels as high as those present at the

75%-epiboly stage. It must be kept in mind that zebrafish does not show any evidence of autophagy
until 32—48 hpf (He et al., 2009). Therefore, as previously illustrated, it is likely that the transcripts in
guestion have an active role in developmental processes other than autophagy, and their levels,
despite lower than control’s, were still able to ensure normal development.

3. Apoptosis-related biomarkers

Apoptosis is a genetically encoded program of cell death involved in many biological process and
functions: organisms carry it out to ensure normal cell turnover, proper embryonic development,
correct functioning of the immune system and tissue homeostasis (EImore, 2007) but can adopt it
also as a defense mechanism against harmful agents (Norbury and Hickson, 2001). The term was
coined by Kerr et al. (1972), although some concepts on apoptotic components had been previously
derived by the pioneering researches of Walther Flemming, who began investigating the dividing
animal cell’'s mechanisms at the end of the 19th century. His interests and discoveries enlightened
the path towards ‘uncontrolled’ growth of cancer and cell-cycle regulation (Paweletz, 2001).

Vertebrates have two apoptotic signaling mechanisms: the ancient cell-intrinsic (also known as
mitochondrial) and the more recent cell-extrinsic (or death receptor) pathways. DNA damage or
endoplasmic reticulum stress, growth factor withdrawal and chemotherapeutic drugs are all
examples of factors that trigger the cell-intrinsic pathway’s initiator caspase 9, which subsequently
hands the regulation to the regulatory Bcl-2 gene family (Cory and Adams, 2002; Youle and Strasser,
2008). Such family comprises both pro-apoptotic (Bak, Bax and Bok-commonly referred to as
effectors since they cause mitochondrial outer membrane permeabilization-, Bid, Bim, Bad, Bik, Bmf,
Bnip3, Hrk, Noxa and PUMA) and anti-apoptotic proteins (Bcl-2, Bcl-w, Bcl-xl, A1 and Mcl-1). The
latter differ in the presence and the displayed number of a-helical BCL-2 homology (BH) domains
designated as BH1, BH2, BH3 and BH4 (Tait and Green, 2010). The extrinsic pathway is instead
pivotal for the mammalian’s immune system (e.g. Chun et al., 2002; Strasser et al., 2009; Chowdhury
et al., 2008), but it is unclear whether it plays a similar role in zebrafish, in which T and B cells do
not develop until 3 dpf or later (Trede et al., 2004). Investigations so far have been complicated by
the fact that the TUNEL assay is impractical after 36—48 hpf because of a strong background staining
(Rodriguez and Driever, 1997). The recruitment of the FAS-associated death domain protein (FADD)



adaptor molecules and caspases 8 and 10 is initiated by the ligation of death ligands to their cognate
death receptors (Wilson et al., 2009).

The two pathways share some common peculiarities: both are highly complex and energetically
demanding (ElImore, 2007) and converge at the level of caspase 3 and 7, defined executioners (Tait
and Green, 2010). The identification of the caspase 8- mediated cleavage of Bid [BCL-2 homology
3 (BH3)-interacting domain] provided a molecular basis of the strong cross talk existing between the
two apoptotic networks (Igney and Krammer, 2002). The molecular mechanisms of apoptosis and
many of the genes that have a role in the killing and engulfment processes are extremely well-
conserved among all metazoans (Cole and Ross, 2001; Metzstein et al., 1998; Yamashita, 2003).
Orthologs of the Bcl-2 family have been described in zebrafish (Kratz et al., 2006) and its anti-
apoptotic members show structural and functional conservation with mammals (Jette et al., 2008),
thus validating Danio rerio as a model to expand our knowledge on the molecular mechanisms
regulating apoptosis. As an example, zebrafish effector caspases can cleave many of the same
protein substrates known in mammals, including PARP and 14 novel human caspase 3 substrates
(Valencia et al., 2007).

The organism’s well-being is ensured only if apoptosis is subjected to a fine regulation during cell
growth and differentiation (e.g. Ellis et al., 1991); if mis- or deregulated (either too little or too much
cell death), it causes diverse embryo abnormalities and pathologies such as neurodegenerative
diseases, ischemic damages, autoimmune disorders and many types of cancers (Tait and Green,
2010). Normal development also relies on a careful balance among proliferation, differentiation, and
death by apoptosis, with cells being continuously over-produced and eliminated. Although apparently
wasteful energy-wise, this is a common feature of metazoan development and occurs in species
ranging from nematodes to humans (Meier et al., 2000; Penaloza et al., 2006).

Negron and Lockshin (2004) and others (Ikegami et al., 1999, 1997), found that zebrafish embryos
do not manifest apoptosis in the first hours of life ranging between fertilization and the maternal-
to-zygotic transition. Alike observations were reported for C. elegans, Drosophila melanogaster and
Xenopus laevis (Greenwood and Gautier, 2005). However, Yabu et al. (2001), while assessing by
Northern blot the expression of zebrafish caspase 3 transcripts after 1 (four-cell), 3 (1000-cell), 6
(shield), 12 (one-somite), 24 (pharyngula period) and 48 h (hatching period), detected its presence
in all developmental stages. Keeping in mind the zygotic genome quiescence before ZGA, caspase
3 mRNA in fertilized eggs was proposed to be maternally-supplied. Embryos treated with cell death-
inducers camptothecin, cycloheximide, nocodazole, or staurosporine (Belmokhtar et al., 2001; Endo
et al., 2010; Morris and Geller, 1996; Tang et al., 1999) prior to MBT show an arrest of cell
proliferation but survive until the mid-gastrula stage (about 7 hpf), at which point they undergo rapid
and synchronous cell death. Therefore, the acquisition of apoptotic competence was proposed to be
post-translationally controlled, similarly to what happens in X. laevis pre-gastrula stage embryos
(Hensey and Gautier, 1997). Mammalian embryos, in contrast, were shown to display apoptotic cells
as early as the 16-cell stage (Penaloza et al., 2006).

Despite the term apoptosis could imply a negative acceptation, its contribution is essential in
processes such as cellular differentiation (Abraham and Shaham, 2004) and development (Wang
and Lenardo, 2000). Caspases were found to be required for sperm differentiation in Drosophila
(Arama et al., 2003). Knockdown experiments carried out on mouse caspase 8 caused death
because of the insurgence of cardiac muscles anatomy defects and circulatory failure (Kang et al.,
2004). Kuida et al. (1996) and Hakem et al. (1998), through similar knockdown approaches, found
that the survival rates of caspase 3 and 9 deficient mouse embryos were extremely low because of
significant defects in the brain anatomical structures caused by a dramatic reduction of the apoptotic
process in rapidly dividing neuroepithelial cells.

In addition, Miccoli et al. (2015), having assessed the expression levels of caspase 3, bax and bcl2
after parental L. rhamnosus administration, found that apoptotic-related biomarkers were promoted



in their gene expression over autophagic ones, as illustrated by overall higher maternal and zygotic
MRNA abundances of signals belonging to both cell death pathways (exception made for bcl2, which
is an anti-apoptotic signal) (Fig. 1E-G). Such results, obtained by g-PCR, were confirmed by
TUNEL assay, as shown by the higher and lower abundance of apoptotic nuclei found at 12 and 24
hpf, respectively, in the probiotic-treated group (Fig. 1J). The results demonstrated the probiotic’s
ability to boost zebrafish development and modulate the storage of maternal mRNAs into the
oocytes, in fact favoring biomarkers of the apoptotic process in embryos belonging to the treated
group, especially in the first hours of life.

Taken together, these examples indicate the remarkable role of caspases, particularly Caspase 3,
which lies beneath normal development and embryogenesis (Yabu et al., 2001), since cellular
degradation and proliferation are at the basis of differentiation and development (Oppenheim, 1991).



4. Axis patterning signals

During early vertebrate life, the developing embryo performs crucial processes, upon which survival
and well-being at future stages depend. Some of the embryogenesis’ most important steps are the
determination and patterning of the anteroposterior (A—P), dorsoventral (D-V), and left—right (L—R)
axis.

Vertebrate embryonic pattern formation was thought to be triggered at the onset of the gastrulation
phase, possibly by a signal from the extraembryonic yolk cell (Koshida et al., 1998; Nikaido et al.,
1999). Such hypothesis was confirmed when the removal of the vegetal-most part of the fertilized
yolk caused severe ventralization and the lack of dorsal mesoderm as well as of forebrain and
midbrain in the zebrafish embryo (Grinblat et al., 1998; Mizuno et al., 1999; Ober and Schulte-
Merker, 1999). The yolk was thought to possess a so-called dorsal determinant, whose activity is
able to stabilize and translocate the b-catenin transcription factor at the future dorsal side (Schneider
et al., 1996). It was hence regarded to as an important source of patterning signals essential for
inducing both dorsal and marginal cell fates (Schier, 2001). Similarites among mammalian
blastocysts and Xenopus oocytes suggested that a polarity exists even earlier in development, prior
to the onset of gastrulation. The A—P axis is the first activated pattern, but the current knowledge on
the establishment of the dorso-ventral one is the most advanced (Babin et al., 2007).

Transcription factors, ligands and receptors belonging to the Nodal (Imai et al., 2001; Le Good et al.,
2005), BMP (Feng and Derynck, 2005), Wnt (Van Es et al., 2003) and Fgf (Thisse and Thisse, 2005)
pathways mediate the earliest events in zebrafish development (Le Good et al., 2005). All can be
identified as key players that establish morphogenetic gradients for ensuring the patterning
processes by diffusing from the early tissues. They control fate near the margin of the yolk, in the
ventral side and in the dorsal side, respectively (Chan et al., 2009).

Chordin is a BMP inhibitor, central in the Spemann organizer function (Piccolo et al., 1996; Sasai et
al., 1994, 1995). In fact, Chordin-depleted embryos displayed a great expansion of ventral fates
(Hammerschmidt et al., 1996), even though a small brain and an axis are still present, presumably
because of the action of other anti-BMP signals (Bachiller et al., 2000; Khokha et al., 2005). Yet, if a
Chordin-deficient Spemann organizer is transplanted, the ability to induce a second axis or to
dorsalize tissues is missed at all (Oelgeschlager et al., 2003). In zebrafish, Chordin is expressed in
the dorsal area under the direct regulation of Dharma and acts in concert with Ogon/Sizzled
(Muraoka et al., 2006; Wagner and Mullins, 2002), Noggin 1 (Bauer et al., 1998; Dal-Pra et al.,
2006), Follistatin (Bauer et al., 1998), and Follistatin-like 1b (Dal-Pra et al., 2006) to inhibit bmp’s
expression at the dorsal side. Noggin and Follistatin have their expression regulated by BMP2b,
Chordin, and Follistatin itself at the mid-gastrula stage (Bauer et al., 1998). Such molecules intervene
at the late steps of D—V patterning, in fact refining the effects of Chordin’s previous interaction. The
direct regulation carried out by Dharma was evidenced by Chordin’s blocked/increased expression
resulting from mutant and overexpression experiments, respectively (e.g. Sirotkin et al., 2000;
Shimizu et al., 2000, 2002; Koos and Ho, 1999). On the other hand, Chordin indirectly enhances the
expression of dharma through the inhibition of the expression of BMP- enhanced vent/ved/vox, which
normally repress Dharma (Chan et al., 2009). The gene network that determine the D-V axis at the
embryo’s dorso anterior side also depend on the timing of the embryonic stage. As an example,
the scenarios at the early and late gastrula stages are very different in terms of interactions, extent
and predominance of signals such as b-Catenin, Chordin, Dharma, Goosecoid, Vent, Ved and Vox.
Specifically, the temporal and spatial expressions of sqt, chordin, dkk1 and boz were demonstrated
to directly depend upon the activity of the transcriptional activator b-Catenin (Ryu et al., 2001).

The outcome of a proper axis strictly depends on a plethora of contrasting signals interacting with
one another with the ultimate aim to define dorsal and ventral regions. Schier (2001) draw what he
defined the simplest model of D-V patterning, identifying three consecutive steps. (I) ventral, lateral
and posterior development are promoted by BMP and Wnt8, whereas Sqt, Cyc and b-Catenin are



responsible of promoting dorsal development; (Il) Boz, Chordin and Dkk1 first promote dorsal
development by suppressing Vox, Vent, BMP and Wnt8; (lll) Vox and Vent then act as ventral/lateral
promoters by repressing Boz, Dkk1, Chordin and Goosecoid. In such a just-apparent straightforward
scenario, Chordin fulfills a central role, as its expression at the dorsal region enables the creation of
a BMP gradient of activity that decreases from the ventral to the dorsal sides. Yet, the overall effects
are due not only on the action of the dorsal center secreting Chordin, Noggin, BMP2 and ADMP —
the latter two are growth factors expressed in Spemann’s organizer (Inomata et al., 2008), but also
on the reaction of the ventral center releasing BMP4 (Fainsod et al., 1994), BMP7 (Reversade et al.,
2005), twisted gastrulation (Oelgeschlager et al., 2000), the zinc metalloproteinase Xolloid-related
(Dale et al., 2002), Crossveinless-2 (Ambrosio et al., 2008; Coffinier et al., 2002; Rentzsch et al.,
2006) and Sizzled (Collavin and Kirschner, 2003). Three Tolloid enzymes exist in vertebrates (Dale
et al., 2002), and represent a small group of metalloproteinases, very well conserved throughout
evolutionary times from Drosophilato humans (Hopkins et al., 2007). Such metalloproteases cleave
Chordin at two specific sites, generating fragments that have a decreased affinity towards BMP. If
that happens, the ventralizing factors, previously inactivated by Chordin, are once again enabled to
promote ventralization signaling through BMP receptors (Piccolo et al., 1997). Despite being
localized ventrally, Sizzled, the zebrafish homologue of which is Ogon/Mercedes (Muraoka et al.,
2006), contrasts Tolloid-related proteases. It is able to inhibit the chordinase Tolloid and therefore
results as an indirect feedback inhibitor of the BMP signaling in the ventral center since Chordin is
found in elevated levels (De Robertis, 2009). Twisted gastrulation (Tsg) is another key factor in the
play. Peculiarly, it is both a BMP- and a Chordin-binding protein (Oelgeschlager et al., 2000). On
one hand, together with Chordin, it forms a ternary complex able to diffuse in the embryo’s
extracellular space, making it a better antagonist. On the other, because of the ventral expression
site, it keeps BMP in a soluble, active state, explaining its pro-BMP effects. Then, which is the
prevalent effect? Little and Mullins (2006) and Xie and Fisher (2005) showed that zebrafish Tsg-MO
depletion resulted in a dorsalized phenotype, hence demonstrating Tsg's predominant pro- BMP
function.

The Nodal signaling pathway is as well essential for the specification of the main body axis. It is
activated within the first developmental stages, at pre-gastrula and gastrula, and is responsible for
mesoderm, endoderm as well as both anterior-posterior and left—right axis formation. Nodal-related
ligands of the transforming growth factor-beta (TGFbeta) superfamily exert their functions in a
coordinated manner through the formation of dimers that bind to type | and Il serine-threonine kinase
receptors, a step that initiates a Smad-dependent signaling cascade which ultimately induces or
represses transcriptional activity (Shen, 2007). In the zebrafish embryo, Sox32 — currently known as
Casanova- (4.66 hpf), BON (5 hpf), Gata5 (5 hpf), Og9x — currently known as Sebox- (5 hpf), Pitx2a
(5 hpf), Sox17 (5.25 hpf), Tbhx16 (6 hpf) and FOXA2 (9 hpf) are few examples of factors activated by
Nodal at precise developmental times (Chan et al., 2009). Goosecoid, recognized in the mid- nineties
as a key factor in the formation of the body plan, is one of them. It is a dorsal-specific (Watabe et al.,
1995) homeobox- containing gene (Cho et al., 1991) induced in its expression at the highest level of
a molecular cascade by the Nieukoop Center and the Spemann organizer. Its detectable levels of
maternal transcript at 0 and 2 hpf are very low (Stachel et al., 1993), while more prominent zygotic
MRNA are available from 4 hpf (Schulte-Merker et al., 1994). Several studies have reflected its
importance. When microinjected, goosecoid mRNA caused the recruitment of neighboring cells into
a secondary body axis and the activation of cell movements in the injected cells (Niehrs et al., 1993).
When inactivated by gene targeting to generate Goosecoid-mutant mice, craniofacial defects arose
with regards to musculature including the tongue, the nasal cavity and the nasal pits, as well as the
components of the inner ear, even though no gastrulation phenotypes were observed probably
because of some kind of functional compensation elicited by similar genes (Rivera-Pérez et al.,
1995; Yamada et al., 1995). Also, when mutated together with HNF- 3beta, a severe phenotype
displaying growth defects, absence of optic vesicles, improper development of the foregut, branchial



arches and heart appeared (Filosa et al., 1997), exemplifying Goosecoid’s broad interactive
relationships and participation into apparently distant processes unrelated to axis patterning.

In order to disclose the outcomes of the externally-supplied beneficial bacteria on zebrafish early
development, goosecoid and chordin were investigated by Miccoli et al. (2015) after supplementation
with the probiotic L. rhamnosus to parental fish (Fig. 1H and 1). Considering the higher apoptotic
rates, the authors assessed whether the embryonic development of the probiotic-treated (PROBIO)
group could be accelerated by the probiotic administration to their parents. First, goosecoid and
chordin were reported not to show any maternal contribution. Second, they were outstandingly up
regulated throughout embryonic development from 4 hpf on, when relative mRNA abundances were
subjected to a five- and sixfold increase in mMRNA abundance, respectively, with regards to controls.
Third, such up-regulation was appreciated also by means of whole mount in situ hybridization
analyses, particularly at 4 and 12 hpf, when stronger probe marks indicated a higher chordin
expression at the blastoderm region and a greater distance among somites, as compared to controls,
respectively (Fig. 1K).

5. miRNA processing

The concept of gene expression being regulated by RNA molecules firstly appeared in 1993 (Lee et
al., 1993) and 13 years later Andrew Fire and Craig Mello won a Nobel Prize for discovering the
revolutionary RNA silencing-technique called RNA interference.

Based on their biogenesis mechanism, nucleotide length, RNA silencing pathway and association
with Argonaute-family proteins, small eukaryotic RNAs were grouped into three classes: microRNAs
(miRNAs), endogenous small interfering RNAs (esiRNAs) and Piwi- interacting RNAs (piRNAs) (Kim
et al., 2009). Yet, the ever increasing number of RNA classes discovered in eukaryotes, bacteria
and archaea-currently accounting to 20 (Ghildiyal and Zamore, 2009) — makes such boundaries
unclear and forces for a continuous revalidation. Small RNAs underlie a variety of functions across
the genome and transcriptome, such as heterochromatin formation, mMRNA destabilization and
translational control (Filipowicz et al., 2008; Malone and Hannon, 2009). By targeting the very basis
of life, they are involved in almost every biological process, including developmental timing, cell
differentiation, cell proliferation, cell death, metabolic control, transposon silencing and antiviral
defense. They hold great promise interdisciplinary-wise, with particular medical emphasis on cancer
research, as highlighted by several research papers (e.g. Croce and Calin, 2005). MicroRNAs
(miRNASs), in particular, are key supervisors of the post- transcriptional regulation and mMRNA
turnover. They are 21 nucleotide-long, single-stranded noncoding RNAs produced from double-
stranded RNAs thanks to the strict, subsequent involvement of two RNase lll-like enzymes, Drosha
and Dicer (Muggenhumer et al., 2014).

As miRNAs serve fundamental functions, the pathway leading to their biogenesis can be subjected
to regulation at several levels (Finnegan and Pasquinelli, 2013): transcriptionally by protein binding
(Michlewski and Céceres, 2010; Michlewski et al., 2011; Piskounova et al., 2011; Van Wynsberghe
et al., 2011) and post- transcriptionally by ADARs (Adenosine DeAminases that act on RNA) (Hogg
et al., 2011; Wulff and Nishikura, 2012) and nucleotide addition at the 30 end (Liu et al., 2011;
Piskounova et al., 2011). The biogenesis pathway, quite conserved in most metazoans (Kim et al.,
2009), follows discrete steps. First, the nuclear microprocessor complex composed of the RNA
binding protein DGCRS8 (or Pasha) and Drosha process the primary transcript, abbreviated as pri-
MIiRNA, into pre-miRNA. Such cleavage releases a 60/70- nucleotide-long hairpin presenting a 2-
nucleotide overhang at the 30 end. Then, the stem-looped pre-miRNA is exported to the cytoplasm
via Exportin-5, where it is recognized and further cleaved by another 200-kDa RNase llI-like
enzyme, Dicer, that ultimately generate the mature 21-nt long miRNA (Bernstein et al., 2001,



Hammond et al., 2000; Hutvagner and Zamore, 2002; Hutvagner et al., 2001; Ketting et al., 2001,
Knight and Bass, 2001). The resulting RNA-induced silencing complex (RISC), comprising the
mature miRNA and a member of the Argonaute proteins family (recently reviewed by Hutvagner and
Simard, 2008), direct either transcriptional/post-transcriptional gene silencing and/or translational
repression by imperfect base pairing at the 30-UTR of target mRNAs (Wilson and Doudna, 2013).

Drosha and Dicer can be subjected to regulation (Krol et al., 2010) too, theoretically at either the
transcriptional, translational, or post-translational level. Dhorne-Pollet et al. (2013), via qPCR,
showed the threefold decreased amount of relative drosha mRNA abundance throughout the
Xenopus oocyte-to-egg maturation, while protein levels increased during the same time lapse. This
is due to the expression of maternally-inherited mRNAs and the extension of their poly(A) tail in the
cytoplasm (Paillard and Osborne, 2003), a process on which their storage and translational activation
depend. Indeed, the Drosha poly(A) tail measures 80 nt in oocytes and 200 in eggs. This
demonstrates that Drosha, like every other maternally-stored mRNA, is translationally regulated by
the length of its poly(A) tail (Muggenhumer et al., 2014), a practice that facilitates the translation of
dormant mRNAs during oocyte development (Richter and Lasko, 2011; Villalba et al., 2011).
Similarly, Dicer activity is enhanced as oocytes mature into eggs (Watanabe et al., 2005).

Moving to the D. rerio model, its genome assembly “Zv9” encodes for 346 mMiRNAs
(http://www.mirbase.org/). Most of them are expressed at the segmentation stage, around 12 hpf
(Rosa and Brivanlou, 2009). An exception is the miR-430 family, one of the earliest and most highly
transcribed gene cluster of the zygotic genome (Chen et al., 2005; Heyn et al., 2014; Lee et al.,
2013). It groups more than 70 miRNAs characterized by the 50 sequence seed AAGUGC. A single
MiRNA can bind up to hundreds targets, while a single mRNA can be targeted by multiple miRNAs
in a combinatorial way (Rosa and Brivanlou, 2009). By their action, protein translation is silenced or
MRNA deadenylation is triggered (De Moor et al., 2005; Richter, 1999), exerting a critical, yet
fundamental, effect in animal development and differentiation (Bushati and Cohen, 2007).

As already hinted in the first section, a massive transcription of the zygotic genetic information is
installed at the MZT. Concomitantly, clearance of maternal messages is carried out. Inherited
MRNAs and proteins are indeed required for directing the early life’s processes but, as development
proceeds, they become unnecessary or even possibly deleterious (Lee et al., 2014). Small RNAs at
the mid-blastula transition developmental switch heavily contribute to mRNA turnover (Bushati et al.,
2008; Lund et al., 2009; Marlow, 2010), an activity for which the zebrafish’'s miR-430 family at the
30-UTR of selective, rather than wholesale, target genes is particularly responsible of (Giraldez et
al., 2006; Mishima et al., 2006). In such period, maternal factors gradually decrease, because they
are destabilized by means of 30-UTR deadenylation triggered by embryonic miRNA; in particular,
miR-430 regulates morphogenesis during early development (Giraldez et al., 2006).

The erasing mechanism, in addition to the miRNAs biogenesis pathway (Kim et al., 2009), is
conserved as well, as the Xenopus ortholog miR-427 is expressed hours before ZGA and regulates
deadenylation of maternal messages (Lund et al., 2009). Noteworthy, some inherited messages are
able to avoid degradation. Because of this, they keep functioning in stages where only their zygotic
counterpart would normally exist, in fact cooperating with them without causing any impairment
(Marlow, 2010).

As mentioned, Dicer has paramount roles. Wienholds et al. (2003), by various techniques including
mutants generation, targeted gene inactivation and whole mount in situ hybridization, focused on the
importance of both maternal and zygotic Dicer. They found that when homozygous and trans-
heterozygous dicerl” embryos were generated, an overall arrest of growth rather than specific
organogenesis defects was displayed around 8 dpf, and death of the totality of specimens was
observed within three weeks post-fertilization. Likely, the initial body plan could be acquired by
residual activity of the maternal Dicer. in fact, when maternal dicer was knocked-down by
morpholino, embryos arrested their growth earlier.



Moreover, Giraldez et al. (2005), by means of maternal-zygotic dicer (MZdicer) mutants generation,
observed that mutant embryos did not process miRNAs precursors. The machinery that would lead
to maternal mMRNA clearance was deactivated and, as a result, deadenylation was compromised.
Despite MZdicer mutants underwent axis formation and differentiated multiple cell types, their
phenotype was abnormal, as were brain formation, somitogenesis, and heart development,
suggesting that clearance of maternal transcripts is essential for normal development but not for axis
patterning.

Overall, authors demonstrated the importance of Dicer in zebrafish development, since embryos
deficient of both maternal and zygotic Dicer were unable to generate mature miRNAs (Giraldez et
al., 2006).

Herein, we report our finding regarding maternally-deposited and zygotically-transcribed dicer and
drosha transcripts’ abundance following parental food-associated supplementation with L.
rhamnosus. The administration provoked severe changes in the expression patterns of both,
generally causing the notable increase in the treated group’s mRNA abundances (Fig. 2A and B). In
particular, at 0 hpf, relative mRNA abundances were increased by approximately twofold change,
hence evidencing a probiotic-driven discrete transcripts storage extent during oogenesis. At 24 hpf
stage, although not statistically significant either between the two experimental groups or within the
same experimental group at consecutive stages, the scenario is reversed and controls displayed
slightly higher transcription levels of such miRNA processing enzymes.

6. Pluripotency maintenance signals

The transitional step of the ZGA is a major reprogramming event that induces several key processes
in the embryo, such as new transcriptional activation and clearance of maternal mRNAs. Their
combination results in a stage in-between of differentiated and pluripotent zygotes (Giraldez, 2010).
The latter face a peculiar transcriptional regulation in a time-lapse of few hours, as maternal mMRNAs
are first polyadenylated in order to become functional and direct early life’s development, and are
then subjected to decay by means of miRNAs at their 3’-untranslated region. Across all species, both
general and specific transcription factors are required for finely regulating the zygotic genome
competency. The TFIID complex regulate methylation at chromatin (e.g. Vastenhouw et al., 2010),
while Nanog, Pou5fl and Sox19b intervene at the DNA level (e.g. Harvey et al., 2013; Lee et al.,
2013; Potok et al., 2013). In zebrafish, the latter three are among the factors that receive
polyadenylation shortly after fertilization, enabling the execution of the genetic program (Langley et
al., 2014). Besides, binding sites for such pluripotency-inducing factors are extensively present on
early zygotic genes (Lee et al., 2014).

Nanog, pou5fl and sox19b are maternally supplied to the oocytes (Burgess et al., 2002; Okuda et
al., 2010; Onichtchouk et al., 2010; Schuff et al., 2012; Xu et al., 2012). By RNA sequencing of 4
and 6 hpf wild-type embryos, Lee et al. (2013) found that (i) over 74% of the genes expressed at
both stages have maternal contribution; (ii) zygotic genes that are directly triggered by the maternal
program during the so-called “first wave” of transcription at 4 hpf are mainly involved in axis
patterning, gastrulation and chromatin remodeling (the miRNA family miR-430 is included among
them); (iii) nanog, sox19b and pou5fl are among the transcripts that are most highly translated in
the pre-MZT transcriptome.

As for the second point, it is known that Nanog, Sox2, and Oct4 can participate in chromatin
remodeling in embryonic stem (ES) and induced pluripotent stem (iPS) cells (Orkin and
Hochedlinger, 2011). Yet, it is unclear whether their action at the nucleosome level gathers other
transcription factors that would bind and act cooperatively (Zaret and Carroll, 2011). If that was



confirmed, such pluripotency-inducing proteins might play similar roles during MBT (Lee et al., 2013;
Leichsenring et al., 2013), thus enabling the activation of the silent embryonic genome (Lee et al.,
2014).

Among those of other transcription factors, the binding sites of Oct-3/4 (Pou5fl) gene family, Sox
gene family and Nanog reside at the promoters of a set of genes involved in pluripotency and early
development. The three work cooperatively to specify ES cell identity. Together with Tcf3, they bind
to promoters of miRNA in ES cells (Rosa and Brivanlou, 2009) but are also known to be involved in
the direct activation of the miR-430 gene cluster (Lee et al., 2013), which is one of the earliest and
most highly transcribed family of the zygotic genome (Chen et al., 2005; Heyn et al., 2014, Lee et
al., 2013). On the other hand, they are inhibited by miR-296, miR-470 and miR-134 at both their
coding sequence and 30 UTR, to induce differentiation in mESCs (Tay et al., 2008a,b).

The first thorough indication of ESC maintenance being a multifaceted process came from Wang
and colleagues (2006), who created the first pluripotency protein interaction network in mouse
through whole-lane liquid chromatography—tandem mass spectrometry (LC-MS/MS). The reported
map suggested several crucial findings. First, the interaction network comprises more than 80% of
proteins that were demonstrated by knockout or knockdown studies to be involved in controlling the
differentiation of the inner cell mass or early development, hence ensuring survival. Second, the
expression of the majority of genes encoding for network’s proteins is down regulated at the onset
of ESC differentiation. Third, the central role of Nanog is highlighted by the fact that at least the 56%
of the network’s proteins coincide with Nanog and/or Oct4 putative targets found by previous ChIP
analyses performed on mouse ES cell (Loh et al., 2006). Because of this, Nanog has been regarded
to as a homeodomain protein. Furthermore, Nanog, Oct4 and Sox2 repress developmental genes
by modulating their own expression by binding to each other's promoter regions (Saunders et
al., 2013). Fourth, the network is characterized by crosslinks involved in repressing transcription by
means of cofactors belonging to histone deacetylase NURD, Polycomb and switch/sucrose non
fermentable (SWI/SNF) chromatin remodeling complexes. The identification of such a large
presence of physically-associated proteins acting as activators, repressors and co-repressors
outlines both the multiple different regulation methods and a fail-safe mechanism for preventing
undesired differentiation and maintaining staminality (Saunders et al., 2013).

Data regarding the maternal control in terms of nanog gene expression modulated by the probiotic
L. rhamnosus are herein presented for the first time. By qPCR, we have shown that Nanog as well
is heavily and positively modulated in its expression pattern by the beneficial bacteria supplemented
to parent fish (Fig. 2C). At 0, 2 and 4 hpf, differences are statistically significant between groups, as
the PROBIO display an overall average 2-fold increase in gene expression. As far as only the first
two are considered, statistical significance exists also among consecutive developmental stages
within groups.

We therefore found that the major changes in nanog mRNA storage are concentrated within the first
4 hpf. This is in accordance with Nanog’s role in inducing pluripotency and mediating direct activation
of the miRNA-430 family, as discussed so far.

To conclude, we tested the ability of the parentally-supplied L. rhamnosus to intervene in the storage
of maternal information in the form of mMRNAs into mature F1 oocytes, thereby demonstrating the
inheritance of the physiological modification caused by the gut microbiota modulation and their
effects on the autophagic, apoptotic, axes patterning, miRNA formation as well as on pluripotency
maintenance processes.

The potentialities of the microbiome-gut-brain axis have been established in the last years, with
remarkable consequences on health and diseases. The capability of the enteric microbiota
composition, either natural or externally-manipulated, to form ecological bacterial relations that
ultimately govern homeostasis is a ground-breaking subject. According to the novelty of our results



and the lack of previous reports in the scientific literature, no data existed as to the outcomes of
probiotics on the maternal control, a crucial step of development. Indeed, our data have laid the
foundation for understanding the broad spectrum of the possible effects concerning probiotics and
animal development.
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Figure legends

Fig. 1. (A)—(l) Temporal expression profiles of ambra 1lal, ambra 1b, beclin 1, Ic3, caspase 3,
goosecoid and chordin. mRNA levels normalized against 18S for the control (CTRL) and probiotic-
treated (PROBIO) groups. Error bars indicate mean + S.D. Asterisks represent statistical difference
between the two experimental groups at a given developmental stage, while letters symbolize the
statistical difference within the same experimental group at consecutive developmental stages.
Confidence interval set at 95% (p < 0.05). (J) TUNEL assay highlighting apoptotic nuclei at 12 and
24 hpf. Values are plotted as mean = SD. Asterisk indicates significantly different number of apoptotic
nuclei between experimental groups. (K) Spatial expression of goosecoid and chordin by whole
mount in situ hybridization in probiotic treated and control embryos. Scale bar at goosecoid 48 hpf
PROBIO: 200 pum.

Fig. 2. (A)—(C) Temporal expression profiles of drosha, dicer and nanog. Expression data normalized
over against 18S. Values plotted as mean + S.D. As for statistic details, refer to caption of Fig. 1. g-
PCRs were performed with SYBR green method. All samples analyzed in triplicates. The single
reaction mixture consisted of 2 uL of cDNA diluted 1:10, 10 pL of 2x concentrated iQ TM SYBR
Green Supermix (Bio- Rad, 170-8882), 0.3 uM of forward and reverse primers. Forty-five cycles of
amplification were run with denaturation step (30 s at 95 C) followed by the annealing stage (30 s at
60 C for all genes) and extension step for 20 s at 72 C.
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