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Evolutionary developmental biology, or Evo-Devo for short, has become an established field that, broadly speaking, seeks to
understand how changes in development drive major transitions and innovation in organismal evolution. It does so via in-
tegrating the principles and methods of many subdisciplines of biology. Although we have gained unprecedented knowledge
from the studies on model organisms in the past decades, many fundamental and crucially essential processes remain a mystery.
Considering the tremendous biodiversity of our planet, the current model organisms seem insufficient for us to understand the
evolutionary and physiological processes of life and its adaptation to exterior environments. The currently increasing genomic
data and the recently available gene-editing tools make it possible to extend our studies to non-model organisms. In this review,
we review the recent work on the regulatory signaling of developmental and regeneration processes, environmental adaptation,
and evolutionary mechanisms using both the existing model animals such as zebrafish and Drosophila, and the emerging non-
standard model organisms including amphioxus, ascidian, ciliates, single-celled phytoplankton, and marine nematode. In ad-

dition, the challenging questions and new directions in these systems are outlined as well.
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Introduction determinative role. The studies on development, regenera-

To answer fundamental questions of life and to decipher
underlying mechanisms of numerous biological phenomena,
investigations using model and non-model organisms play a
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tion, and evolution have been the most attractive topics for
centuries. Continually, along with the emerging discoveries
of genetic regulation, these formed a solid basis for modern
life science studies, including the fast progress of medical
research.

Evolutionary developmental biology (Evo-Devo) is highly
relevant for human beings, in order to understand the origin
and genesis of life on the earth. In the past decades, we
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gained more in-depth understanding of developmental pro-
cesses through model organism systems, especially the mo-
lecular and cellular mechanisms of organogenesis,
morphogenesis, and metabolic homeostasis. However, we
still cannot resolve the current problems related to devel-
opmental biology, such as birth defects, aging, and natural or
disease-caused death. This indicates that the knowledge that
we gained is still insufficient to fully understand the com-
plexity and dynamics of life. We might have to expand our
studies from several model systems to more non-model
systems. Indeed, milestone breakthroughs are more often
coming from studies using non-model organisms. For ex-
ample, Cyclin, the key regulatory factor of cell cycle, was
discovered using sea urchins, which lay a huge number of
eggs at the same time, allowing biochemical assays (Evans et
al., 1983). Another exciting finding is the telomere, which
was identified by Elizabeth Blackburn when she studied the
chromosome of a unicellular ciliate organism Tetrahymena
(Szostak and Blackburn, 1982; Greider and Blackburn, 1985;
Greider and Blackburn, 1989). The increasing large-scale
genomic sequencing of diverse species and the application of
CRISPR/Cas9-based gene-editing tools made it possible to
extend the current Evo-Devo studies onto non-model or-
ganisms (Wei, 2020).

Regeneration is a fascinating ability to replacement of lost
body parts, which has captured human imagination since
ancient times. The regenerative capacities of metazoans vary,
from the level of the whole body, mainly in invertebrates, to
the organs/tissues in vertebrates. The knowledge of re-
generation obtained via animal studies not only fulfill the
gaps in knowledge of basic biology, but also provide valu-
able clues for developing clinical strategies to restore da-
maged organs or tissues in humans. Human hearts do not
regenerate upon mechanical or pathological injuries, causing
most of the deaths worldwide. However, recent studies in-
dicate that human cardiomyocytes are renewable at a low but
detectable rate throughout life (Bergmann et al., 2009;
Bergmann et al., 2015). This significantly raises the im-
portance of cardiac regeneration studies using animal mod-
els, such as zebrafish and mouse, and made them inimitably
valuable especially in the medical research field. Another
example is the ability to regenerate appendages, which
naturally occurs in salamanders but is no longer present in
mammals, including human. Researchers revealed mechan-
isms involving blastema and associated molecules during
limb regeneration in axolotls (Joven et al., 2019). Informa-
tion about regeneration is revealed by studies using different
animals. Comparative analyses are performed to illustrate an
entire blueprint of regeneration, by identifying pivotal ge-
netic determinants during evolutionary processes.

Genetic regulation administrates the collective outcome of
individual genes, thus governing the biological processes and
cellular phenotypes. On the one hand, some regulatory type
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mechanisms are highly conserved across eukaryotes, like
histone post-translational modifications and RNA N'-ade-
nosine methylation (mGA). Other mechanisms display a
patchier distribution and highly diversified functions, such as
DNA N’-adenine methylation (6mA). On the other hand,
even the most conserved regulatory mechanisms, such as
cellular signaling pathways and protein modifications, are
distinct in relevant components, intersecting pathways, and
biological outputs. All these factors require investigation, not
only in model organisms that already provided deep insights
into genetic regulation, but also in non-model organisms that
harbor a rich pool of unexplored phenomena and mechan-
isms.

Evolution is defined as a spatio-temporal change of allele
frequency, focusing on mechanisms changing or maintaining
allele frequencies at the population level, such as mutation,
natural selection, genetic drift, and recombination. With the
benefits of “omics” and bioinformatics, more and more high-
quality reference genomes have been published from various
model and non-model organisms, especially those at popu-
lation level. Combined with theoretical advances, they have
revealed tremendous diversity in all aspects of genome ar-
chitecture. They broadly promoted our understanding of
horizontal gene transfer, genetic admixture, genome re-
arrangement, as well as mutation and adaptation upon en-
vironmental changes. In addition, many interdisciplinary
studies demonstrate great potentials in solving long standing
questions, such as applying evolutionary genetic methods to
evaluation of toxicity, phage display from experimental
evolution to immunotherapy.

In this review, we aim to highlight the recent progress in
diverse and active studies utilizing representative model and
non-model organisms, to illustrate the progress of dis-
coveries in the fields of development, regeneration, genetic
regulation, and evolution.

Molecular evolution

Growth hormone/insulin-like growth factor axis in the
basal chordate amphioxus (Figure 1)

All vertebrate brains have a hypothalamus, which forms the
ventral part of the diencephalon. One of the most important
functions of the hypothalamus is to link the nervous system
to the endocrine system via the pituitary gland. For example,
the hypothalamus secretes growth hormone releasing hor-
mone (GHRH), which triggers production of growth hor-
mone (GH) from the pituitary gland. GH is delivered by a
high-affinity GH-binding protein (GHBP) to the cytoplasmic
membrane of hepatocytes and interacts with the specific
receptor, GH receptor (GHR), on this membrane, resulting in
the production of insulin-like growth factor I (IGF-I). IGF-I
is finely regulated by a family of high-affinity IGF-binding
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proteins (IGFBPs) in the circulation. It plays a key role in the
regulation of proliferation, differentiation and anti-apoptosis
of bone and muscle cells, by binding to IGF-I receptor
(IGFR-I) located on the cell surface of the target tissues. This
complicated system, mainly consisting of GH, GHR, IGF-I,
and IGFR-I, is referred to as the GH/IGF axis or pituitary-
liver axis, which comprises a key part of the neuroendocrine
system in vertebrates. The GH/IGF system has been docu-
mented in all groups of vertebrates including lamprey (Ka-
wauchi and Sower, 2006), but its evolutionary origin remains
enigmatic. Amphioxus, a basal chordate, is the best available
stand-in for the proximate invertebrate ancestor of verte-
brates, and thus provides an ideal model for studying the
origin of the GH/IGF system. It has been our pet model
animal for more than 30 years and has been used to in-
vestigate the origin and evolution of vertebrates in our la-
boratory. Below we briefly discuss the state-of-the-art
understanding of the origin and evolution of the GH/IGF
system.

A functional GH-like hormone is present in amphioxus
GH has long been regarded as an evolutionary innovation in
vertebrates. But we show for the first time that a functional
GH-like polypeptide, GHI, exists in amphioxus (Li et al.,
2014; Li et al., 2017). First, we have cloned a cDNA encoding
a protein of 208 amino acids, which belongs to the class-I
cytokine superfamily, and bears a 3-dimensional structure
sharing a high degree of similarity with human GH. In addi-
tion, we found that GHIl was predominantly distributed in
Hatschek’s pit, a tissue homologous to the vertebrate pituitary
gland. Second, both recombinant amphioxus GHI (rGHI) and
zebrafish GH (rGH) have a similar capacity to bind to the GH
receptors (GHRs) from the livers of zebrafish, prepared and
partially purified through a wheat-germ agglutinin (WGA)-
agarose column, in a dose-dependent manner. Third, we
proved that amphioxus GHI as well as human GH share some
conserved amino acids, such as R70 and R175, which are
critical for the interaction with GHRs. Fourth, rGHI stimulates
the expression of igf-i in the liver and muscle, as GH does in
vertebrates; this gene expression-stimulating effect is abol-
ished by the pre-incubation of rGHI with the recombinant GHI
receptor (rGH/PRLIBP). Fifth, rGHI, like zebrafish rGH, is
able to promote growth in zebrafish. Supplementation of
amphioxus rGHI as well as zebrafish tGH can rescue abnor-
mal morphogenesis caused by GH deficiency in tbx5 knock-
down zebrafish embryos. Lastly, rGHI is capable of mediating
osmoregulation through the same mechanisms as vertebrate
GH. Collectively, these data provide compelling evidence for
the existence of a functional GH-like hormone in the basal
chordate amphioxus.

Amphioxus GHI is an ancestral hormone
Structurally related pituitary hormones in vertebrates contain
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GH, prolactin (PRL) and somatolactin (SL), which are be-
lieved to have evolved from a common ancestral gene
through duplication and subsequent divergence. GHs have
been identified in all vertebrates, including jawless verte-
brates. However, there is no evidence that PRL is present or
functional in extant jawless vertebrates, including lamprey
and hagfish. Based on these data, it has been suggested that
in the pituitary hormone family, GH is the closest to the
ancestral hormone. We found that amphioxus GHI is the only
member of the pituitary hormone family in amphioxus.
Phylogenetic analysis shows that amphioxus GHI is posi-
tioned at the base of the vertebrate pituitary hormone GH and
PRL, suggesting it is the archetype of the vertebrate pituitary
hormone family. It is highly likely that amphioxus GHI is the
ancestral peptide that first originated in the molecular evo-
lution of the pituitary hormone family in chordates, and the
emergence of PRL and SL resulted from gene duplication
events during vertebrate evolution (Li et al., 2014).

Amphioxus has an interacting partner of GHI hormone

GH functions by binding to its specific receptor. As am-
phioxus GHI has been shown to be functional, we thus set out
to explore its receptor. We identified an amphioxus GH/
PRLIBP peptide by cDNA cloning, consisting of 224 amino
acids, from by, which contains the entire hormone binding
domain of GH/PRL receptors. It is widely expressed among
the different amphioxus tissues, including the hepatic caccum,
gill, hindgut, notochord, and testis. Such a wide expression
pattern is consistent with the pleiotropic actions of GH pep-
tides in vertebrates. Importantly, we have shown that re-
combinant GH/PRLIBP (rGH/PRLIBP) specifically interacted
with amphioxus rGHI as well as zebrafish rGH, and that the
interaction of rGH/PRLIBP with rGHI suppressed the biolo-
gical activity of GHI. This clearly indicates that GH/PRLIBP
is a partner molecule capable of interacting with GHI in am-
phioxus. It is evident that, like in vertebrates, amphioxus GHI
also functions by binding to its interacting partner. It is in-
teresting to note that GH gene expression is not confined to the
pituitary gland, which is consistent with its occurrence in
many extrapituitary tissues in vertebrates. In addition, auto-
crine/paracrine GH actions are also known in vertebrates.
Notably, amphioxus GHI is also distributed in a number of
tissues, such as the Hatschek’s pit, muscle, and notochord,
suggesting that autocrine/paracrine actions of GHI may be
present in amphioxus. This hypothesis was further corrobo-
rated by the fact that the gene encoding GH/PRLIBP, an in-
teracting partner of GHI, is widely expressed in different
tissues of amphioxus. Thus, we propose that the autocrine/
paracrine GH actions may have emerged in basal chordates,
and remained throughout vertebrate evolution (Li et al., 2014).

Amphioxus has a GH/GH receptor-like system
In amphioxus, the Hatschek’s pit is regarded as the homolog
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Figure 1 Presence of a vertebrate-like GH/IGF system in the basal chordate amphioxus Branchiostoma. A, Hatschek’s groove, a tissue equivalent to
vertebrate pituitary gland. B, Different stages of amphioxus embryos with the developing hepatic caecum marked by the liver-specific gene encoding
cathepsin L; the arrows in (Bi) and (Bj) indicate larval gut. C, Diagrams showing the origin and evolution of GH/GHR as well as the emergence of prolactin
(PRL) gene via genetic mutation and innovation of ancestral GH gene. D, GH/IGF systems (i.e. pituitary-liver axis) in vertebrate and amphioxus. Note the
presence of hypothalamus-like structure in amphioxus remains to be tested. GH, growth hormone; GHI, GH-like; GHR, GH receptor; GHRH, growth

hormone releasing hormone; IGF, insulin-like growth factor.

of vertebrate pituitary gland. This is further supported by the
localization of vertebrate-like gonadotropic hormone in
Hatschek’s pit, and the expression patterns of the pituitary-
specific transcription factors, Pit-1 and Pax6 in the preoral
pit, the primordium of Hatschek’s pit. We demonstrated that
GHI is abundantly distributed in Hatschek’s pit. Moreover,
we have shown the presence of a GH receptor-like protein,
with the entire hormone binding domain of GH/PRL re-
ceptors, which is predominantly expressed in the liver-like
tissue of amphioxus, the hepatic caecum. It is capable of
interacting with GHI in amphioxus, analogous to vertebrate
GH receptors (Li et al., 2014). Therefore, it seems that a
vertebrate-like neuroendocrine axis setting emerged in am-
phioxus, providing additional evidence for the functional
homology between the Hatschek’s pit and vertebrate pitui-
tary gland.

Amphioxus has an IGF/IGF receptor-like system

IGF-I is the pivot of the GH/IGF system, and the primary
action of IGF-I, mediated by binding to its specific receptor
IGFI-R, is present in a wide range of tissues. Chan and
colleagues cloned and characterized a cDNA encoding an
insulin-like peptide (ILP) from the cephalochordate am-
phioxus Branchiostoma californiensis (Chan et al., 1990).
The deduced amino acid of ILP is a hybrid peptide that
shows features characteristic of both insulin and IGFs, sug-
gesting that ILP may represent the common ancestral form of

vertebrate insulin and IGFs. Moreover, a gene coding for ILP
receptor has also been identified in the same species, and the
deduced amino acid sequence shares features of both the
insulin receptor and IGF-I receptor (Pashmforoush et al.,
1996). Together, these data suggest that evolutionarily ILP
and its receptor already emerged in primitive chordates. This
is further strengthened by our study showing the presence of
an insulin/IGF hybrid polypeptide in another cepha-
lochordate species, B. japonicum (Guo et al., 2009). Inter-
estingly, we demonstrated that the recombinant insulin/IGF
peptide, is able to stimulate the flounder gill cell prolifera-
tion, thereby resembling vertebrate IGF. However, it cannot
reduce blood glucose levels like insulin, suggesting that B.
Jjaponicum insulin/IGF may be a molecule functionally si-
milar to vertebrate IGF. In addition, we have established a
primary culture system of mouse muscle satellite cells as an
in vitro model to investigate the effects of amphioxus IGF-
like molecule on muscle cell development. We revealed that
the recombinant IGF-like molecule, like human IGF, is able
to stimulate the proliferation of mouse muscle cells. Besides,
it is able to bind to the cells and the partially purified IGF
receptors from mouse muscle cells. Importantly, re-
combinant amphioxus IGF-like molecules are capable of
activating the MAPK and PI3K/Akt pathways by stimulating
phosphorylation of MAPK and Akt (Liu and Zhang, 2011).
This interaction of amphioxus IGF-like molecule with
mammalian (mouse) IGF receptors, and its ability of indu-
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cing similar downstream signaling pathways, clearly sup-
ports the presence of an IGF/IGF receptor in amphioxus.

The acquisition of the hypothalamic-pituitary system,
which is specific to vertebrates, is considered to be a seminal
event that led to physiological divergence, including re-
production, growth, metabolism, stress, and osmoregulation.
Of note, a brain-Hatschek’s pit connection has been sug-
gested in amphioxus (Gorbman et al., 1999). It is probable
that the emergence of Hatschek’s pit represents one of the
most important events during evolution of the endocrine
network, providing the basis for the subsequent formation of
a hypothalamic-pituitary system in vertebrates. This is fur-
ther supported by our recent identification of a GHRH-like
gene (Bb 267100R; http:/genome.bucm.edu.cn/lancelet/)
and its receptor gene (XP_019638674.1; https://www.ncbi.
nlm.nih.gov/protein/) from amphioxus genome data. The
functional characterization of the GHRH-like hormone and
its receptor in amphioxus are being now under way in our
laboratory.

A rediscovered epigenetic mark, DNA N’-adenine methy-
lation, in unicellular eukaryotic ciliates (Figure 2)

6mA are widely distributed and functionally diversified in
eukaryotes

DNA 6mA is a recently rediscovered modification in eu-
karyotes. In contrast to the widely-present and well-char-
acterized 5-methylcytosine (5mC) (Breiling and Lyko,
2015), 6mA in eukaryotes remained largely neglected for a
long time due to the fact that 6mA is present at a low level
and has been undetectable in most eukaryotes (Bird, 1992;
Hattman, 2005; Hattman et al., 1978). Recent studies, how-
ever, have significantly advanced our knowledge of 6mA in
eukaryotes, facilitated by modern technologies such as ultra-
sensitive high-performance liquid chromatography coupled
with mass spectrometry (UHPLC-QQQ-MS/MS) and Single
Molecule, Real-Time (SMRT) sequencing (Fu et al., 2015;
Greer et al., 2015; Zhang et al., 2015a). 6mA is required for
transcription regulation in many organisms (Fu et al., 2015;
Liang et al., 2018; Wang et al., 2018), developmental mod-
ulation in Drosophila (Zhang et al., 2015a), epigenetic in-
formation transmission in Caenorhabditis elegans (Greer et
al., 2015), stress response in the mouse brain (Yao et al.,
2017), carcinogenesis in human glioblastoma (Xie et al.,
2018), hypoxia response in human mitochondria (Hao et al.,
2020), etc. So far, 6mA was reported in more than 20 eu-
karyotes, from protists and fungi (Fu et al., 2015; Gorovsky
et al., 1973; Mondo et al., 2017; Salvini et al., 1986; Wang et
al., 2017), to plants and animals (Greer et al., 2015; Koziol et
al., 2016; Liang et al., 2018; Liu et al., 2016; Schiffers et al.,
2017; Wang et al., 2018; Wu et al., 2016; Xiao et al., 2018;
Zhang et al., 2015a; Zhou et al., 2018), revealing a patchy yet
wide presence of 6mA and corroborating its biological re-
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levance in eukaryotes. Of note, eukaryotic 6mA is highly
divergent in abundance and function, suggesting a complex
evolutionary history of 6mA, and providing a novel per-
spective for understanding eukaryote diversification.

Ciliates are ideal model systems to study evolutionary di-
versification of 6mA

As a major, successful, and diversified evolutionary lineage
of unicellular eukaryotes, ciliates were among the first eu-
karyotes reported to contain 6mA (Cummings et al., 1974;
Gorovsky et al., 1973; Rae and Spear, 1978). The most
distinguishing feature of ciliates is the two types of nuclei in
a single cell, including the smaller, diploid, germline-like
micronucleus (MIC) and the larger, polyploid, soma-like
macronucleus (MAC) (Prescott et al., 1971). Ciliate 6mA
was investigated in about ten ciliate species during the 1970s
and 80s (Ammermann et al., 1981; Cummings et al., 1974;
Gorovsky et al., 1973; Palacios et al., 1994; Pratt and Hatt-
man, 1981; Rae and Spear, 1978; Salvini et al., 1986). The
ciliates Tetrahymena thermophila (Ciliophora, Oligohyme-
nophorea) (Wang et al., 2017) and Oxytricha fallax (Spiro-
trichea) (Beh et al., 2019) (referred to as Tetrahymena and
Oxytricha hereafter, respectively) were reinvestigated with
modern technologies. Notably, 6mA is the only detectable
methylated nucleotide base in Tetrahymena so far discovered
(Gorovsky et al., 1973; Wang et al., 2017), making it an ideal
system for the study of 6mA. 6mA is also the sole DNA
methylation during its asexual stage in Oxytricha (~0.4%)
(Beh et al., 2019), but was reported to have SmC during
conjugation the sexual stage of ciliates (Bracht et al., 2012).

Genomic and sequence features of ciliate 6mA

The amount of 6mA in Tetrahymena is ~0.6%—1%, as de-
tected by paper chromatography, SMRT sequencing, and
mass spectrometry (Gorovsky et al.,, 1973; Wang et al,
2017). This is orders of magnitude higher than in most other
eukaryotes. In Tetrahymena, 6mA is only present in the
transcriptionally-active MAC and is absent in the inert MIC
(Gorovsky et al., 1973; Wang et al., 2017), indicating its
correlation with gene expression (see below) (Harrison et al.,
1986; Harrison and Karrer, 1985; Wang et al., 2017). The
6mA level in the MAC is relatively stable during different
stages of the asexual division (Gorovsky et al., 1973; Wang
etal., 2017), suggesting that maintenance methylation occurs
quickly and efficiently after DNA replication. During con-
jugation, the new MAC differentiated from the 6mA-free
zygotic MIC (Martindale et al., 1982), which necessitates the
occurrence of de novo methylation.

Most 6mA (>90%) are located in the sequence of 5'-AT-3’,
approximately 3% of which are in 5'-GATC-3" (Gorovsky et
al., 1973; Wang et al., 2017), suggesting that primary DNA
sequences per se provide necessary information to locate
6mA. However, given that the Tetrahymena MAC genome is
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highly AT-rich (~75% A and T, ~39% AT dinucleotides)
(Sheng et al., 2020), one 6mA per 165 bp DNA (corre-
sponding to 0.8% 6mA level) indicates that other factors
beyond sequence are also required for 6mA distribution
(Karrer and VanNuland, 2002). Indeed, the genome-wide
analysis revealed a preferential localization of 6mA in the
linker DNA region, which is flanked by the well-positioned
and/or nucleosome containing histone variant H2A.Z (Wang
et al., 2017). Meanwhile, 6mA shares a similar distribution
pattern to that of the histone variant H2A.Z, toward the 5’ end
of the gene body (Wang et al., 2017). Oxytricha 6mA is also
located in the consensus sequence of 5'-AT-3" in linker DNA
regions at the 5’ end of the gene body (Beh et al., 2019).
Together, these results suggest that 6mA is an integral part of
the chromatin environment.

Correlation of 6mA and transcription

The correlation of 6mA with transcription is intensively
studied, inspired by the well-established SmC regulation on
gene expression (Bird, 2002). In Tetrahymena, 6mA is ex-
clusively present in the transcriptionally-active MAC (Gor-

ovsky et al., 1973; Wang et al., 2017); thus, 6mA was
proposed to be required for gene expression. Several lines of
evidence support this, such as that 6mA is preferentially
associated with RNA Polymerase II (Pol II)-transcribed
genes, accumulated downstream of transcription start sites
(TSS) and strongly correlated with two transcription acti-
vation marks (H3K4 methylation and H2A.Z) (Guillemette
et al., 2005; Stargell et al., 1993; Strahl et al., 1999; Wang et
al., 2019; Wang et al., 2017). The similar distribution pattern
between 6mA and the two marks also suggests that 6mA
methyltransferases (MTases) are likely to be recruited to the
promoter region, in a similar way to H3K4 methyltransferase
and ATP-dependent chromatin remodelers responsible for
the removal and incorporation of H2A.Z (Billon and Coté,
2012; Okitsu et al., 2010). During conjugation, however, in
the meiotic MIC and early developing MAC, both of which
feature strong transcription activities (Chalker and Yao,
2001), 6mA is either absent or initiates after the onset of
transcription (Chicoine and Allis, 1986; Harrison and Karrer,
1985; Wang et al., 2017). Moreover, 6mA levels are only
weakly correlated with transcription levels in the MAC.
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There are a number of highly expressed genes with low 6mA
levels and many minimally expressed genes with high 6mA
levels (Wang et al., 2017). It should also be noted that unlike
metazoan 6mA (Greer et al., 2015; Hao et al., 2020; Xie et
al., 2018; Yao et al., 2017; Zhang et al., 2015a), Tetrahymena
6mA is not enriched on genes of a specific pathway (Wang et
al., 2019; Wang et al., 2017). Given that >90% Tetrahymena
genes are decorated with 6mA (Wang et al., 2019), 6mA in
unicellular eukaryotes may not have evolved to regulate
specific pathways. A likely scenario is that 6mA fine-tunes
Pol 1II transcription as an integral part of the chromatin en-
vironment.

6mA methyltransferase in ciliates

The identity of MTase in Tetrahymena has been a mystery for
more than 40 years (Gorovsky et al., 1973; Harrison et al.,
1986; Hattman et al., 1978). Recent studies identified AMT1
(adenine methyltransferase 1, referred to as MTA1 in Beh et
al., 2019) as the major MTase in Tetrahymena (Wang et al.,
2019). This breakthrough was largely facilitated by com-
prehensive phylogenomic analyses that predicted seven-
candidate 6mA MTases belonging to the MT-A70 family,
which was evolved from the bacterial M.Munl- like DNA
6mA MTase (Iyer et al., 2011; Iyer et al., 2016). AMT]I
represents a distinct and uncharacterized subclade (Beh et al.,
2019; Wang et al., 2019), generally found in protists and
basal fungi, featuring ApT hyper-methylation associated
with transcription of Pol II-transcribed genes (Wang et al.,
2019). In strong contrast, in animals, plants, and true fungi
that are using METTL4 orthologs—a different subclade of
the eukaryotic MT-A70 family—as their 6mA methyl-
transferases (Iyer et al., 2011; Iyer et al., 2016), 6mA levels
are usually much lower than unicellular eukaryotes and their
6mA are not associated with ApT dinucleotides and Pol II
transcription (Wang et al., 2019). This dichotomy of 6mA
functions and cognate MTases may have implications in
eukaryotic diversification. AMT7 (referred to as MAT9B in
Beh et al., 2019), which mirrored the distribution of AMT1
in early-branching eukaryotes, was identified as an AMT1-
associated partner required for its catalytic activity. AMT2
(referred to as TAMT1) was also reported to regulate 6mA
levels (Luo et al., 2018), but this result was not corroborated
by later findings (Wang et al., 2019).

AMTI depletion significantly reduced 6mA level in the
MAC of the vegetative cells and in the new developing MAC
of the conjugating cells, strongly arguing that 6mA levels in
Tetrahymena are mainly dependent on AMT]1 throughout its
life cycle (Wang et al., 2019). In particular, symmetrically
methylated 6mA (methylated on both strands in the ApT
nucleotides) was almost abolished, leaving an even dis-
tribution of 6mA on four types of ApN dinucleotides, in-
dicating that AMT1 is specifically required for symmetric
6mA. AMT1-catalyzed 6mA is required for cell growth and
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development; AAMTI cells took longer to duplicate, moved
slower, and contained an abnormally large contractile; con-
jugating AAMTI cells could barely enter the anlagen stage
and produced very few viable progenies. These severe phe-
notypes could be attributable to the dramatic change of
transcription profile upon AMT] deletion. In particular, re-
duced expression of RAB46, which encodes a Rab family
GTPase involved in membrane trafficking, could partially
account for the large vacuole phenotype in AAMTI cells.
Similarly, loss of function of AMT]1 (referred to as MTA1 in
Beh et al., 2019) in Oxytricha resulted in a genome-wide loss
of 6mA, particularly abolished the dimethylated ApT motif,
and caused complete lethality in the sexual cycle (Beh et al.,
2019).

Correlation of 6mA and nucleosomes

The correlation between 6mA and nucleosomes is a typical
“chicken or egg” paradox. On the one hand, 6mA and nu-
cleosomes could act as barriers for each other. It was reported
that 6mA disfavors nucleosome occupancy, by comparing in
vitro nucleosome occupancy on identical DNA sequences in
Tetrahymena, with or without 6mA (Luo et al., 2018). This
may be attributed to the intrinsic structural rigidity of DNA
containing 6mA, which hinders its wrapping around the
histone octamer (Luo et al., 2018; Ngo et al., 2016). Mean-
while, 6mA is preferentially located in linker DNA regions,
and levels of 6mA are higher when 6mA sites are farther
away from the nucleosome dyads (Wang et al., 2017), pos-
sibly due to the steric hindrance of 6mA MTases by nu-
cleosomes. On the other hand, 6mA and nucleosomes could
reinforce each other. Tetrahymena genes with 6mA showed
more orderly nucleosome arrays than genes without 6mA
(Luo et al., 2018; Wang et al., 2017; Cheng et al., 2019); a
similar trend was revealed in Oxytricha (Beh et al., 2019),
Chlamydomonas (Fu et al., 2015) and rice Oryza (Zhou et al.,
2018). Meanwhile, in vitro nucleosome assembly using
Tetrahymena genomic DNA with 6mA can recapitulate the in
vivo nucleosome array downstream of TSS, more so than
using unmethylated DNA (Beh et al., 2019). In the AAMT]
cells, in which the 6mA level was dramatically reduced, the
nucleosome positioning degree was significantly lower
(Wang et al., 2019), strongly arguing that 6mA could pro-
mote nucleosome positioning. A positive feedback loop is
likely to exist between 6mA and nucleosomes, in order to
maintain the chromatin landscape.

Perspectives

Investigating the basal eukaryotic ciliate system has made
great contributions to the understanding of 6mA function and
regulation. Several questions still need systematic in-
vestigations for ciliate 6mA in the future: (i) are there other
MTases that deposit asymmetric and/or non-ApT 6mA, and
how do they function in coordination with AMT1? (ii) What
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are the roles of partners of AMT1, such as AMT?7, pl, and p2
(Beh et al., 2019), and are there other components required?
(i) Are members of AlkB family involved in the de-
methylation of 6mA? If not, what are the 6mA demethy-
lases? (iv) What is the reader(s) of 6mA? (v) How is the 6mA
pattern transmitted to the next generation? (vi) How does
6mA interact with other histone modifications, in particular
H3K4 methylation? (vii) What is the division of labor for
distinct MTases and demethylases during different devel-
opmental stages? Studies in ciliates will help to further es-
tablish 6mA as a physiologically relevant epigenetic marker.

Developmental evolution

Notochord tubulogenic, a novel type of biological tube
formation in the ascidians (Figure 3)

Urochordates (tunicates), cephalochordates (lancelets or
amphioxus), and vertebrates constitute the chordate phylum.
These subphyla share four anatomical features, namely no-
tochord, a dorsal hollow neural tube, somites, and a postanal
tail (Satoh, 2008; Satoh, 2009). Among the chordates, ce-
phalochordates are thought to be the most basal, while tu-
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nicates are the group most closely related to vertebrates
(Bourlat et al., 2006; Delsuc et al., 2006; Holland et al.,
2008). Marine ascidians, one of three main tunicate groups,
have been used for more than 100 years as a model organism
to study embryogenesis. They are also ideal models to un-
derstand the mechanisms of morphogenesis because of their
evolutionary position, and characteristics such as the trans-
parency of eggs and embryos, a simple body plan, a char-
acterized larval cell lineage, and mosaic development (Lv et
al., 2019). In the past decade, new approaches allowed de-
velopmental biologists to use ascidian species such as Ciona
robusta, C. savignyi, and Phallusia mammillata to address
the basic questions of embryogenesis, evolutionary devel-
opmental biology, and cell biology. New approaches and
technologies include: genomic and single-cell sequencing
(Dehal et al., 2002; Cao et al., 2019), TALEN- and CRISPR/
Cas9-based gene-editing tool development (Stolfi et al.,
2014; Treen et al., 2014), supra-resolution time-lapse ima-
ging (Sladitschek et al., 2020), and application of biophysical
modeling (Hashimoto et al., 2015; Lu et al., 2020). Using
marine ascidian models, exciting findings and new knowl-
edge was obtained recently, such as discovery of neural crest
like cells in invertebrates (Abitua et al., 2012; Stolfi et al.,
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2015).

Tubulogenesis in the ascidian notochord

Biological tubes such as the gut, the pancreatic duct, the
lung, the kidney, the vascular and lymphatic system, are
fundamental structures of internal organs in animals, playing
essential roles in metabolism and homeostasis. The biolo-
gical tubes consist of polarized epithelial or endothelial
tubes, and many of them undergo branching morphogenesis.
Tubulogenesis, formation of these of tubes, involves a series
of cellular processes and distinct molecular mechanisms,
which have been reviewed in previous publications (Lu-
barsky and Krasnow, 2003; Baer et al., 2009). Recently,
mechanical forces are also demonstrated to be involved ac-
tively in tubulogenesis (Iruela-Arispe and Beitel, 2013;
Luschnig and Uv, 2014; Hayashi and Dong, 2017; Dumortier
et al., 2019). Dysfunction of biological tubes causes severe
diseases in human. Therefore, the study of the cellular and
developmental mechanisms of tubulogenesis is essential for
our understanding of a number of biological tube-related
human diseases. Several model systems have already been
established for tubulogenesis studies, such as MDCK cell-
based induced tube, the zebrafish vascular system, the Dro-
sophila tracheal system, and the Caenorhabditis elegans
secretion organ.

The notochord is an ideal organ system to study cell bio-
logical processes, for example, the regulation and control of
cell shape (Lu et al., 2019), and establishment and main-
tenance of cell polarity (Peng et al., 2020b). Recently, the
notochord was found to form a tubular structure via a novel
cellular process (Dong et al., 2009), which provides an ex-
cellent model to study molecular mechanisms and geometry
control of the biological tube. Here, we will review our
current understanding of cellular processes and the under-
lying molecular mechanisms that govern notochord cell
shape change, extracellular lumen emergence and coales-
cence, and cell-cell junction remodeling.

Cellular steps for notochord tube formation

The notochord is a characteristic rod-like midline organ in
chordate embryos that supports the body structure and pro-
duces positioning signaling for surrounding organs (Corallo
et al., 2015; Stemple, 2005). For example, the notochord
only exists in the tail part of swimming larvae and disappears
after metamorphosis in urochordates such as ascidians
(Cloney, 1982; Matsunobu and Sasakura, 2015). In the de-
velopment of ascidian Ciona embryos, notochord cells are
found to secrete the extracellular matrix (ECM) into the
space between two adjacent cells, forming the extracellular
lumen for cavitation. The separated pocket lumens then ex-
pand and join together, forming a single lumen. Thus, the
notochord forms a tubular structure. The cellular processes
of notochord tube formation are unique and distinct from
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previously reported ones (Dong et al., 2009; Ettensohn,
2013). There are three main phases of notochord tube for-
mation: (i) initiation of apical domain and establishment of
apical-basal (AB) polarity, (ii) lumen expansion, and (iii) bi-
directional migration and junction remodeling.

Ascidian notochord is composed of 40 cells from the A and
B lineages driven by the T-box family gene brachyury. At the
end of cell division, these 40 notochord cells invaginate,
medially intercalate, and then converge and extend along the
anterior-posterior (AP) axis, forming a single-cell-diameter-
wide line. Next, an actomyosin contractile ring appears at the
anterior edge of notochord cells, and drives further elonga-
tion of notochord (Dong et al., 2011; Sehring et al., 2015).
When AP length of one notochord cell reaches the diameter
of the cylinder disc, a lumen appears between two adjacent
cells. A new apical domain emerges in the notochord cells.
Thus, notochord cells experience a typical mesenchymal-
epithelial transition (Dong et al., 2009). De novo formation
of new apical domain means the establishment of AB po-
larity in notochord cells. The Par3-Par6-aPKC polarity
complex initially appears at the center of two opposite lateral
domains of the notochord cell. Loss-of-function of Par3
causes the failure of apical domain formation, indicating the
requirement of this signaling pathway for the establishment
of AB polarity (Denker et al., 2013). As a result of apical
membrane formation, diffusible ECM is secreted into this
surface area (Wei et al., 2017). ZO-1, as an important com-
ponent of the tight junction, co-localizes and interacts with
the Par3-Par6-aPKC polarity complex, to avoid leaking of
the lumen (Denker et al., 2013). Another interesting point is
that each Ciona notochord cell has two apical domains, al-
though they eventually merge into one.

The lumen expands continually after the establishment of
AB polarity. Expansion of lumen space requires at least three
cellular processes: membrane biogenesis, filling of the lumen
with liquid, and remodeling of cell cell junctions. Trafficking
and fusion of vesicles is one of mechanisms of membrane
growth mechanism. Based on meticulous measurements, it
has been reported that the amount of liquid through vesicle
fusion is not sufficient to fill the newly increased membrane
space. This indicates that liquid must be added into the lumen
space through additional mechanisms. Osmotic pressure and
ion transporters are potential mechanisms to regulate lumen
size (Datta et al.,, 2011). In the notochord, lumen shape
changes during expansion (Denker et al., 2015), indicating
that the membrane biogenesis and addition of liquid are two
separate regulatory processes. It is been known that AB
polarity and vesicle trafficking are required for apical
membrane biogenesis and ECM secretion in Ciona no-
tochord tubulogenesis (Mizotani et al., 2018; Bhattachan et
al., 2020). SLC26aa is a transmembrane ion transporter
protein, located at the apical membrane to control the os-
motic pressure in the lumen cavity (Deng et al., 2013). Ac-
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tomyosin forms disc structures in the lateral domains and has
been demonstrated to regulate apical membrane tension re-
quired for expansion during notochord lumen expansion
(Denker et al., 2015). Using electron microscopy, apical lu-
men was observed to present with a relatively lower density,
indicating the diffusible property of lumen matrix compo-
nents (Wei et al., 2017). However, none of the ECM com-
ponents have been identified in the Ciona notochord.
Caveolin is a structure transmembrane protein found speci-
fically in the apical membrane in the notochord cells. It has
showed the ability to induce the curvature at the plasma
membrane, forming vertebrate-like caveolae structures. Ca-
veolin-GFP vesicles traffic to the apical domains. Disruption
of its function leads to failure of lumen formation and ex-
pansion (Bhattachan et al., 2020). The invaginated curvature
structures therefore provide redundant membrane and are
assumed to serve as the mechanosensor to respond to tension
in the apical membrane. The regulatory feedback mechanism
seems to be essential for notochord lumen expansion.

Following the development of the notochord lumen, the
apical membrane surface areas increase, along with the de-
crease of the lateral domains. During this process, pocket
lumens grow. At a certain time point, after the pocket lumens
reach the largest volume, notochord cells become motile and
extend bi-directionally on the notochord sheath at leading
edges. Meanwhile, the opposite edges retract. Thus, each
notochord cell has two leading edges and two trailing edges.
The two trailing edges will eventually meet and thus two
apical domains will join together and merge into one single
apical domain. At the merging site, the two leading edges
from anterior and posterior neighbor cells, respectively, meet
and form new cell-cell junctions. The neighbor cells show
opposite migration behaviors. As a consequence, the co-
ordinated collective migration leads to the fusion of adjacent
luminal pockets, forming a single lumen in the notochord. In
this process, the notochord cell shape and cell-cell junction
undergos striking remodeling, reversing the initial inter-
calation phase. It is therefore termed as “reverse intercala-
tion”. Thus, notochord cells experience dramatic cell
rearrangement, but the underlying molecular mechanism for
this process is still unknown. It has been shown that the
microtubule might be involved in the regulatory process.
After disruption of microtubule polymerization, the migra-
tion behaviors of notochord cells become inconsistent and
the lumen fails to fuse (Dong et al., 2011).

The challenging questions in notochord tubulogenesis

Ascidian notochord develops into hydrostatic skeleton for
larval swimming via luminogenesis. It is worth noting that
not all ascidians develop a luminal notochord (Jiang and
Smith, 2007). In addition, in other chordates the notochord
develops into hydrostatic skeleton via formation of in-
tracellular vacuoles (Jiang and Smith, 2007). Thus, from the
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evolutionary perspective, formation of extracellular lumen in
the notochord is not conserved. On the other hand, the type of
Ciona notochord tube formation occurs not only in ascidians.
Recent studies have shown that the similar processes are also
present in vascular anastomosis (Herwig et al., 2011) and gut
tube formation in zebrafish (Alvers et al., 2014), suggesting
that it is a universally novel type of biological tube forma-
tion. As an intriguing model for biological tube formation,
several questions remain to be resolved.

First, how is the initial apical domain position determined?
As we discussed before, Par3-Par6- aPKC complex localizes
at this position before lumen opening. However, the up-
stream signaling that induces the localization of this complex
remains a mystery. Recent studies showed that centrosome
(Feldman and Priess, 2012) and Rho signaling pathway
components (Schmidt et al., 2018) could be involved in this
process. Elucidation of their roles in notochord cells might
provide cues to reveal how AB polarity is initially induced.

Second, what is the mechanical mechanism that drives the
lumen expansion? During notochord development, ECM
components are secreted, forming the extracellular lumen at
the anterior and posterior edges of notochord cells. Growth
and expansion of the lumen is essential for lumen coales-
cence. Osmotic pressure is thought to be the main force,
which needs to be highly coordinated with actomyosin ac-
tivity and junction remodeling. Among the potential up-
stream signaling pathways to regulate this process, Rho
signaling is a promising candidate and awaits to be verified
in the future.

Third, how are the collective migration behaviors in no-
tochord cells coordinated? During notochord tube formation,
there are several lumen coalescence regions from the anterior
to the posterior axis, and the appearance of the earliest
connected lumen region seems to be random, suggesting that
the upstream regulatory factors might not be gradient sig-
naling. Mechanical signaling could be a possible mechanism,
which is transmitted through cell-cell contact within a short
range, and guides lumen coalescence. It will be intriguing to
experimentally verify these self-organized mechanisms for
organogenesis in future studies.

Cilia and ciliopathies, what can we learn from zebrafish?
(Figure 4)

Cilia are microtubule-based, evolutionary conserved orga-
nelles present in various phyla ranging from protozoa to
vertebrates. Cilia can be classified as motile and primary
cilia. The motile cilia are essential for the swimming of
single-celled animals, as well as directing fluid flow over the
cell surface in multicellular cell organisms. Primary cilia
function as cell antennae to receive extracellular signals,
which are essential for cell proliferation, differentiation and
migration (Ishikawa and Marshall, 2011). According to the
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structure and position, cilia can be divided into a basal body,
transition zone, and axonemal region. Generally, motile cilia
contain nine peripheral doublet microtubules and a central
pair of singlet microtubules, i.e., the “9+2” configuration.
The central pair of microtubules is absent in primary cilia,
forming “9+0” configuration (Song et al., 2016).

The morphology of cilia can be highly diverse in different
organisms. In the nematode Caenorhabditis elegans, for
example, cilia display morphologically different shapes, in-
cluding rod-type, wing-like, and branched. In the marine
ciliate Euplotes vannus, the cilia are specialized as an adoral
zone of membranelles (membrane-like, around the cell
mouth, or cytostome, to obtain food) and cirrus/cirri (tuft-
shaped organelles formed by bundles of cilia that have a
locomotion function). In vertebrates, the cone- or rod-shape
outer segments of photoreceptors are sensory cilia that are
essential for converting light stimuli into neurological re-
sponses. Interestingly, albeit with very diverse morphology,
cilia preserve highly conserved structural components. In
addition, the signaling pathways regulating ciliogenesis are
similar among different species. For example, ZMYND10
and C210RF59, two ciliary dynein assembly proteins, reg-
ulate cilia motility in Euplotes vannus, zebrafish and human.

Defects in ciliary structure and/or function have been
linked to a wide range of human diseases, known as cilio-
pathies. Cilia are present almost in every cell of the human
body, so it is not surprising that dysfunction of cilia will
affect nearly all the vital organs. Currently, more than 35
ciliopathies have been classified, including primary ciliary
dyskinesia (PCD), also known as immobile cilia syndrome,
polycystic kidney disease, Bardet-Biedl syndrome and ret-
inal degeneration disease, affecting more than 12 million
people worldwide (Hildebrandt et al., 2011). Till now, ap-
proximately 200 genes have been acknowledged to cause
ciliopathies. The pathogenesis of genes involved in cilio-
pathies is quite complex, not only because of the diversity of
pathogenic genes, but also the complexity of the regulatory
signaling pathways (Reiter and Leroux, 2017). Exploring the
roles of these ciliary genes in different model systems will
help us decipher the pathogenicity of genes involved in hu-
man ciliopathies.

Over the last decades, zebrafish has become a classic
vertebrate model to study human diseases, due to its trans-
parent embryos and rapid development. More than 72% of
human genes have at least one distinct homologous gene in
the zebrafish genome, and orthologs of over 82% of human
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disease causative genes have been identified in zebrafish
(Amores et al., 1998; Howe et al., 2013). Cilia develop in
nearly all in zebrafish cell types, and can be observed
through either transgenic live imaging or immuno-
fluorescence analysis (Song et al., 2016). The external de-
velopment of zebrafish embryos also makes it easy to
characterize organogenesis defects for modeling human ci-
liopathies. For example, cystic kidney develops consistently
in the glomeruli and the proximal tubules region in ciliary
mutants and morphants (embryos injected with morpholino
antisense oligos) (Zhao and Malicki, 2007). Organogenesis
defects in many human ciliopathies can be mimicked in
zebrafish, including cystic kidney, photoreceptor degenera-
tion, hydrocephalus and laterality defects (Song et al., 2016).
The most apparent feature of zebrafish ciliary mutants is
the presence of a ventral curly body axis. In wild-type zeb-
rafish embryos, as well as the embryos of many other ver-
tebrate species, the body axis is initially curved ventrally
around the yolk, then gradually straightening out and finally
forming a straight, longitudinal body axis. In contrast, zeb-
rafish cilia mutants develop a ventral body axis, while the
elongation of the trunk process normally. The severity of
body axis defects varies among ciliary mutants. Mutation of
the zmynd10 gene, one of the human PCD causative genes,
results in severe body axis defects in zebrafish. Surprisingly,
the body curvature is rather minor in both kif3a and ift88
mutants, two essential genes required for ciliogenesis (Feng
et al., 2017; Tsujikawa and Malicki, 2004). Maternal con-
tributions of Kif3a and Ift88 proteins, inherited from the
oocytes, maybe the main reason accounting for such differ-
ences. In ciliary mutants, body axis defects become apparent
from 28 h post fertilization (hpf), when the maternal proteins
are still present in the embryos and may partially compensate
for the loss of zygotic proteins. In fact, most cilia are still
present in kif3a and ift88 mutants at 24 hpf. In contrast, body
axis defects are evident in MZift88 mutants, which lack both
maternal and zygotic proteins (Huang and Schier, 2009).
Cilia regulate body axis straightening at larval stages but
are also essential for the maintenance of a straight body axis
during later development. Overexpression of wild-type
mRNA in mutants with ciliary motility defects, can rescue
early embryonic lethality, while mutants still developed a
late-onset spinal curvature (Grimes et al., 2016). Surpris-
ingly, the spinal curvature in these ciliary mutants closely
resembles human Idiopathic scoliosis (IS), one of the most
common spinal diseases (Grimes et al., 2016). In IS patients,
instead of growing straight, the spine develops into an
elongated “S” or “C” shape and their bones are twisted or
rotated, which affect the position of internal organs, gait
changes and respiratory functions. IS is by far the most
common type of scoliosis appearing in later childhood and
adolescence, and is also called Adolescent Idiopathic Sco-
liosis (Weinstein, 2019). Currently, the etiology of the de-
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velopment of scoliosis remains largely unknown. The lack of
appropriate animal models to mimic these diseases is one of
the main reasons for our delayed understanding of the me-
chanisms underlying scoliosis. Human beings have an up-
right posture and a bipedal ambulation, which differ
considerably with popular lab animal models. For example,
mice are quadrupedal mammals, and the direction of gravity
is perpendicular to the AP axis of the spine, which is dif-
ferent from humans. It has been proposed that the upright
posture will incur natural biomechanical strains on the hu-
man spine, which may contribute to the formation of sco-
liosis (Boswell and Ciruna, 2017; Fadzan and Bettany-
Saltikov, 2017). The quadrupedal posture in mouse might
compensate the imbalance defects caused by abnormal bio-
mechanical forces imposed on the vertebrae, making it dif-
ficult to mimic human scoliosis in mice. In contrast, spine
curvature is a common morphological deformity in teleost
fish. The architecture and structure of the spine is well
conserved between fish and humans (Boswell and Ciruna,
2017). Similar to human, the spine of teleost fish may also be
susceptible to mechanical forces generated by swimming.
Actually, scoliosis and kyphosis are common in zebrafish
both in natural and genetic mutants, making zebrafish a
preferable model for studying scoliosis compared to tradi-
tional quadrupedal models.

Based on the work on zebrafish, several recent studies
have linked cilia-driven cerebrospinal fluid (CSF) flow to the
etiology of IS. CSF is a colorless, nutrient-rich fluid in the
brain ventricles and neural tube, essential for embryonic
development and homeostasis of the central nervous system.
Cilia are widely distributed in the brain ventricles and spinal
canal, where forces are generated through beating of these
motile cilia, to drive CSF flow. Removal of CSF by manually
draining the fluid from early embryos led to curly body axis
phenotype, suggesting that CSF is involved in the regulation
of body axis straightening (Zhang et al., 2018). Abnormal
ciliogenesis in the brain ventricles causes CSF flow defects,
which further affect downstream signaling and finally lead to
scoliosis during late development (Grimes et al., 2016).

The role of CSF underlying scoliosis remains to be elu-
cidated. Recently, we compared body axis development be-
tween zmynd10, kif3a and ift88 mutants, and found that the
severity of body curvature defects is causally linked to the
flow rate of CSF (Zhang et al., 2018). Through RNA-Seq
transcriptome analysis, we identified urp/ and urp2, which
encode two urotensin neuropeptides that are substantially
downregulated in ciliary mutants. Overexpression of these
genes rescued ventral bending defects in ciliary mutants,
suggesting a critical role of urotensin neuropeptides during
body axis development. Importantly, both urp/ and urp2 are
expressed in a special type of neurons, CSF-contacting
neurons (CSF-cNs), which are present along the entire cen-
tral canal. CSF-cN are atypical spinal sensory neurons with a
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unique morphology. The apical extension of each CSF-cNs is
composed of a single motile cilium surrounded by actin-
based protrusions that can contact CSF directly (Desban et
al., 2019). Such protrusions help CSF-cNs to detect me-
chanical stimuli associated with CSF flow. Other develop-
ment cues, including pH and osmolarity, can also be sensed
by these neurons (Jalalvand et al., 2016).

Through small molecule compound screening, we identi-
fied CSF epinephrine as one of the key signals that can be
sensed by CSF-cNs. Mechanically, CSF adrenergic signals
activate CSF-cNs through binding to the B-adrenergic re-
ceptors, Adrbl and Adrb2b, which further initiate down-
stream signals through the cAMP pathway and activate the
expression of urotensin neuropeptides (Wang et al., 2020b).
CSF-cNs develop long anterior extended axons with multiple
dorsal projected branches during development of zebrafish
larvae. This morphology is closely related to the role of CSF-
cNs during embryonic development: they are involved in the
postural control during locomotion of zebrafish larvae
through interacting with motor and sensory interneurons. It is
currently still unknown how urotensins are secreted from
these neurons. In contrast, urotensin receptors are specifi-
cally expressed in the dorsal muscle fiber cells, suggesting
that these neurons can regulate muscle fiber contraction di-
rectly (Zhang et al., 2018).

Altogether, CSF flow driven by spinal canal motile cilia
transfers the adrenergic signals down to the CSF-cNs and
activates the expression of urotensin neuropeptides. These
stimulate the contraction of muscle fibers and trigger the
ventral curve of the trunk to gradually straighten out. Sur-
prisingly, malfunction of the urotensin receptor results in
strong scoliosis during later development, suggesting that
this signal pathway is also crucial for the maintenance of a
straight body axis. The high prevalence of scoliosis in people
with Parkinson’s disease, characterized by the gradual loss of
dopaminergic neurons, further suggests the essentials roles
of adrenergic signals during scoliosis (Doherty et al., 2011).
Considering that urotensin receptor is specifically expressed
in the muscle fiber cells, it is possible that neuromuscular
defects may also get involved in scoliosis. In line with this,
neuroinflammatory signals are highly activated in zebrafish
ptk7 scoliosis mutants, and prevention of the inflammation in
the central nervous system can partially reduce the severity
of scoliosis (Van Gennip et al., 2018).

Reissner fiber (RF) is a filamentous structure extending
caudally from the brain ventricles to the central canal of the
spinal cord. It forms by aggregation of a glycoprotein called
SCO-spondin (Sspo). Zebrafish sspo mutants develop strong
scoliosis (Rose et al., 2020). Oscillation of motile cilia drives
the smooth flow of CSF to help maintain a normal diameter
and internal pressure of the central canal, which is essential
for the assembly of RF (Orts-Del’Immagine et al., 2020).
The RF can regulate the transmission of the CSF adrenergic
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signals to the CSF-cNs (Caprile et al., 2003), thus affecting
the expression of downstream neuropeptides.

In summary, zebrafish provides an ideal model to study
human ciliopathies, especially for IS. Compared with the
quadrupedal mouse model, zebrafish has inherent ad-
vantages in modeling scoliosis. Recent studies provide new
insight in the pathogenesis of the disease. Further analysis
using zebrafish will definitely help us understand the bio-
logical processes underlying spinal curve formation in IS
patients.

Cellular dynamics and morphogenesis: lessons from
Drosophila (Figure 5)

Drosophila melanogaster is one of the most successful
model organisms. The fast generation time, easy lab main-
tenance with low cost, and relatively simple genome of
Drosophila enabled decades of genetic screens to identify
many of the key genes involved in tissue architecture for-
mation and maintenance, pattern formation, and organo-
genesis. The convenience of using Drosophila to answer the
fundamental biological questions attracted many researchers,
which led the further development of genetic tools and re-
sources for Drosophila.

In addition to the advanced genetic tools, another feature
highlighting the experimental tractability of Drosophila
embryos is their amenability to live imaging and non-in-
vasive optical interference. Selective-plane illumination
microscopy allows rapid and complete imaging of live em-
bryos, and reliable tracking of nuclear and cell movements
during development (Krzic et al., 2012). High-speed imaging
makes it feasible to uncover the cellular dynamics at second
and sub-second scale (Mann et al., 2019; Winkler et al.,
2015). Optogenetic and optochemical tools have been suc-
cessfully implemented. Application of optogenetic methods
modulating the Rho signaling pathway (Izquierdo et al.,
2018) can trigger local inhibition or activation of apical
constriction in a group of cells. Alternatively, contractility in
single-cell resolution was achieved with the optical-chemical
approach of Ca™" uncaging (Kong et al., 2019). Meanwhile,
newly developed imaging techniques and image processing
algorithms opened opportunities to address the protein/
mRNA localization and dynamics in living organisms on
nanoscale level (Godin et al., 2014).

Cytoskeletal dynamics during syncytial blastoderm

Drosophila embryogenesis has been studied for nearly half a
century, resulting in a broad understanding of fundamental
biological processes, such as the logic of gene regulation and
cellular behavior during morphogenesis (Sullivan and
Theurkauf, 1995). Nevertheless, the early embryogenesis of
Drosophila melamogaster presents some common features
among insects. The most prominent feature is the early
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Figure S The cellular dynamics in early embryogenesis of Drosophila melanogaster. A and B, Drosophila melanogaster and its life cycle. C, Embry-
ogenesis of Drosophila. D, In toto image of a syncytial blastoderm expressing Histone-GFP. E, Nuclear yo-yo movement. F, F-actin cap structure. G,
Microtubules form an interwoven network in interphase and participate the spindle formation during mitosis. H, Centrosomes fluctuate in prophase. I,
Centrosomes control cortical actin remodelling. J, Membrane material is added by exocytosis during cellularization. K and L, Cellularization in early (K) and
late stage (L). M, Surface of a cellularizing embryo. The cell-cell contact forms regular hexagons. N, The top view of epidermis of an embryo undergoing
gastrulation movement. O—Q, The scan electron microscope (EM) images of Drosophila embryos by courtesy of Flybase. The truck epidermis is masked in
green and amnioserosa is in red. The inserts reveal the dramatic shape change of amnioserosa cells during germband extension (P) and retraction (Q).

embryo developing as a syncytium.

After fertilization, the Drosophila embryo undergoes 13
rounds of nuclear division without cytokinesis in the first two
hours, constituting a syncytium. The nuclei share a common
intracellular space of an ellipsoid with ~500 pm in length
and ~180 um in width. During the first 7 mitotic cycles, the
nuclei divide deep in the center of the embryo. During cycles
8 and 9, most nuclei migrate toward the periphery of the
embryo. The yolk nuclei maintain their positions in the deep
yolk, will become polyploid and undergo apoptosis later in
embryogenesis. After the ninth mitotic cycle, the nuclear
migration is completed, leading to the so-called blastoderm.
The blastoderm embryo undergoes four rounds of nuclear
division (cycles 10-13), giving rise to about 6,000 nuclei
arranged at the cortex of the embryo (Sullivan and Theur-
kauf, 1995).

In the blastoderm, F-actin and microtubules are highly
dynamic and coupled with cell cycle progression. During
interphase, F-actin is organized into caps that reside between
the plasma membrane and the nuclei. Microtubules emitted
from adjacent centrosomes overlap with each other, forming
an interwoven network across the whole embryo. During

mitosis, the actin caps resolve. F-actin is then enriched at the
metaphase furrow that separates adjacent mitotic spindles,
and thus blocks the interaction between neighboring nuclei
mediated by microtubules.

The cyclical reorganization in cycle 10 to 13, accompanied
with the rise and fall of the minuscule interaction of cytos-
keletal components in a minute -scale, leads to the stereo-
typic flow movements of nuclei and cytoplasm following the
nuclear division. The terminal nuclei enter mitosis earlier
than the nuclei in the trunk region, resulting in a propagating
wave across the embryo (Deneke et al., 2016). A stereotypic
nuclear movement is associated with the mitotic wave (Lv et
al., 2020). The unbiased spindle expansion during mitosis is
followed by a directional nuclear flow in the opposite di-
rection of the mitotic wave progression. During the next
interphase, after approximately three minutes, the collective
movement slows down and turns to the original position.
Phenomenologically, this movement has been referred as
“yo-yo”. The underlying mechanism driving this collective
nuclear movement involves an interaction between the mi-
crotubule and the actin cytoskeletons, both of which undergo
large-scale turnover throughout the division cycle. The nu-
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clear movement is less pronounced in the embryo with a
shorter spindle, suggesting that the spindle elongation in
anaphase drives the “yo-yo” movement. (Lv et al., 2020).

Furthermore, as cortical actin undergoes cyclic remodel-
ing, the total amount of F-actin decreases in anaphase, which
probably reduces the cytosolic material stiffness in regions
close to the cortex. As spindle elongation generates isotropic
compressive stress, it leads to larger deformations in regions
where material is probably softer. Following anaphase, nu-
clei are merely displaced as part of a collective material
deformation of the cytoplasm near the cortex. Interestingly,
cortical F-actin steadily increases after reaching the lowest
density in anaphase, probably caused by the maturation of
newly formed centrosomes, which in turn induce F-actin
accumulation. F-actin is involved in restricting nuclear dis-
placement and dampening the movements, since in the mu-
tant embryo with impaired cortical F-actin, the nuclei are
moving farther away, and cannot regain their initial posi-
tions. These measurements indicate that cortical actin likely
acts as a viscoelastic medium, not only to dampen the
movements but also to restore the initial nuclei positions. It
might be an important mechanical property of actin to assure
the effective positional information provided by morpho-
gens. It is likely that the nuclear “yo-yo” movement also
occurs in other insect syncytial embryos. It has been reported
that nuclear division asynchrony was observed in the beetle
Tribolium castaneum, suggesting this might be a conserved
mechanism in insect syncytial embryos.

Cellular blastoderm formation

At the onset of interphase 14, mitosis is blocked for about
1 h. The membrane between adjacent nuclei invaginates and
encircles the single nuclei, forming a columnar epithelium
with an intact cellular structure. This process is called cel-
lularization. The surface area of the plasma membrane in-
creases about 25-fold (Lecuit and Wieschaus, 2000). The
microvilli, that decorate the surface of the embryo before
cellularization, provide membrane for cellularization. Mi-
crovilli are depleted while membrane furrows between ad-
jacent nuclei invaginate, suggesting that microvilli act as a
source of membrane during cellularization. The second
source for cellular membrane is the apical exocytosis. Mu-
tations in membrane traffic and exocytic machinery cause
cellularization defects. Sec5, the exocytic component, is
enriched apically, and Golgi bodies move to the apical cell
surface during cellularization (Roman-Fernandez and Bry-
ant, 2016), suggesting that the membrane materials are added
to the apical cell surface by exocytosis.

Another striking feature during cellularization is that the
membrane differentiates into distinct domains, including
apical, subapical, lateral, and basal. F-actin plays a central
role in the formation of cortical domains during cellular-
ization. When F-actin is depleted genetically or by small
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molecule inhibitors, the boundary between distinct domains
is missing. Recently, excellent reviews have been published
on this topic (Flores-Benitez and Knust, 2016; Schmidt and
Grosshans, 2018).

Amnioserosa tissue undergoes dramatic cell shape change
Following cellularization, the gastrulation starts. The cells
and tissues in different regions show distinct morphogenetic
movements. The single row of cells at the boundary between
head and embryonic trunk (germband) shortens, initiating the
formation of the cephalic furrow (Leptin and Grunewald,
1990). On the ventral side of the embryo, a stripe of cells,
about 18 cells wide and 60 cells long, constitutes the me-
sodermal anlage, and invaginates at the beginning of gas-
trulation (Leptin and Grunewald, 1990). The germband,
located laterally in the embryo, elongates along the AP axis.
Meanwhile, the germband shortens along the dorsal-ventral
axis, and the left-side and right-side germbands join at the
ventral midline, covering the invaginated mesoderm. The
dorsal-most epidermis (about 6 cells wide) that does not
participate in germband extension, develops into the extra-
embryonic amnioserosa (Leptin and Grunewald, 1990). The
amnioserosa anlage cells are specified by the expression of
zerkniillt, which is regulated by the morphogens Dpp and
Dorsal. The amnioserosa anlage is composed of ~200 cells,
which do not enter mitosis, so that the cell number remains
the same. During germband extension, the amnioserosa cells
become extremely elongated, which is mediated by the
growth and reorganization of microtubules (Pope and Harris,
2008). By the end of germband extension, the amnioserosa
cells are 10 times their initial length and 1/5 their original
diameter. To what extent the amnioserosa cell shape change
contributes to the germband extension, is unknown.

After the segments are formed during the extension, the
germband shortens during a process called germband re-
traction. The amnioserosa cells concurrently shorten and
become squamous, with a diameter of 15 um but only 3 pm
in height at the end of germband retraction (Kong et al.,
2019). The amnioserosa is essential for germband retraction.
Mutant embryos with premature amnioserosa apoptosis
display a defective germband retraction. The morphogenetic
movements of germband and amnioserosa tissue are highly
coordinated during germband extension and retraction. How
these two tissues communicate, what triggers the amnioser-
osa cell elongating and shortening, and the transition be-
tween the two reverse behaviors, are largely unknown.

Unlike Drosophila, the extra-embryonic tissue of the red
flour beetle Tribolium castaneum and mosquito Anopheles
gambiae is constituted by two tissues: amnion, and serosa.
The morphogenetic flow, i.e., the overall cellular movement,
during germband extension and retraction represents an
evolutionary diversity in insects.

We gained deep insight in pattern formation during the past
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decades. Nevertheless, we know much less about cell dy-
namic properties and morphogenesis. We expect that the
studies in Drosophila and the embryogenesis other insects
will reveal fundamental principles of how cells and tissues
mechanically interact with each other, and collectively drive
embryo development.

Growth and patterning: molecular insights from Droso-
Dphila wing development (Figure 6)

How a developing organ grows and patterns to its final size
and shape is an important question in developmental biology.
As a classic animal model in genetics, Drosophila melano-
gaster has also contributed a lot to our knowledge of de-
velopmental biology. Particularly, the studies in Drosophila
wing in the past 30 years have provided valuable insights
into our understanding of growth and patterning control.

Overview of Drosophila wing development

The adult wing of the fruit fly Drosophila is derived from the
imaginal primordium, commonly described as “wing ima-
ginal disc”, which is initially specified in the ectoderm of the
embryo and has flattened into a disc shape by the larval
stage. The wing disc grows and patterns during larval de-
velopment. Through ~10-11 rounds of cell division, the cell
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number in a wing disc increases from around 30 in the em-
bryo stage to 30,000-50,000 at the end of the third larval
instar (Matamoro-Vidal et al., 2015). At the pupal stage, the
wing disc goes through dramatic morphogenesis into a fully
formed adult wing. The most visible characteristic of adult
wing are the veins, ectodermal tubular structures, providing
rigidity of the wing and serving as vessels for trachea,
nerves, and hemolymph. The pattern of the veins is highly
stereotyped and specific among species (De Celis and Diaz-
Benjumea, 2003), providing an intriguing model to study
developmental patterning. The well-studied Drosophila
melanogaster adult wing shows a simple pattern with five
longitudinal veins (L1 to L5) and two transverse veins.

The mature wing disc consists of two distinct domains,
according to their developmental fates: the notum and the
wing appendage. At the center of wing appendage domain,
the oval shaped wing pouch will give rise to the adult wing
blade. The ring of cells surrounding the wing pouch will
become the proximal hinge, which develops from the notum
domain of the wing disc and connects the adult wing blade to
the adult thorax. Due to its relatively flat geometry and its
integrity of developmental fate, numerous studies for organ
growth and patterning have concentrated on the wing pouch.
The establishment of the three body-axes (AP; dorsal-ventral
(DV); proximal-distal (PD)) and pre-patterning of five vein

Hh activity ¥

Signalings during wing development D
/
Hinge N\——— Tl — -
Y Y Y
Dpp

Wing growth D-V pattern

Figure 6 The major signaling pathways controlling wing growth and patterns in Drosophila melanogaster. A, A larval wing disc (Aa), the precursor of an
adult wing (Ab), and the EM images of notum bristles (Ac). B, The expression patterns of Hedgehog (Hh) pathway components, including the receptor Ptc
(Ba), activator Smo (Bb), transcription factor Ci (Bc), target gene dpp (Bd), in the larval wing discs, and the adult wing phenotypes caused by the altered Hh
signaling activities (Be and Bf). C, The diagram of Hh signaling pathway in the absence (Ca) or the presence of Hh ligand (Cb). D, Major morphogens and

factors in the larval wing pouch controlling the wing growth and patterns.
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territories have been well characterized within the wing
pouch. Many critical cellular signaling pathways and tran-
scription factors have been demonstrated to regulate these
developmental events.

It has been widely recognized that morphogens pay a
fundamental role in generating tissue and organ patterns.
Morphogens are secreted factors, controlling tissue/organ
patterning in a dose-dependent manner. Several morphogens,
such as Wnt/Wingless (Wg), BMP family member Dec-
apentaplegic (Dpp), and Hedgehog (Hh), precisely define
patterning of Drosophila wing disc, including the generation
of the three axes and pre-patterning of vein territories. In
addition, the non-morphogen molecular signals, such as
Notch and epidermal growth factor receptor (EGFR) signals,
also play critical roles in determining cell fate during wing
development.

Anterior-posterior patterning

The wing pouch can be divided into two distinct compart-
ments, the anterior (A) and posterior (P) compartments,
conferred by the expression of engrailed (en) in the posterior
cells (Basler and Struhl, 1994). The Hh morphogen secreted
from the P compartment and the Dpp morphogen from the
AP boundary, are both required to pattern the wing blade
along the AP axis. They act in coordination with the EGFR
signaling pathway to position and maintain vein territories in
the developing wing.

In the P compartment, Hh protein is produced under the
control of En, a homeo-box containing transcription factor in
Drosophila (Tabata et al., 1992). After secretion, Hh mor-
phogen spreads into the A compartment, forming a con-
centration gradient. In the Hh-receiving cells, the binding of
Hh ligand with the receptor Patched (Ptc) releases the Smo
protein from Ptc inhibition and allows the activation of Smo
protein. The activated Smo triggers a cascade of downstream
signal transduction events. Eventually, the transcription
factor Ci switches on the transcription of target genes, in-
cluding ptc and dpp (Jiang and Hui, 2008; Zhao et al., 2017).
The activation of pzc transcription requires a high threshold
of Hh signaling; therefore, it is expressed in a stripe at the AP
border, where the cells receive the highest level of Hh signal.
The overexpressed Ptc proteins in turn, sequester the Hh
ligand and limit Hh spreading to A cells, thus mediating a
negative feedback loop to restrict the over-activated Hh
signaling. Another target gene, dpp, encodes the BMP family
protein Dpp. Unlike pfc, a medium level of Hh signal is
enough to activate the expression of dpp, which reveals a
similar but wider stripe pattern than pfc in the center of the
wing disc. The wing disc AP boundary is corresponding to
the adult wing area between L3 and L4. Consistently, in-
creasing Hh signaling activity results in expanded space
between L3 and L4 in the adult wing, whereas repressed Hh
signaling can narrow this space and disrupt L3 formation
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(Johnson et al., 1995). Thus, Hh signaling controls the pat-
terning of the central region of the wing, including the vein
L3.

Dpp, a homolog of vertebrate BMP2/4, acts as another
morphogen to control AP patterning in the wing disc (Ha-
maratoglu et al., 2014). The Hh-induced Dpp protein is se-
creted from the central region of the wing disc. It diffuses
toward both A and P compartments, to generate an ap-
proximately symmetrical gradient. In the signal-receiving
cells, Dpp preferentially binds to type I receptor Thickveins
(Tkv), triggering the phosphorylation and activation of Tkv.
Mothers against Dpp (Mad) is then phosphorylated by Tkv.
Together with the Smad4 homolog Medea, the phosphory-
lated Mad (pMad) translocates to the nucleus and regulates
the expressions of target genes. Dpp signaling activity in-
hibits the brinker (brk) expression, resulting in a gradient of
Brk inverse in shape to the Dpp gradient. Brk protein func-
tions as a transcription repressor for Dpp target genes. The
relative levels of Dpp signaling and Brk protein pattern the
expression of target genes such as daughters against dpp
(dad), spalt (sal), and optomotor blind (omb). It has been
noted that the Dpp exerts a long-range effect organizing the
lateral domains flanking the Hh-effective central domain of
the wing pouch (Nellen et al., 1996). In the cells near the AP
boundary, which receive both Hh and Dpp morphogens, Hh
signaling is found to repress Tkv levels (Funakoshi et al.,
2001), implying a possible mechanism by which Hh sig-
naling in these cells is protected from the Dpp signaling
interference (Chen, 2019).

As a consequence of the Dpp/Brk patterning, in brief, vein
L2 is induced at the border of sal expression in the anterior
compartment, and vein L5 is positioned at the border of omb
and brk expressions in the posterior compartment. Actually,
the complex regulatory interactions downstream of Dpp
signaling might precisely position the wing veins. For ex-
ample, the gene knirps is expressed in the presumptive L2
vein of the wing disc. Four Dpp target genes aristaless (al),
two sal genes (spalt major (salm) and spalt-related (salr)),
and optix, encode the transcription factors. A positive input
from Al and negative inputs from Sal and Optix together
restrict the knirps expression to the L2 territory (Martin et al.,
2017). EGFR signaling acts downstream of Hh and Dpp
signaling to establish and maintain the perspective vein do-
mains in an AP pattern (De Celis, 2003).

Dorsal-ventral patterning
In the wing disc, dorsal (D) and ventral (V) compartments
are conferred by the expression of apterous (ap) in dorsal
cells (Diaz-Benjumea and Cohen, 1993). It has been found
that Notch signaling and Wg morphogen play important
roles in controlling the DV patterning in the wing pouch.
Notch signaling plays a fundamental role in governing cell
fate determination (Bray, 2006). Different from the mor-
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phogen signal, Notch signaling is a communication between
two neighboring cells. Once the ligand, located at the signal-
sending cell membrane, binds with the Notch receptor at the
signal-receiving cell membrane, Notch protein is cleaved to
generate the Notch intracellular domain, which in turn
translocates to the nucleus to facilitate the transcription of
target genes. The Notch signaling is active in the DV border
cells, controlling the adult wing margin formation; and in-
ducing the expression of wg at the DV boundary.

At the early larval stage, Wg is expressed broadly in the
wing pouch, to specify the wing appendage fate, while the
EGFR signal specifies the notum fate in the proximal domain
of the disc. Later, Wg expression becomes restricted to two
rows of cells at the DV boundary, regulated by Notch sig-
naling. Wg morphogens spread toward both the D and V
compartments, to activate the expression of target genes such
as senseless and Distal-less (DIl), in a concentration-de-
pendent manner (Neumann and Cohen, 1997). It has been
shown that Wg acts over a distance of up to 11 cell diameters
to induce signaling in the wing disc (Chaudhary et al., 2019).

Proximal-distal patterning

In the wing pouch, the cells are roughly organized in a radial
pattern from the center (distal) toward the periphery (prox-
imal), generating a PD axis. The Vestigial (Vg) transcription
factor and its target gene network control the PD pattern in
the wing disc. Dpp, Notch, and Wg signaling cooperate to
regulate the expression of vg (Klein and Arias, 1998). Two
enhancers, the quadrant enhancer (VgQE) and the boundary
enhancer (VgBE), together drive the expression of vg
throughout the wing pouch. VgBE is active along the DV and
AP boundaries, controlled by Notch and Wg signaling.
VgQE is active in the rest area of the pouch, regulated by
Dpp signaling. Vg interacts with Scalloped (Sd) to form a
transcription factor complex (Halder et al., 1998). Vg in-
duces the expression of four-jointed (fj) and represses the
expression of dachsous (ds) (Cho and Irvine, 2004), there-
fore causing the expression of Fj and Ds as opposing gra-
dients, oriented radially with respect to the pouch. These two
gradients are necessary to localize the atypical myosin Dachs
at the cell junction perpendicular to the direction of Fj-Ds
gradients. The localization of Dachs controls the orientation
of cell division in the pouch, to establish a radial pattern
(Matamoro-Vidal et al., 2015).

Wing growth

It has been suggested that patterning and growth are coupled.
In addition to the patterning roles, the Hh, Dpp, and Wg
morphogens are also playing important roles in promoting
growth (Barrio and Milan, 2020; Jiang and Hui, 2008). They
can increase wing size when overexpressed through a
downstream transcriptional network. In addition to these
intrinsic signals, there are extrinsic factors from other tis-
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sues, regulating wing growth and final size. For example, the
insulin-like signal produced in the brain and the fat body, is
able to promote wing disc growth (Boulan et al., 2015). The
muscle-derived Myoglianin, an Activin/TGF family mem-
ber, has recently been demonstrated to modulate wing size
(Upadhyay et al., 2020).

Wg is clearly required for wing growth, since the wing
fails to grow in the absence of Wg, hence obtaining its name
(Bejsovec, 2018). Wg signaling contributes positively to cell
proliferation. However, around the DV boundary, a high
level of Wg signaling prevents proliferation and promotes
differentiation. Dpp signaling is also important for regulating
the growth of the wing imaginal disc, particularly in the wing
pouch. Ubiquitous Dpp expression results in disc overgrowth
(Schwank et al., 2008), and the loss of Dpp signaling leads to
wing defects (Burke and Basler, 1996). It has been shown
that the cells in the Dpp gradient target field are highly
proliferative, leading to a continuous increase in size of the
wing disc. To fit the growing wing disc size, Dpp and its
activity gradient are adjusted to expand accordingly (Ben-
Zvi et al., 2011; Zhu et al., 2020).

Dpp and Wg signals cooperate to induce and maintain gene
expression that promotes cell survival and proliferation such
as vg. In the central region of the wing pouch, where AP and
DV boundaries intersect, Vg is most highly expressed,
leading to a higher proliferation rate in the center than the
periphery region during early larval stages. This difference
changes the global tensions in the wing pouch, which sti-
mulates proliferation at the periphery and suppresses pro-
liferation at the center. This feedback regulation leads to
homogenous growth throughout the wing pouch at later
stages. Between the pouch and the hinge, there are also
different proliferation rates, which cause cell stretching and
then induce hinge cell division, oriented tangentially to the
hinge/pouch boundary (Matamoro-Vidal et al., 2015).

In summary, in the specified wing pouch, the Hh-Dpp and
the Notch-Wg signal cascades define the AP and DV pattern,
respectively, and collectively form a coordinate system to
pattern the veins and PD orientation. The Hh, Dpp, and Wg
signaling pathways are also required for wing growth and
size control. Importantly, these signaling pathways, identi-
fied and characterized in Drosophila, show conserved
growth and patterning functions during vertebrate appendage
development, especially during limb development. Recently,
much effort has been made to unravel the crosstalk and
downstream transcriptional network of these signaling
pathways. These signaling networks may possess a robust-
ness to guarantee proper tissue patterning and growth in re-
sponse to various genetic and environmental perturbations
(Chaudhary et al., 2019; Lander et al., 2020; Zhang et al.,
2020). In addition to cellular signaling, the roles of me-
chanical stresses during wing growth and patterning are
currently attracting a lot of attention in the field. Even so, the
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mechanisms by which these signals and their networks
construct the complete 3D wing structure, are still poorly
known in detail, and future investigation is needed.

Regenerative evolution

Cardiac regeneration: storytelling from fish, mouse and
more (Figure 7)

Cardiovascular diseases (CVD) have long been the leading
cause of morbidity and mortality worldwide. In China, CVD
is the cause of 40% of deaths in the population and a major
burden on health care resources (Zhao et al., 2019a). In re-
sponse to myocardial infarction (MI) or heart attack, which
results in acute loss of myocardial cells and eventual pro-
gression to heart failure, adult mammals including humans
fail to restore the lost cardiomyocytes (CMs). Instead, they
form scar tissues without a contractile function. In contrast to
adult mammals, certain fish, amphibians and neonatal
mammals can completely regenerate cardiac tissue archi-
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tecture after injury, both structurally and functionally. The
human heart indeed possesses regenerative capacity, al-
though it is constrained. The homeostatic CMs can turnover
at the estimated rate of 1% annually, but this rate drops
progressively to 0.45% from the age of 25 to 75 years old
(Bergmann et al., 2009; Bergmann et al., 2015). This low
renewal rate cannot sufficiently restore the massive loss of
CMs after MI. Therefore, it would behoove us to explore the
natural cardiac regeneration processes and decipher their
intrinsic and extrinsic determinants, in order to develop a
strategy for in vivo reactivating or boosting human heart
regenerative capacity after MI. More and more fascinating
insights into cardiac regeneration have already been offered
from comparative analyses, using well-established model
animals, such as zebrafish, mice, and salamanders; or non-
model organisms, for example, cavefish (Price et al., 2019;
Vivien et al., 2016). Over the last two decades, based on
numerous studies using model and non-model animals, a
tremendous achievement has been reached in elucidating the
evolutionarily conserved cellular and molecular mechanisms
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Figure 7 Cardiac regeneration in model and non-model organisms. A, Vertebrate phylogeny of representative animals with various cardiac regenerative
capacities. From left to right, zebrafish (Danio rerio), medaka (Oyzias latipes), Mexican tetra (or cave blindfish) (Astyanax mexicanus), Xenopus (Xenopus
laevis or Xenopus tropicalis), newt (Notophthalmus viridescens), axolotls (Ambystoma mexicanum), chicken (Gallus gallus), mouse (Mus musculus), pig (Sus
scrofa), human (Homo sapiens). B, Typical approaches for induction of cardiac injury in vertebrate heart regeneration studies. C, Schematic diagrams of
cellular and molecular events during heart regeneration in zebrafish. D, Endocardial Notch signaling is required for cardiomyocytes proliferation and heart
regeneration in adult zebrafish. The immunostainings reveal the cardiomyocytes (MF20; magenta), CM nucleus (Mef2; red), cycling cells (PCNA; green),
and nucleus (DAPI; blue). Histochemical staining with AFOG shows the muscle (brown), fibrin (red) and collagen (blue). E, Regenerated coronary
endothelium derives from preexisting endothelial cells during zebrafish heart regeneration. The arrow indicates coronary vessel. CM, cardiomyocyte; EC,
endocardial cells; dpa, days post-amputation; 4-HT, 4-hydrocytamoxifen. Scale bars: 50 pm.
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on the biological processes of cardiac regeneration.

Zebrafish

Zebrafish (Danio rerio) is a widely used fish model in de-
velopmental biology studies. It holds regenerative capacity
of heart tissues, as well as other adult tissues, such as brain,
spinal cord, kidney, fin, liver, and retinae, during its entire
life. (Marques et al., 2019). A pioneering study demonstrated
that adult zebrafish could fully regenerate an injured heart
following surgical removal of 20% ventricular apex in 30-60
days, without residual scarring (Poss et al., 2002). Since
then, zebrafish has been introduced as an emerging model
organism for the cardiac regeneration field.

Currently, there are three major approaches to induce
myocardial damage in adult zebrafish. The earliest estab-
lished and still most popular model is the surgical method of
apical resection, which amputates around 20% cardiac ven-
tricle by removing the apex part and triggers regeneration
through robust CM proliferation within 30-60 days (Poss et
al., 2002; Raya et al., 2003). Compared with human MI,
apical resection showed no/rarer ischemia-induced cell death
and necrosis along the amputation plane. Only small collagen
depositions were observed in the fiber clot (Poss et al., 2002).
An alternative procedure is cryoinjury, which damages the
cardiac ventricle without removing any tissues, and induces
massive CM death and scar formation within the injured area.
This process highly mimics the mammalian ventricular re-
modeling after MI. However, in contrast to the human heart,
the zebrafish heart gradually resolves fibrotic tissues, and
eventually replaces them with regenerated myocardial cells
(Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel
etal., 2011). Cryoinjury-initiated zebrafish heart regeneration
is much slower than the apical resection model, taking up to
180 days for full recovery (Hein et al., 2015). Another tissue-
specific Cre-loxP-based method involves the genetic ablation
of over 60% of the ventricular CMs without resulting in any
damage to non-CM cells (Wang et al., 2011). Two transgenic
lines were used to perform this tissue-specific ablation: the
cardiomyocyte-specific promoter driver line with the in-
ducible Cre-recombinase, and the conditional line containing
the transgene of cytotoxic diphtheria toxin A (DTA) down-
stream of a JoxP-flanked STOP cassette. Upon the Cre-loxP-
induced removal of the STOP cassette in CM-specific cells,
DTA is expressed, and eventually causes cell death to trigger
the regenerative response in zebrafish hearts (Wang et al.,
2011). All three injury models have been widely used in
cardiac regeneration studies, not only in zebrafish but also in
other organisms.

More and more cellular and molecular events during
zebrafish heart regeneration have been revealed. Similar to
the mammalian heart, the zebrafish heart is composed of
three layers, the inside endocardium, the outmost epi-
cardium, and the middle myocardium. In regenerating hearts,
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the endocardium and epicardium are reactivated, requiring
CM proliferation and coronary revascularization. Epicardial
cells dynamically re-express several developmental genes,
such as finla, raldh2, tbx18, and wtl, and undergo an FGF
signaling-induced epithelial-mesenchymal transition (EMT)
(Gonzélez-Rosa et al., 2011; Kikuchi et al., 2011b; Lepilina
et al., 2006; Schnabel et al., 2011; Wang et al., 2013). Epi-
cardial derived cells have been indicated to regulate and
contribute to vascularization (Kim et al., 2010; Lepilina et
al., 2006; Marin-Juez et al., 2019). They give rise to myo-
fibroblasts and perivascular cells, but not to cardiomyocytes
during cardiac regeneration in zebrafish (Gonzalez-Rosa et
al., 2012; Kikuchi et al., 2011a). Furthermore, genetic de-
pletion of the epicardium after injury leads to inhibition of
CM proliferation and vascularization, and eventually to the
deficit of heart regeneration (Wang et al., 2015). The im-
portance of epicardium in hearts has also been revealed in
other animal models. In the mouse model, epicardial C/EBP
family members regulate the expression of raldh2 and wtl
during heart development and injury (Huang et al., 2012). An
intriguing study has shown that only epicardial, but not
myocardial Fstll, can promote regeneration. Human FSTLI
protein, delivered via a bioengineered epicardial patch, sti-
mulates proliferation of pre-existing CMs and improves
heart function and survival after MI in mice and swine
models (Wei et al., 2015), which implies the therapeutic
target potential of the epicardium.

Similar to the epicardium, the endocardium is also acti-
vated after cardiac injury. In the regenerating heart, the en-
docardial cells rapidly respond to injury by undergoing
dramatical morphological and transcriptional changes,
characterized by a shape-shift from flattened to rounded, and
upregulated and highly dynamical expression of raldh2,
within 24 h after injury. This expression becomes localized
to endocardial cells at the border of the wound area, where
the circulating CMs awake (Kikuchi et al., 2011b). IGF
pathway factor, Igf2b, is induced in the endocardium upon
injury, and is required for CM proliferation (Huang et al.,
2013). As an important developmental signaling pathway,
the Notch pathway is specifically activated in endocardium
and epicardium in response to apical resection or cryoinjury
in zebrafish, required for CM proliferation and heart re-
generation (Miinch et al., 2017; Zhao et al., 2014). En-
docardial Notch signaling attenuates inflammation to
promote CM proliferation, via regulating the expression of
the serpinel gene, which is involved in the endocardium
proliferation and maturation (Miinch et al., 2017). In a fol-
lowing study, our group demonstrated that endocardial-spe-
cific Notch signaling is required for CM proliferation and
heart regeneration. Two Wnt signaling antagonists, Wifl and
Notum1b, were identified to associate with the activation of
endocardial Notch pathway after injury, and then dampening
myocardial Wnt activity to support CM proliferation. This
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study reinforces the importance of cross-talking between
endocardium and myocardium and highlights the molecular
mechanism of Notch and Wnt pathways orchestrating CM
proliferation during zebrafish heart regeneration (Zhao et al.,
2019b).

Unlike mammalian adults, zebrafish can fully restore lost
cardiomyocytes during regeneration. The cellular source of
newly regenerated CMs has been revealed using the Cre-
loxP lineage tracing technology. Pre-existing CMs undergo
dedifferentiation and proliferation in order to generate new
cardiac muscle cells (Jopling et al., 2010; Kikuchi et al.,
2010). Another study indicated that zebrafish larval atrial
CMs undergo trans-differentiation (or reprogramming) to
contribute to the regeneration of the injured ventricle. Here,
endocardial Notch provides an essential contribution in a
non-cell-autonomous manner (Zhang et al., 2013). The
naturally diploid mononuclear CMs in adult zebrafish assign
their proliferative capacity to cardiac regeneration (Gonza-
lez-Rosa et al., 2018). A subset of neural crest (sox/ 0") de-
rived CMs was found to contribute to CM proliferation
following cardiac injury (Sande-Meldn et al., 2019; Tang et
al., 2019). Two recent studies showed that AP-1 and Tbx20
could reactivate embryonic gene programs, to promote CM
dedifferentiation and proliferation after cardiac injury (Bei-
saw et al., 2020; Fang et al., 2020). Several other factors have
been identified to participate in CM proliferation upon car-
diac injury, such as Brgl, Nrgl, PPARSY, vitamin D, and
hemodynamic forces (Galvez-Santisteban et al., 2019;
Gemberling et al., 2015; Han et al., 2019; Magadum et al.,
2017; Xiao et al., 2016).

Mammals

Adult mammals have extremely limited cardiac regenerative
capacity after injury. Consistent with humans, adult mice
also have a low rate of CM renewal (around ~1% per year)
throughout life (Senyo et al., 2013). However, neonatal mice
can fully regenerate cardiac tissues following different injury
types, such as the experimental injury approaches afore-
mentioned in zebrafish studies, and left anterior descending
coronary ligation (LAD ligation). Porrello and colleagues
were the first to demonstrate that following apical resection,
one-day-old neonatal mice possess complete cardiac re-
generative capacity. Along with a global activation of CM
proliferation in the entire heart, regenerated CMs are derived
from the pre-existing CMs through cell division (Porrello et
al., 2011). However, the window of cardiac regeneration in
neonatal mice is closed by postnatal day 7, in both resection
and LAD ligation models (Porrello et al., 2011; Porrello et
al., 2013). Especially, a rapid decline was reported for this
regenerative ability within 48 h after birth (Notari et al.,
2018). Similar to zebrafish, epicardial activation was ob-
served in the cryoinjury mouse model (Darehzereshki et al.,
2015). To support cardiac regeneration, endocardial IGF2 is
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required for maintaining a high percentage of mononuclear
diploid CMs with a high proliferative rate (Shen et al., 2020).
Not only mice, but also large mammals such as pigs and
sheep, have been reported to regenerate heart injury after
being subjected to LAD ligation in the neonatal stage
(Hodges et al., 2021; Ye et al., 2018; Zhu et al., 2018b).
Compared to neonatal mice, the neonatal pig has a narrower
window of regeneration within the first two days of life. The
proliferating CMs also originate from a pre-existing CM
source, like in neonatal mice or zebrafish (Ye et al., 2018;
Zhu et al., 2018b). Even in humans, several clinical cases
suggested that the newborn may retain a similar regenerative
capacity (Haubner et al., 2016; Saker et al., 1997). These
clinical observations are consistent with the finding that
young humans have a relatively higher ability of CM pro-
liferation (Bergmann et al., 2015; Mollova et al., 2013).

Other organisms

Beyond the widely used model animals, like zebrafish and
mouse, cardiac regeneration has been investigated in several
other organisms. Medaka is a teleost fish with a remarkable
aptitude of fin regeneration. However, it lacks the cardiac
regenerative ability, causing lack of activation of CM pro-
liferation or epicardial expression of raldh2 and a retarded
immune response after injury (Ito et al., 2014; Lai et al.,
2017). Giant danio and Goldfish, also belonging to teleost
fish but with a bigger body size than zebrafish, could restore
hearts damage following cardiac injury (Grivas et al., 2014;
Lafontant et al., 2012). An “ancient fish”, Polypterus, which
diverged from teleost fish ~400 million years ago, displays
CM proliferation as well as endocardial and epicardial in-
duction of raldh2 expression in response to cardiac injury
(Kikuchi et al., 2011b). Intriguingly, a recent study indicated
that the Mexican tetra (or blind cavefish), a single fish spe-
cies comprising a cave-dwelling population without eyes and
a surface population with eyes, displays hugely different
cardiac regenerative capacities, even though the equivalent
CM proliferations are illustrated at the injury sites (Stockdale
et al., 2018).

Salamanders, including newts and axolotls, are excellent
model animals for regeneration studies (Joven et al., 2019).
About 40 years ago, an early exploratory study demonstrated
the capacity of cardiac regeneration in newt (Oberpriller and
Oberpriller, 1974). Recent studies further revealed cellular
and molecular processes during newt heart regeneration
(Laube et al., 2006; Piatkowski et al., 2013; Singh et al.,
2018; Witman et al., 2011). Cardiac regeneration in axolotls
involves cardiomyocytes reentering the cell cycle, and in-
teractions between macrophages and fibroblasts (Cano-
Martinez et al., 2010; Flink, 2002; Godwin et al., 2017).
Another amphibian model, Xenopus, has also been evaluated
for its cardiac regeneration capacity. Interestingly, contra-
dictory results were reported in adult frogs. Xenopus laevis
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frogs show persistent fibrosis with no activation of CM
proliferation and failure to regenerate following injury
(Marshall et al., 2017), while Xenopus tropicalis frogs are
able to completely regenerate damaged hearts without scar
tissue deposition (Liao et al., 2017). A follow-up study de-
monstrated that juvenile Xenopus laevis frogs possess full
cardiac regeneration ability (Marshall et al., 2019). In birds,
there are far fewer studies on cardiac regeneration. Only 2-3
days old chicken embryos were shown to have complete
regeneration capacity after cardiac injury. This capacity
dramatically declined at the age of 3—5 days old, and totally
diminished at the age of 18-day old or newly hatched (No-
vikov and Khloponin, 1982).

Evolutionary enlightenment for future

There are huge morphological differences among hearts in
the animal kingdom, from the simplest tube-formed heart in
Drosophila to a four-chambered human heart, due to the
genetic and environmental adaptations during millions of
years of evolution. Other features however, such as the
physiological function, organ/tissue structure, cell types, and
the underlying molecular basis governing cardiac develop-
ment, are highly conserved. This makes it feasible to survey
the intrinsic cellular and molecular mechanisms of cardiac
regeneration from comparative analyses from an evolu-
tionary perspective.

Currently, the knowledge on cardiac regeneration from
studies in about a dozen vertebrate species, has illuminated
the evolutionary conserved strong correlation between re-
generative capacity and several key factors such as cardiac
metabolism, oxidation status, and body thermoregulatory
regulation (Vivien et al., 2016). For example, zebrafish and
salamanders, that possess remarkable cardiac regeneration
capacities during adulthood, are ectotherm or cold-blooded
species without a body temperature regulatory system and
live in an aquatic environment with low oxygen concentra-
tion. Similarly, under hypoxic circumstances, the heart of a
neonatal mammal is capable of regenerating in the early days
after birth but then takes a drastic shift in oxygenation status.
This coincides with a loss of regenerative capacity. An ap-
parent fact is that mammals and birds are endotherms or
warm-blooded species, while their neonates generally lack a
competent thermoregulatory system. Several studies asses-
sing oxygen level and metabolic remodeling have proposed
the intrinsic mechanisms (Cardoso et al., 2020b). Increase of
oxygen consumption after birth results in CM cell cycle ar-
rest (Puente et al., 2014). This is associated with fatty-acid
utilization as a substrate of mitochondrial oxidative phos-
phorylation as the major energy source, instead of the glu-
cose oxidation, in hearts of postnatal mice (Cardoso et al.,
2020a). A recent study indicated that cycling CMs exist in
adult mouse hearts in a state of hypoxia and low-metabolic
activity (Kimura et al., 2015). Furthermore, chronic hypox-
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emia exposure of adult mouse hearts demonstrates the in-
duction of CM proliferation and leads to cardiac regeneration
following MI, with significant functional recovery (Nakada
et al., 2017). In zebrafish, hypoxia is required for CM pro-
liferation and heart regeneration (Jopling et al., 2012). As a
relevant result, therefore the metabolic switch from mi-
tochondrial oxidative phosphorylation to glycolysis pro-
motes CM proliferation after cardiac injury (Fukuda et al.,
2020; Honkoop et al., 2019). Taken together, it seems that the
cardiac regenerative capacity has a bias toward low-meta-
bolic ectotherms.

However, the intrinsic mechanisms are still hardly known
in detail. In the current circumstances, evolutionary insights
into natural cardiac regeneration are critical for our per-
spective. Considering that there are more than 50,000 living
species of vertebrates, it is not enough that only a small
number of organisms have been investigated for the capacity
of cardiac regeneration. Therefore, large-scale exploration of
cardiac regeneration, based on comparative analyses, is re-
quired to illuminate the underlying mechanisms. The “large-
scale exploration” does not mean to check every single
species of the entire phylogeny. However, two relatively
small groups of representative species could be used for the
investigation of cardiac regenerative capacity instead. The
first group is the key species of a phylogeny with adapta-
tions, or an evolutionary intermediate species. For example,
the lungfish, representing a type of essential transition from
aquatic to terrestrial vertebrates, can complete fin and tail
regeneration (Conant, 1973; Verissimo et al., 2020), but
whether it has a similar cardiac regenerative capacity fol-
lowing injury is unknown. Recently, an elegant study using
systematic comparison of African killifish and zebrafish,
demonstrated that evolutionary conserved regeneration-re-
sponsive enhancer elements exist, and tightly modulate re-
generative capacities in vertebrates (Wang et al., 2020a). The
second group includes the species in a unique geographic
environment, such as Tibetan Plateau, where the biodiversity
is plentiful, especially for fish. For example, the clade of
Schizothoracinae comprises more than 100 species, and the
Triplophysa includes more than 140 species (Deng et al.,
2020), which live at an altitude from 1,250 m to above
5,600 m, providing abundant material for elucidating the
mechanisms of fine-tuning cardiac regeneration.

Understanding the evolutionary context via large-scale
comparative analyses, and deciphering cellular and mole-
cular mechanisms of natural regenerative capacity among
vertebrates, particularly, in mammals, would shed light on
developing therapeutic strategies for cardiac diseases.

Limb regeneration in salamanders (Figure 8)

Regeneration is a process during which organisms restore
damaged or lost tissues, organs, and even the whole body.
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Figure 8 Limb regeneration of axolotl (Admbystoma mexicanum). A, Axolotls. B, Diagrams of limb regeneration process: (a—c) wound healing after
amputation, (d and e) blastema formation and expansion, (f and g) cell differentiation and morphogenesis. C, Induction of accessory limb: (a—d) strategy of
limb induction, (e) ectopic limb bud, (f) accessory limb. D-I, Morphological progress of limb regeneration. J and K, Representative longitudinal sections of
regenerating limbs at 3 and 14 dpa, respectively. WE, wound epidermis; AEC, apical epithelial cap; dpa, days post-amputation. Scale bar represents 200 um.

This phenomenon has been observed among numerous ani-
mal phyla and is achieved in diverse modes, as animals
adapted various regenerative strategies. Salamanders exhibit
a powerful capacity for regeneration, regrowing multiple
tissues and organs after injury. Since the salamander limbs
are anatomically similar to their human counterparts, their
mode of regeneration could provide important insights into
the regenerative medicine studies.

For many years, scientists wondered why salamanders
possess such amazing regenerative capabilities, while other
species do not. Although several theories have been pro-
posed, it seems that the most explanatory is the theory of
neoteny, which means that the salamanders never complete
metamorphosis, therefore certain cells maintain embryonic-
like characteristics throughout life. Additionally, the adap-
tive immune system of salamanders is relatively simple
compared to that of amniotes, thus weak inflammatory re-
sponse after injury initiates regeneration (Mescher and Neff,
2005). Limb regeneration in salamanders occurs via epi-
morphosis, which involves the dedifferentiation of adult
tissues upon damaging, formation of the blastema, and the
subsequent re-specification. Injury, like amputation, initiates
a healing process, in which a plasma clot forms at the wound
area, then within 6-12 h, nearby epidermal cells, migrate
alongside, and finally cover the entire injured surface to form
an epidermic structure called wound epidermis (WE). In the
following few days, the WE keeps proliferating to re-
construct the anatomy, apical epithelial cap (AEC), under the
guidance of nervous signals. Meanwhile, beneath the de-

veloping AEC, a group of cells, named “blastema”, derived
from the de-differentiated cells located at the injury border of
the stump, lost their differentiated characteristics, and be-
came detached from each other, associating with dramatic
alteration of the transcriptomic profile. The cells in the
blastema continually proliferate and differentiate to complete
regeneration of a new limb.

Here, we focus on the current progress on limb regenera-
tion in salamanders, discussing several aspects including
formation of blastema, morphogenesis/patterning, and the
role of nerve cells during the regenerative process.

Formation of blastema

The establishment of the blastema is crucial for successful
limb regeneration. It has been demonstrated by the accessory
limb model (ALM) that in order for the blastema to be
formed, several conditions must be met (Endo et al., 2004).
One of the most critical conditions is the presence of nerves
and wound epithelium. In case when nerves have not de-
viated, the wound will heal. However, blastema will not be
formed. That proves the demand for nerve signaling, which
will be discussed further. Furthermore, dermal cells and the
ECM are also essential for blastema formation (McCusker
and Gardiner, 2013). Interestingly, inflammatory signals
from macrophages also seem to be necessary for limb re-
generation (Godwin et al., 2013). Hence, in order to induce
blastema formation, signals from nerves and inflammatory
cells seem to be required. Interactions between nerves and
WE leading to the formation of an AEC, are influenced by
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numerous factors.

Regeneration blastema is formed as a result of the fol-
lowing processes: formation of a WE that closes the wound;
formation of progenitor cells by histolysis and release of
dedifferentiated cells; blastema cell migration and aggrega-
tion under the apical epidermal cap.

Just after amputation, the wound is sealed by a blood clot.
Fibronectin in the clot constitutes a substrate for the epi-
thelial cells. Then, accumulation blastema forms, and the
WE thicken to form the AEC. The wound epidermis ex-
presses antigens (WE3, WE6) that are not expressed in the
uninjured epidermis, indicating that they are explicit to re-
generation—they might be involved in AEC formation
(Satoh et al., 2010). During histolysis, fibroblasts are re-
leased from the dermis, connective tissue, periosteum, and
nerve sheath. Myofibers fragment and break up into mono-
nucleate cells, while releasing stem cells (Santosh et al.,
2011). Enzymes, known as matrix metalloproteinases
(MMPs), have been proven to be required for histolysis, as
various experiments indicated that without these, blastema
will not be formed. The main sources of MMPs are the WE
and the AEC. Histolysis progresses until the medium bud
stage, when it is stopped by tissue inhibitors of metallopro-
teinases (TIMPS), which are further upregulated when the
MMP level reaches the maximum (Santosh et al., 2011).

Another mechanism that leads to blastema formation is
dedifferentiation. Dedifferentiation is a process where cells
are being reprogrammed to an embryonic-like state, to obtain
increased developmental potential. Induction of dediffer-
entiation requires nerve/WE/AEC signaling, and involves
FGF signaling (Satoh et al., 2010). Cells released during
histolysis are a mixture of stem/progenitor cells and ded-
ifferentiated cells. During dedifferentiation, transcription of
differentiation genes is inhibited, while proteins associated
with stemness, cell stress reduction, and remodeling of in-
ternal structure, are activated. Suppression of differentiation
genes does not influence histolysis. An important aspect of
dedifferentiation is the dedifferentiation of myofibers. Un-
fortunately, molecular details of this process are still poorly
understood. Muscle dedifferentiation is dependent on a
programmed cell death response. Programmed cell death
response-induced fragmentation produces intermediate cells
with a capacity of resuming proliferation and contributing to
muscle regeneration. Although the blastema cells look quite
similar, these cells are heterogeneous, which is due to their
heterogeneous origins and consequently their different fates
(Kragl et al., 2009). This cellular heterogeneity was recently
confirmed by transcriptome analysis of regeneration blas-
tema at the single-cell resolution (Leigh et al., 2018).
Combining genetic tracing with the single-cell sequencing
techniques proves that connective tissue is a major source of
the blastema (Gerber et al., 2018). Another contribution
comes from activated muscular stem cells known as satellite
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cells (Fei et al., 2017).

Many genes are upregulated during blastema formation.
Some of them were identified by subtractive hybridization,
microarray, and RNA-Seq analysis. These genes are mainly
related to metabolism, cell physiology, and cell cycle reg-
ulation. Although there could be a separate chapter on this
topic, we provide several examples and shortly summarize
their functions. Genes related to progenitor status involve
several genes, including msx1, msx2, nrad, rfrng, notch.
Msx 1 inhibits myogenesis; nrad expression is correlated with
muscle dedifferentiation, while notch is a mediator of stem
cell self-renewal. An axolotl transcriptome study revealed
cirbp, the RNA binding protein gene (it has a cytoprotective
role in limb regeneration), and kazaldl, the serine protease
inhibitor (which impairs regeneration) (Bryant et al., 2017).
The proteomic analysis enabled detection of proteins in-
volved in canonical or non-canonical Wnt signaling during
axolotl limb blastema formation. Wnt8, APC, and DIXDC1
are components of the canonical Wnt pathway and are
strongly upregulated, while inversin and CCDC88c are part
of the non-canonical pathway. Both canonical and non-ca-
nonical Wnt pathways control blastema formation.

Summarizing, prior to blastema formation, WE/AEC is
formed in response to nerve signals. Additionally, the AEC
also provides a lot of important signals, like FGFs, BMPs,
Wnts, and enzymes that degrade ECM in the adjacent tissues.
One of the early steps is the proliferation of myoprogenitor
cells, followed by the reentry into the cell cycle of blastema
progenitor cells from the connective tissues. After several
days, cells from the dermis migrate along with the con-
nective tissue fibroblasts and accumulate in the center of the
wound area, underneath the AEC.

Pattern formation/morphogenesis of limb regeneration
Morphogenesis is a process that causes particular tissues to
develop their shape by controlling the spatial distribution of
cells during development. Tissues and organs acquire the
shape that is critical for their functions. This process also
occurs during regeneration. Understanding the morphoge-
netic mechanism involved in the re-creation of missing limb
parts, is a fascinating and central problem of regeneration. It
seems that that the early pattern information is contained in
the limb skin, and is asymmetrically distributed around the
circumference of the limb. For example, when making a
wound on the limb’s anterior side in newt and re-direction of
the nerve to the wound site, then a blastema-like structure
can be induced. Blastema formed in that way cannot grow
further and finally regresses. On the contrary, if a piece of
full skin from the opposite side (posterior side) of the limb is
grafted into the nerve-deviated wound site, then induced
blastema is induced and undergoes the subsequent pattern
formation process and an accessory limb recreates.

In addition to the skin around the cuff of the limb, the
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blastema itself also contains position information. The po-
sitional information in the early and late blastema is acquired
through the expression of Hox4 genes. New positional in-
formation is initially elastic and becomes preserved as
blastema differentiates. Hence, the positional information
can be reprogrammed through time. An exception to this are
cells in the stump tissue and the basal region of the late bud
blastema, which cannot be reprogrammed (McCusker and
Gardiner, 2014). One factor contributing to positional re-
programming is an activated receptor; however, it might not
be enough. Another possibility is the “flexible” state of un-
differentiated blastema cells due to the chromatin state
(McCusker and Gardiner, 2014). There is more evidence for
plasticity of the positional information in undifferentiated
blastema cells, since grafts of early bud (EB) and the apical
region of late bud tissues into the new host location do not
cause the formation of accessory structures on either PD or
AP axes of the limb. On the contrary, grafts of differentiated
blastema cells and stump tissue result in the formation of
supernumerary structures. What is more, grafted EB blas-
tema cells do not maintain the expression of a marker from
the original location, but start the expression of a marker that
corresponds to the new host location (McCusker and Gar-
diner, 2013). These data confirm that positional information
is gradually stabilized in the blastema.

The key roles of nerve cells in limb regeneration

The role of nerve signaling in the regeneration process
aroused interest in scientists already a long time ago. Up to
date, various studies have described the importance of nerve
cells in the regeneration process, and indicated that presence
of nerves controls the initiation of limb regeneration (Sto-
cum, 2011). As mentioned before, nerve deviation induces
the formation of an ectopic blastema. Nerve signaling may
also occur when nerves are not deviated; however, this oc-
curs on a significantly lower level. Thus, the threshold for
blastema formation might not be reached. Additionally, this
threshold is different at distinct PD levels of the limb (Sto-
cum, 2011). Importantly, nerve signaling is required not only
for blastema formation but also for its further growth and
development. AEC can be formed in the absence of nerves;
however it will not be maintained, and formation of the
blastema will fail (Stocum, 2011).

In order to induce scar-free healing—Ileading to blastema
formation—there must be an interaction between WE and
AEC, which leads to changes in gene expression. An ex-
ample of such an interaction is the induction of dediffer-
entiation of WE keratinocytes by nerve signaling, which
keeps these cells undifferentiated in the blastema. These
processes are regulated by the nerve-dependent expression of
zinc-finger transcription factor Sp9 (Satoh et al., 2008).

Another aspect that has attracted scientists’ interest is re-
lated to regeneration signaling pathways responsible for
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migration, proliferation, and differentiation of limb bud cells.
It has been speculated that FGFs can constitute a substitute
for the nerve in the ALM. Although scientists were able to
induce the growth of a blastema-like structure, it did not have
the features of a blastema. However, it turned out that the
combination of FGF2, FGFS8, and GDF5 together led to
blastema formation and further limb regeneration. Although
denervated growth results in a full proximo-distal array of
skeletal elements, these are smaller than regular skeletal
parts (Stocum, 2011). Another example is the anterior gra-
dient protein (nAG) occurring in newts, which can support
regeneration in partially innervated limbs (Kumar et al.,
2007).

Nerves also play an essential role in the recruitment of
blastema cells. Interaction of the nerve and WE/AEC de-
termines the direction of cell migration, i.e., where the
blastema forms. This is supported by the fact that FGFs
produced as a result of the aforementioned interaction serve
as early pro-regenerative signals. Distal migration of limb
bud cells can be redirected toward implanted beads soaked in
FGF. Only after cells have migrated into the center of the
wound, reentry into the cell cycle of the blastema progenitor
cells may occur.

Environmental stress, adaptation and evolution

Horizontal gene transfer in genomes (Figure 9)

Genetic materials underlie the basis of ontogenesis and de-
velopment of organism. Genes in a genome gradually per-
form the processes of life, under precise regulation, within
organisms and corresponds to all possible phenotypes, in-
cluding both the group-common and species-specific. Ac-
cordingly, “core” and “accessory” (or “flexible”) functional
gene groups are designated as a response to varying gene
content of these two distinct functions of a genome. Core
genes, shared by all members of a predefined group, play
their roles as constraints via encoding the fundamental and
indispensable functions. Accessory genes, present in only a
subset of members, usually encode the specialized characters
and result in the phenotypic divergence within this pre-
defined group (Sugawara et al., 2013). Accessory genes are
important for adaptive evolution and diversity formation of
species, by assisting organisms to obtain the selective ad-
vantages, especially for extremophile clades, such as Cya-
nidiales, which thrive in acidic and thermal habitats
worldwide (Rossoni et al., 2019). From the ecological per-
spective, the existence of a single accessory gene with the
processes of duplication and substitution can lead to the
formation of new community interactions. It might thereby
hold great potential to cause clade-specific niche expansion
and could even change the worldwide ecological patterns.
Thalassiosira pseudonana is a diatom model species for
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Figure 9 Horizontal gene transfer (HGT). A, A SEM (scanning electron microscope) figure of model phytoplankton species for HGT study, Thalassiosira
pseudonana. B, Two main styles of HGT, EGT via engulfing organism as endosymbionts and sporadic horizontal gene transfer via transformation,
conjugation, transduction and transfection. Successfully transferred genes (red ellipses) located in genome flanking by host genes. C, The phylogeny strategy
to infer HGT events via balancing the hypotheses of DL and HGT. For the abnormal clustering of two distant groups (solid circles) in a tree, the purple crosses
stand for the hypothetical reduced groups (blank circles) by DL theory while the arrows stand for the direct gene transfer by HGT theory. The probability of
four loss events in a gene family is extremely low, so all these five cases are considered as HGT. D, Recent studies that state the importance of HGT to life
history. Of which, some EGT events were looked as milestones in life history.

studying horizontal gene transfer from the perspective of
biology and ecology. It derived large amounts of genes from
photosynthetic endosymbionts and sporadic genes from
bacteria, enabling it to dominate the marine phytoplankton
(Moustafa et al., 2009; Deschamps and Moreira, 2012;
Dorrell et al., 2017). The contribution of accessory genes to
adaptive evolution and niche adaptation in eukaryotes, which
is significantly different from prokaryotes, is hotly disputed.
This directly influences our understanding of the origin of
metabolic processes in cellular evolution.

Regarding the origins of these accessory genes, two
dominant evolutionary hypotheses, the differential loss hy-
pothesis (DL) and horizontal gene transfer (HGT), have been
proposed. The DL hypothesis favors a “pristine” view of
eukaryotic genome evolution, with the current sporadic
distribution of many HGT-derived gene families explained
by DL since the origin of the last eukaryotic ancestor. The
main claim of this hypothesis is that many genes shared by
the eukaryotic common ancestor have been lost in some
lineages. In contrast, the HGT or lateral gene transfer hy-
pothesis is commonly defined as the exchange of genetic
material between two “non-genealogical” species. It allows
for the dynamic acquisition and fixation (e.g., due to local
selection) of novel gene functions by HGT from prokaryotes
over during evolution. HGT mainly happens in two ways: the

sporadic horizontal gene transfer, where one species actively
acquires or passively receives a single fragment of DNA
from another; and the endosymbiotic gene transfer (EGT), a
gradual genetic material communication between the donor
and host that maintain a stable endosymbiotic relationship.

Methodology advances in HGT identification

Transfer genes form a special group of genes in the recipient
genome, because of their difference with core DNA in GC
content, codon usage, the presence or absence of introns,
transcriptional promoters, and unequal selective pressure
(Derelle et al., 2006; Koutsovoulos et al., 2014; Choi et al.,
2015; Fan et al., 2020). This leads to different genes in the
same genome, exhibiting different evolutionary histories
(Husnik and McCutcheon, 2017). These differences in re-
tained characteristics in gene content make “sequence simi-
larity-based strategy” underlie the methodological basis for
the identification of HGT genes. In earlier days, HGT genes
were generally isolated by means of the GC content, the
codon usage bias, and intron number among species (Derelle
et al., 2006). Most outcomes of these methods are prone to
false positives, given their simple and crude nature. How-
ever, none of these applications should be arbitrarily ex-
cluded. Then the homologous strategy was used to search for
the incompatible families, made up by genes from geneti-
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cally distant species (Ku et al., 2015). In recent years, the
phylogeny method is being used to find taxonomic conflict
on a gene tree. Specific phenotype sharing between geneti-
cally distant organisms is basically driven by the overlap of
their genomes, which can manifest as a monophyletic re-
lationship in a gene tree. The absence of the genes in other
branches among the animal kingdom can be explained by
large-scale loss, or more likely, by acquisition through HGT
(Salzberg et al., 2001). That is, if a nesting relation of two
taxonomically distant genes in a tree (taxonomic conflict)
needs to be interpreted by more gene loss events, the more
likely it is caused by HGT, because HGT can in principle
occur between any two distant organisms that contain DNA
genomes. The phylogeny strategy, with a reasonable esti-
mation of the evolutionary model, is the key step in HGT
identification, given its wide application of statistics and
thorough consideration of evolution. It forms the main bat-
tleground between the “DL” and “HGT” hypotheses and
eventually brings them to a compromise. Recent HGT stu-
dies reported so far, use the systematic method mainly based
on homologous classification+phylogeny, with the auxiliary
validation of gene similarities comparison (Fan et al., 2020;
Curtis et al., 2012). With the development of technology, a
variety of databases and a pipeline have been developed to
largely automate the identification process of HGT, include
Pfam (Finn et al.,, 2016), COG (Tatusov et al.,2003),
TIGRfam (Haft et al.,2003), RAST (Aziz et al., 2008),
HGTree (Jeong et al.,2016), GOLD (Pagani et al., 2012),
fusionDB (Zhu et al., 2018a). Additionally, recent expansion
of sequenced genomic data has enabled the construction of
genome-wide phylogenies to define taxonomy. This would
be helpful in order to address an important aspect of the
species-sampling effect, namely the phylogenetic bias in the
data sets that are being analyzed. More comprehensive tests
are needed to assess past hypotheses and observations that
were seemingly at odds in explaining HGTs.

Contributions of HGT5 to life history

HGT events occurred continuously during the history of
life. Large-scale HGT events have been studied till now and
some of them have been acknowledged as milestones in the
evolutionary history; there is general consensus about the
formation of eukaryotic mitochondria and photosynthetic
chloroplasts. (Bhattacharya and Price, 2020). The evolu-
tionary history of the latter is particularly fascinating, since
photosynthetic endosymbionts were engulfed more than
once and at multiple levels. The hypotheses of key points in
chloroplast spreading still remain controversial. The story
began with an occasional engulfment event of a photo-
synthetic cyanobacterium-like organism by a non-photo-
synthetic single-celled eukaryote, ca. 1 Gya—1.6 Gya (109
years ago). This created an opportunity to formation of the
circulation system of energy and matters that enabled the
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host and endosymbiont to permanently maintain a mutually
beneficial relationship (Kurahashi, 2016). The probability
was thought to be extremely low, but it did happen. Three
extant photosynthetic clades, the Glaucophyta, the Rhodo-
phyta, and the Viridiplantae, were derived from this event
and stand as evidence (Cavalier-Smith, 2017; Bhattacharya
and Price, 2020). This event was later dubbed the Primary
Endosymbiosis. Subsequently, genes of the primary cya-
nobacteria endosymbiont were transferred continuously to
the host nucleus or lost due to their non-essential func-
tionalities or inefficient transcription. This led to generation
of the current degraded plasmid with a very genome, the
chloroplasts. After this, it has been known that two of those
three groups were independently engulfed by heterotroph
groups during the long course (termed as secondary en-
dosymbiosis) with, yet again, subsequent large-scale EGTs
to hosts. These independent events give rise to a series of
groups with great importance to the earth’s ecology, such as
diatoms and kelps. The series of large-scale EGT of both
primary and secondary endosymbiosis spread the effects of
photosynthesis in the eukaryotic world. It had special sig-
nificance for the evolution of life on earth: the limitless
solar energy is converted to chemical energy that flows
within the organisms, and thus increases the energy level of
biochemical reactions. The carbon-oxygen cycle rapidly
changed the atmosphere content that gave rise to the current
terrestrial plants and animals (Ball et al., 2016). Unlike
EGTs that continuously transfer genes from a single donor
to a single receptor, giving the possibility of transferring
genes in the same metabolic pathways, the sporadic HGT
help the host to suddenly obtain advantageous traits which
are a key factor for its survival in extreme environments. A
few successful examples include the obtaining of GH in
plants, virus genes found in the human genome (Ma-
giorkinis et al., 2013), gene gains in the thermophilic red
algae Galdieria sulphuraria (Rossoni et al., 2019). By in-
corporating foreign DNA with high efficiency, both HGTs
and EGTs help to obtain novel function and contribute to
species divergence and adaptation (Andersson, 2009;
Cooper, 2014). They largely influence the evolutionary
processvia combination and selection and have a profound
impact on the current biological pattern.

HGT by fusing genetic materials among genetic distant
groups challenged the classical evolutionary theory and are
thereby important types of evolution. While HGT is widely
accepted as one of the main driving forces in prokaryote
evolution, the relevance of HGT in eukaryotic evolution
remained controversial for a long time. The extent of influ-
ence of HGT is difficult to measure accurately and has often
been over-estimated in eukaryotes (Keeling and Palmer,
2008). We highlight here the significance of recent studies
reporting a HGT study via phylomes in chromalveolata
(CRASH group). Recent collaborative work provided strong
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evidence for the HGT hypothesis through analysis of the
most diverse and ecologically important groups of eu-
karyotes on our planet, the CRASH taxa (cryptophytes,
rhizarians, alveolates, stramenopiles, and haptophytes) This
group includes taxonomically diverse diatoms and dino-
flagellates as well as kelps, heterotrophs, saprobes, and the
malaria parasite (Fan et al., 2020). Other strong evidence for
the HGT hypothesis was provided through analysis of 10
novel genomes from the extremophilic red algae (Cyani-
diales) (Rossoni et al., 2019). Recent work investigated the
HGT instances among protists, algac and yeasts, and HGT
appears small in sizes but significant in functions (Van Etten
and Bhattacharya, 2020). These results demonstrate that
HGT impacts only about 1% of the gene inventory, the “1%
rule”. Despite this small number, many novel functions arose
that likely played a key role in remarkable success, e.g.,
adaptation by Cyanidiales to hot springs habitats, and di-
versification of phenotypes in phytoplankton to differing
environments.

In contrast to the vertically inherited genetic information
from parents, that underlies the conservation of biological
heritage in eukaryotes and ensure the stability of the tree of
life (Husnik and McCutcheon, 2017), HGT drives the di-
versification of evolution of eukaryotic species, yet re-
presenting a significant force in adaptation to various
environments (Eyres et al., 2015). Whereas HGT as a major
force driving prokaryote evolution is well accepted (Wagner
et al., 2017), its role in eukaryote evolution is highly dis-
puted, due to the complex nature of eukaryotes and the se-
quence contamination from microorganisms. More work
needs to be done in this field.

Spontaneous and environment-dependent mutations in
organisms (Figure 10)

Mutations are the fuel for evolution, and the causes of nu-
merous diseases (Knudson Jr, 1971; Odagiri et al., 1998).
They are usually caused by various endogenous and exo-
genous factors, such as replication errors, deamination, ra-
diation, oxidation, mutagenic chemicals, stress, and other
physicochemical factors (Duncan and Miller, 1980). Here,
we define mutations as changes in DNA, from single nu-
cleotide substitutions to large-scale structural variants. De-
pending on effect of the mutations on the fitness of the focal
organisms, they are canonically categorized into deleterious,
neutral, and beneficial mutations. Recent technological ad-
vances, such as genomics and bioinformatics, facilitated
research on spontaneous and environmental mutagenesis,
mutation repair, and mutation rate evolution, especially for
model microorganisms.

Spontaneous mutagenesis bias
Different types of pre-mutations (mutations before repair) do
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not usually occur at similar frequencies. DNA mismatch
repair systems (MMR) are most powerful for repairing pre-
mutations. MMR-deficient organisms reveal true mutational
patterns that are untouched by the repair system. Mutation
accumulation experiments combined with whole-genome
sequencing—the most accurate technique for deciphering
both genomic mutation rate and spectrum, though laborious
and time-consuming—reveal that transitions usually occur
tens to hundreds of times more frequently than transversions.
This might be a consequence of the structural similarity of
pyrimidine or purine molecules, i.e., pyrimidine is more
easily substituted by another pyrimidine, not a purine, since
pyrimidines and purines differ dramatically in molecular
structures. It might also be due to selection caused by the
weaker effects of transitions on coded proteins. Spontaneous
deamination or depurination occurs at higher frequency in
methylated nucleotides than in non-methylated ones, which
causes a higher base substitution mutation rate. Oxidized
nucleotides, especially 8-oxo-guanines either in DNA
strands or in the nucleotide pool, cause mostly transversion
mutations. Small indels, usually caused by replication slip-
page, are also prone to occur in simple sequence repeats.

Recent mutational studies revealed that mutations do not
occur randomly along the chromosomes, so do mutation
repair systems (Foster et al., 2013; Long et al., 2015). Base
composition of nucleotides flanking a focal nucleotide,
heavily influences its mutation rate. For example, mutation
rate of a nucleotide flanked by upstream and downstream
G:C could be 67.4 times higher in mutation rate than when
flanked by A:T (Long et al., 2015). This might be caused by
base-stacking and/or different Von der Waal forces, while no
empirical test has been conducted yet. In addition to this
local non-randomness, it was also observed that mutation
rate in bacteria is distributed in a wave-like pattern, with
peak mutation rate around the replication terminus and
lowest mutation rate near the origin of the replication. Such
observations have been confirmed in several bacteria spe-
cies. This pattern is believed to be shaped by various factors,
such as histone(-like) protein distribution, G/C content
(Foster et al., 2013).

Because organisms differ dramatically in nucleotide
composition, and because it was previously thought that all
mutations are biased to the A/T direction, mutation bias was
thus believed to be minor in determining the genomic nu-
cleotide composition. However, recent studies on GC-rich
bacteria, such as Deinococcus radiodurans and Burkholderia
cenocepacia, demonstrated that some bacteria may be biased
to the G/C direction, and that the A/T bias is not universal.
Further, using high-power whole-genome mutation datasets
especially from microbes, (Long et al., 2015) showed that
mutation bias, together with natural selection and/or biased
gene conversion, heavily influences the nucleotide compo-
sition of genomes. This refutes previous assertions that
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mutation is not important in the evolution of genome com-
position.

Environmentally induced mutations

We here define “environmental” as extracellular physio-
chemical conditions. Recent studies revealed genomic mu-
tational response to some environmental changes: (i) as a
result of global warming, increased atmospheric CO, makes
seawater more and more acidic. Could this have any effect on
the genomic stability of microbes in the sea? If so, how? In
order to answer this question, (Strauss et al., 2017) designed
a mutation accumulation experiment using Vibrio shilonii—a
pathogen causing coral reef bleaching—cultured on agar
plates with gradients of pH. The results showed a positive
relationship between pH value and mutation rate, as well as
decreased A/T mutation bias at lower pH. Increased DNA
polymerase replication fidelity, and decreased cytosine dea-
mination as pH drops, could account for these. (ii) Glypho-
sate-containing herbicide is one of the most popular
herbicides in the world, although it has been speculated to be
carcinogenic, drawing support from a previous claim that
glyphosate is possibly mutagenic to microbial DNA.
(Tincher et al., 2017) explored the mutagenic effect of the
glyphosate-based herbicide Roundup on the model bacter-
ium Escherichia coli. They did not find any mutation rate
increase, even in cell lines treated with extremely high

concentrations of Roundup, which thus casts doubts on
WHO’s premature conclusion of this most popular herbicide
around the world. (iii) Influence of temperature on mutation
rate is unresolved, with different conclusions from studies on
different organisms (Ryan and Kiritani, 1959; Lindgren,
1972; Chu et al., 2018). (iv) Misuse or abuse of antibiotics
causes resistance in pathogenic bacteria, and thus poses a
great threat to human health. Spontaneous resistance muta-
tions are known to be selected by antibiotic use. Could
mutations also be induced by antibiotic use, and thus elevate
resistance mutations? One study, using hundreds of E. coli
mutation accumulation lines treated with the antibiotic nor-
floxacin, confirmed this speculation (Long et al., 2016).
Antibiotic treatment elevated the genomic mutation rate,
which was associated with low fidelity DNA polymerases
expressed during stress response and reduced DNA mis-
match repair efficiency. (v) Many metabolites may cause
mutations, especially those oxidizing DNA strands or nu-
cleotides, and they are strongly associated with culturing
media. Media with stressors, such as missing certain nu-
trients, oxygen levels, can cause large variation in mutation
rate, type, and/or spectrum of cultured microbes (Maharjan
and Ferenci, 2017; Shewaramani et al., 2017). (vi) lonizing
or UV radiations could break DNA strands and elevate mu-
tation rate of various types of mutations at whole-genome
level (Adewoye et al., 2015; Shibai et al., 2017).
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Unresolved questions about mutations

Recent studies have revealed interesting patterns based on
directly accumulated mutations. However, some of the pat-
terns do not have a clear explanation yet: (i) for mutation
patterns, more information on quantifiable mutagenesis
mechanisms is needed, such as G:C—A:T transitions of most
A/T-biased organisms show higher mutation rate than
A:T—G:C transitions. How are such uncommon structural
variants generated, while the exact mechanisms accounting
for these observations are scarce? (ii)) Most previous muta-
tion experiments were performed in lab environments. Do
the results reflect mutational features of organisms in nature,
where most physicochemical factors fluctuate? Also, most
mutational studies used a limited number of strains, while a
true mutation pattern of one species should include multiple
strains to capture variation. (iii) New techniques for esti-
mating mutation rate and spectrum need to be introduced,
especially for rare and/or structural variant mutation detec-
tion. Current methods such as mutation accumulation ex-
periments combined with whole-genome sequencing, require
a tremendous amount of research resources, while most SV
programs based on Illumina sequencing have high false
positive rates, and so on. (iv) Mutagenic effects of tem-
perature and biotic factors, such as competition and preda-
tion, should be further explored.

A newly developed ciliate model system: its life cycle,
genome-wide rearrangement and stop codon reassignment
(Figure 11)

Ciliated protists (ciliates) are the most morphologically
complex and highly differentiated group among the uni-
cellular eukaryotes (Gao et al., 2016; Song and Shao, 2017).
They have emerged approximately one billion years ago, and
are distributed in diverse habitats across the globe, even in
extreme environments (Hu, 2014). Therefore, ciliates have
evolved a wide variety of biological mechanisms to survive
in different environments during their deep evolutionary
history. Their distinguishing characteristics, e.g., high mor-
phological diversity, unique nuclear dimorphism (containing
both the germline and somatic nuclei within the single cell),
multiple mating types during sexual reproduction (conjuga-
tion), and extensive genome rearrangement, have made
ciliates excellent model organisms for studies on taxonomy,
cytology, ecology, evolution, genomics, epigenetics, etc.
(Chenetal., 2019; Gao etal., 2016; Hu et al., 2019; Song and
Shao, 2017; Sheng et al., 2020; Wang et al., 2019; Xu et al.,
2019).

Compared to the high diversity of ciliate species, our
knowledge about ciliate biology is mostly limited to the
studies using the model organisms, e.g., Tetrahymena and
Paramecium, which are freshwater and less differentiated
species. In fact, many more important and interesting phe-
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nomena and biological mechanisms are still unknown for
other ciliates, especially for the large number of marine
ciliates with high diversity and complexity (Hu et al., 2019).
For example, euplotid ciliates (represented by Euplotes
species) are the most highly differentiated and cosmopolitan
group (Hu et al., 2019). They have extensively fragmented
somatic genomes (Chen et al., 2019), the conventional stop
codon UGA reassigned as cysteine (Meyer et al., 1991), high
frequency of +1 programmed ribosomal frameshifting at stop
codons (Wang et al., 2016), high-multiple mating type sys-
tems (Luporini et al., 2016), and strong resistance to en-
vironmental stressors (Trielli et al., 2007). However, the
molecular mechanisms that account for these remarkable
traits remain largely unknown. Therefore, it is necessary and
significant to develop these biologically and ecologically
important marine ciliates into model systems.

Recently, we developed the cosmopolitan marine ciliate
Euplotes vannus into a model system, including isolation and
culturing of different mating types, life cycle characteriza-
tion, construction of a genome database, establishment of
gene expression profile at different life stages and under
varying conditions, exploration of genetic manipulation
tools, etc. (Chen et al., 2019; Gao et al., 2020; Jiang et al.,
2010; Jiang et al., 2019; Tang et al., 2020). This provides an
important platform to explore the molecular mechanisms for
a wide range of key biological phenomena. Here, we review
some important features of Euplotes and compare these
processes with those in other species.

Nucleus and cortical structure development during life cy-
cles

Ciliates possess two structurally and functionally distinct
nuclei within a single cell: the germline MIC, which is
transcriptionally silent during vegetative growth, and the
somatic MAC, which is transcriptionally active and controls
the cell phenotype (Prescott, 1994). Ciliates can reproduce
both asexually and sexually, and the two distinct nuclei
function differently during reproduction. During the asexual
reproduction, MIC undergoes mitosis while MAC divides by
amitosis (except in the class Karyorelictea, in which mac-
ronuclei are unable to divide) (Song and Shao, 2017). During
the sexual process, MIC undergoes meiosis and generates the
gametic pronuclei, which are exchanged between the two
mating partners. After mutual fertilization, the zygotic nu-
cleus undergoes mitosis and the mitotic products develop
into the new MIC and MAC, while the parental MAC de-
generates (Raikov, 1982).

Details of the nuclear events during conjugation vary
dramatically among ciliate species, with the differences
mainly in (i) patterns of prezygotic and postzygotic nuclear
divisions, and (ii) activities of the parental MAC during
development of the new MAC (Raikov, 1982). For example,
the conjugation process of E. vannus lasts about 75 h, in-
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groups shows high diversity and flexible patterns.

cluding three prezygotic MIC divisions (mitosis and meiosis
I and II), and two postzygotic synkaryon divisions (Jiang et
al., 2019). Three prezygotic divisions result in eight nuclei,
two of which become gametic nuclei. After the exchange and
fusion of the gametic nuclei, two of the four products of the
postzygotic divisions differentiate into the new MIC and
MAC, respectively. The parental MAC degenerates com-
pletely. In comparison, there could be four prezygotic divi-
sions while the number of postzygotic divisions is highly
variable in other ciliates (as reviewed in Jiang et al., 2019;
Raikov, 1982). More interestingly, instead of being de-
generated completely, in some ciliates some fragments of the
parental MAC may regenerate and fuse with the developing
new MAC (Gong et al., 2020). This indicates that the re-
sidual parental MAC plays important roles in the develop-

ment of the new MAC, although the detailed molecular
mechanisms are still unclear. More importantly, it has not
been fully clarified how the same products of the last post-
zygotic division differentiate into the distinct germline and
somatic nuclei within a single cell, though recent studies
indicate that nucleus differentiation requires a biased as-
sembly of the nuclear pore complex (Iwamoto et al., 2015).

The cortical structures are also regenerated dramatically in
cells undergoing both asexual and sexual reproduction,
which require complex mechanisms of gene expression and
organelle differentiation. During asexual reproduction in E.
vannus, the oral primordium of the proter is inherited from
the parent, while that of the opisthe develops de novo. The
frontal, ventral, and transverse cirri develop separately in
both progenies; the marginal cirri are formed de novo. The
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dorsal kinety anlagen occur within the parental structures at
mid-body, and the caudal cirri are generated from the
rightmost two to four old dorsal kineties (Jiang et al., 2010).
The morphogenetic process during conjugation is even more
complex, since the cortical structures in the ventral side re-
organize twice. The first round of morphogenesis generates
an incomplete ventral structure (missing the posterior part of
the adoral zone of membranelles, the leftmost frontal cirrus
and paroral membrane), which will be then completed by the
second reorganization (Gao et al., 2020). A limited number
of studies reveal that the patterns of morphogenesis during
sexual reproduction, vary dramatically among ciliates (as
reviewed in Gao et al., 2020). Molecular mechanisms un-
derlying this complex process are still waiting for further
investigations.

Genome-wide rearrangements from germline to somatic
genome during conjugation

As mentioned above, ciliates possess two distinct nuclei in
each cell, whose genome structures are significantly differ-
ent. Up to now, the somatic MAC genome of more than 20
species and the germline MIC genome of only three species
have been well sequenced (Chen et al., 2014; Sheng et al.,
2020). The MAC genome size of the available ciliates varies
from 46 to 103 Mb, while the MIC genome size varies from
100 to 500 Mb. The significant difference between MAC and
MIC genomes results from the extensive DNA rearrange-
ments during MAC development after conjugation, includ-
ing chromosome fragmentation, DNA elimination, and DNA
amplification (Allen and Nowacki, 2017; Noto and Mochi-
zuki, 2017; Gao et al., 2015).

Euplotes vannus is one of the ciliates that perform the most
exaggerated DNA rearrangements (Chen et al., 2019). Its
MAC genome is extensively fragmented, containing more
than 25,000 complete ‘“gene-sized” nanochromosomes
(~85 Mb haploid genome size) with an average size around
1.5 kb and telomeric repeats of C,A,. Only a small propor-
tion of chromosomes (744 out of the 25,519) were found to
contain more than one gene. Moreover, the introns (mostly
25 bp in length) and untranscribed regions (average 27 bp of
5" untranscribed region (UTR) and 242 bp of 3’ UTR) are
noticeably short, indicating a streamlined and efficient MAC
genome. The chromosome breakage sites (CBSs), where
fragmentation generally occurs, are 6 bp long and AT-rich.
Their flanking regions are in an overall palindrome structure
with a more conserved sequence element of 5-TTGAA-3’
beginning at 12 bp from the CBSs. Chromosome breakage
involves a 6 bp staggered cut at the CBSs, which are filled-in
prior to, or during the process of telomere addition, resulting
in the duplication and retention of the CBSs in the MAC
genome (Chen et al., 2019; Klobutcher et al., 1998). The
extensive fragmentation (with “gene-sized” nanochromo-
somes) has been found to occur in members of three separate
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ciliate classes, Spirotrichea (including Euplotes, Oxytricha,
Stylonychia, Uroleptopsis), Phyllopharyngea (e.g., Chilodo-
nella), and Armophorea (e.g., Metopus). This demonstrates
multiple origins within ciliates (Riley and Katz, 2001).

Besides chromosome fragmentation, another important
event during MAC development is DNA elimination, which
involves the excision of thousands of interstitial DNA seg-
ments (internally eliminated sequences, IESs). The types of
DNA elimination during macronuclear development are
quite diverse, both within a given ciliate species and among
different ciliates. In Euplotes, 1ESs consist of both short
(<600 bp) unique DNA sequences and large families of
transposable elements (Tec elements) (Jacobs and Klo-
butcher, 1996). The sequence motif 5'-TA-3' is highly con-
served at nearly all IESs boundaries in the MIC genome. A
number of IESs reside within coding regions, therefore IESs
excision is precise. After excision, a single TA direct repeat
is retained in the MAC DNA molecules, which is similar to
the process of chromosome fragmentation (Chen et al.,
2019).

The genome-wide DNA rearrangement during macro-
nuclear development has been observed in all the ciliates
examined. However, the rearrangement patterns and me-
chanisms are highly diversified among different ciliates, e.g.,
the extent of chromosomal fragmentation varying from
limited to extensive, the percentage of IESs ranging from
30%-95%, precise or imprecise excision, etc. (Allen and
Nowacki, 2017; Chen et al., 2014; Noto and Mochizuki,
2017). The mechanisms underlying the genome rearrange-
ment have been studied in three ciliate species (Paramecium,
Tetrahymena and Oxytricha). Though these mechanisms are
all mediated by trans-generational comparison between the
MIC and the maternal MAC genome through an RNA-
mediated epigenetic mechanism, the pathways differ a lot
from each other. The mechanism in Euplotes is still un-
known. Considering that the chromosomal fragmentation in
Euplotes is similar to that in Oxytricha while its DNA
elimination resembles Paramecium, we believe that the
mechanism in Euplotes would be distinctive. Revealing this
mechanism would enhance understanding of the dynamic
nature of genomes, and provide new insights into the com-
plex process of trans-generational programming of chro-
mosomal rearrangements.

Stop codon reassignment and high frequency of programed
ribosome frameshifting

The eukaryotic nuclear genetic code was previously thought
to be largely frozen and unambiguous, with 61 codons en-
coding 20 amino acids, and the remaining three codons
(UAA, UAG and UGA) as termination signals for transla-
tion. The exceptions to the universal usage of nuclear genetic
codes were first reported in ciliates, where the standard stop
codons UAA and UAG are reassigned to glutamine while
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only UGA is used as stop codon (Caron and Meyer, 1985).
Subsequently, additional stop codon reassignments were
discovered in other ciliates, showing high diversity and
flexible patterns: (i) UAR encodes glutamine (Caron and
Meyer, 1985), glutamate (Heaphy et al., 2016), or tyrosine
(Johnson et al., 2004) while UGA is the stop codon; (ii)) UGA
encodes cysteine (Meyer et al., 1991) or tryptophan (Lozu-
pone et al., 2001), while UAR is stop codons; (iii) UAG and
UGA encode glutamine, while UAA is stop codon (Yan et
al., 2019); (iv) all three standard stop codons can either code
for amino acids, or terminate translation in a context-de-
pendent manner (Swart et al., 2016). This indicates that the
standard stop codons have been reassigned independently
many times in different ciliate lineages.

Euplotes species are the only linage reported to translate
UGA as cysteine while they use UAA and UAG for termi-
nation (Meyer et al., 1991; Chen et al., 2019). As Euplotes is
one of the spirotrichous groups that mainly use UAR to
encode glutamine and UGA as stop codon, the evolution of
the Euplotes code is from an ancestor that either used UAR to
encode glutamine or used a standard code. The former sce-
nario requires loss of extra glutamine tRNAs, eukaryotic
release factor 1 (eRF1) mutations that decrease UAR read-
through and increase UGA readthrough, and mutations en-
abling a tRNA" to read UGA. The latter scenario requires
eRF1 mutations to increase UGA readthrough, and mutations
enabling a tRNA®"* to read UGA. It is reported that Euplotes
octocarinatus only has one type of tRNA® with a GCA
anticodon, which requires a G:A mispairing in the first an-
ticodon position to translate UGA (Grimm et al., 1998).
Therefore, the latter scenario seems more likely to occur.

In addition to Euplotes terminating translation with UAA
and UAG, they also evolve programmed ribosomal frame-
shifting (PRF)-reading through the stop codons UAA and
UAG residing in the coding regions (Klobutcher and Far-
abaugh, 2002). PRF is an important recoding mechanism to
regulate the expression of many genes, with the most com-
mon type of —1 and +1 frameshift. The highest frequency of
+1 PRF events are detected in Euplotes species, occurring at
the sites with a canonical motif of 5'-AAA-UAR-3' (Chen et
al., 2019; Lobanov et al., 2017; Wang et al., 2016). Some +2
and —1 PRF events were also found in Euplotes (Chen et al.,
2019). A putative suppressor tRNA of UAA was reported in
E. octocarinatus, which was proposed to decode four nu-
cleotides when the ribosome meets the slippery stop codon,
and plays an important role in +1 frameshifting (Wang et al.,
2016). No strong evidence of the presence of “suppressor”
tRNAs was found in other Euplotes species (Chen et al.,
2019). The mechanism underlying +1 PRF is still largely
unknown.

However, Euplotes is the only ciliate group in which fra-
meshifting was detected, though ciliates evolved a diversi-
fied and flexible nuclear genetic code from their ancestors.
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For most ciliates, UGA remains as a stop codon while UAR
is reassigned to code amino acids, which is opposite in Eu-
plotes. Instead of reassigning UAR to amino acids, Euplotes
utilizes PRF to avoid the premature stops. It is also proposed
that the default function of stop codons in Euplotes is ribo-
somal frameshifting, and its function for termination is de-
termined by its proximity to poly(A) tails (Lobanov et al.,
2017). This would be much more robust when the MAC
genome is extensively fragmented to nanochromosomes with
a short 3’ UTR, where stop codons might even be un-
necessary.

Evo-Devo and adaptation to the global climate change in
marine model nematode (Figure 12)

Nematodes represent about 80% of the number of multi-
cellular animals in numbers on the earth, and are distributed
in almost all ecological niches, from terrestrial soil to the
ocean (Cao and Zhang, 2018; Eisenhauer and Guerra, 2019;
van den Hoogen et al., 2019; Xie et al., 2020). The phylum
Nematoda comprises more than 25,000 described species,
and as many as one million species still need to be described
(Hugot et al., 2001; Abad et al., 2008). More than half of the
described species are free-living and feed on bacteria, fungi,
or algae, but there are also many species that parasitize an-
imals or plants (Kikuchi et al., 2017). More than 4,100 and
5,000 species of plant and animal-parasitic nematodes, re-
spectively, have been documented to date (Kikuchi et al.,
2017). Over two billion humans are infected with parasitic
nematodes (International Helminth Genomes Consortium,
2019; Else et al., 2020), and parasitic nematodes also cause
diseases in domesticated animals, marine fishes, and crop
plants, resulting in hundreds of billions of dollars economic
loss every year (Abad et al., 2008; Cao and Zhang, 2018).
Collectively, nematodes not only play major roles in terres-
trial and ocean ecosystems, but also cause significant para-
sitic infections in humans, animals, and plants.

Establishment of a terrestrial-marine relative nematodes
pair model for developmental evolution and environmental
adaptation

C. elegans is widely used as a biomedical model organism.
Its short life span, ease of handling and maintenance, clear
genetic background and advanced genetic and molecular
biology tools together, make C. elegans a powerful model to
study development, neurobiology, longevity, and stress re-
sponses (Zhang et al., 2015b; Cong et al., 2020b). During the
20th century, the transition in biology from description to
mechanistic understanding was largely due to widely em-
ployed model organisms (Russell et al., 2017). Therefore, the
terrestrial soil nematode C. elegans became one of the most
successful model animals from the 1970s (Zhang et al.,
2015b). However, there are no marine nematode models
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available, and all the major, widely used, advanced model
organisms are almost all from the terrestrial niche (Arendt
and Extavour, 2016; Russell et al., 2017; Xie et al., 2020).

Oceans cover about 71% of the Earth’s surface and re-
present almost 99% of available habitats. Major physical and
chemical differences between terrestrial soil and marine se-
diments include salinity, temperature variation, oxygen
concentration, and pH (Peng et al., 2020a). How close re-
latives from the same animal phylum, or even the same fa-
mily, adapt to their respectively marine and terrestrial
physical and chemical environments, is a key question in life
science. However, the underlying mechanisms are largely
unknown. In marine sediments, free-living nematodes con-
tribute about 70%-90% to the abundance of meiofauna
(Higgins and Thiel, 1988), playing key roles in the benthic
ecosystems. There are about 6,900 described free-living
nematode species in the ocean, and the number of parasitic
marine nematode species is about 4,500 (Appeltans et al.,
2012). Molecular mechanisms underlying their develop-
mental regulation and environmental adaptation remain
poorly understood. The first emerging marine model nema-
tode, Litoditis marina, has recently been developed in our
research group (Xie et al., 2020).

The bacterivorous marine nematode L. marina (Bastian,
1865) is widely distributed on coasts all over the world
(Derycke et al., 2016). Our research group constructed the
first inbred lines of the free-living marine nematode L.

marina, sequenced and assembled its genome, and success-
fully applied CRISPR/Cas9 genome editing in L. marina
(Xie et al., 2020). In addition, we characterized full-length
transcriptomes of different developmental stages in L. mar-
ina. With a short generation time (4-5 days), highly inbred
lines, and the comprehensive genetic and genomic resources
developed in our group, L. marina is now a promising marine
animal model, and a unique satellite model to the well-
known biomedical nematode C. elegans (Xie et al., 2020).

Nematode developmental evolution and response to global
climate and environment change

Life on our planet originated in oceans about 4 billion years
ago, and nematodes originated from a marine habitat during
the Cambrian Explosion (van Megen et al., 2009). They
colonized land about 100 million years later (Rota-Stabelli et
al., 2013). L. marina and C. elegans belong to the same
family, Rhabditidae, and they are morphologically quite si-
milar (Figure 12A, Xie et al., 2020). We found that C. ele-
gans could not survive in 30%o salinity conditions, which is
equivalent to the medium sea water salinity, while the marine
nematode L. marina could survive in a 60%o salinity en-
vironment. Ninety-two conserved genes appear to be posi-
tively selected in L. marina compared to terrestrial
nematodes, which may underpin the osmotic and other en-
vironmental changes in the marine nematode (Xie et al.,
2020). Surprisingly, ecdysone receptor (EcR) and Retinoid X
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receptor (RXR), which are reported in insects and filarial
parasitic nematodes as major players in molting and devel-
opment, are found in L. marina, while absent in most free-
living nematodes (Xie et al., 2020). As nematodes and
farmed shrimp and prawns belong to Ecdysozoa, L. marina is
therefore a promising model for gene function verification in
marine shrimps and crabs. It is also a unique model to de-
velop economic traits, such as resistance to infections and a
faster growth rate in shrimp and prawn breeding programs,
boosting seafood production (Xie et al., 2020). Therefore,
our work will provide a strong platform to facilitate ongoing
work on animal development, environmental adaptation,
utilization of marine biological resources, as well as me-
chanisms underlying evolution from the ocean to land or vice
versa.

Global climate change leads to major variations in the
ocean, such as temperature increase, ocean acidification and
hypoxia; causing severe negative impacts on marine organ-
isms and ecosystems. How animals respond and adapt to the
acidic pH and other stresses, is a key question in marine life
science and ecology. However, the underlying mechanisms
are largely unexplored. Recently, we employed RNA-Seq
(RNA Sequencing) to ask how the terrestrial nematode C.
elegans and the marine nematode L. marina respond to the
acidic pH stresses, respectively (Cong et al., 2020b; Cong et
al., 2020a). Two major response strategies to the reduced pH
were found in C. elegans. First, cuticle structure and integrity
genes were significantly upregulated when the pH decreased
from 6.33 to 4.33, where 6.33 is the optimal culture pH for C.
elegans. Second, to deal with even lower acidic pH stress, C.
elegans accelerated their xenobiotics metabolism by a large
number of cytochrome P450 pathway genes (Cong et al.,
2020b). C. elegans is able to grow into an adult and lay eggs
at pH 3.13, while L. marina is unable to develop into
adulthood at pH 4.33, appearing to be more vulnerable to
acidic stress, and the number of increased P450 pathway
genes in acidic pH is much lower than in C. elegans (Cong et
al., 2020a; Cong et al., 2020b). Consistent with our com-
parative genomics analysis, the detoxification of the xeno-
biotics P450 pathway genes is significantly contracted in the
marine nematode L. marina compared to its land relatives
(Xie et al., 2020). Therefore, we speculate that the cyto-
chrome P450 pathway gene contraction in L. marina might
explain its lower tolerance to acidic environments. CRISPR/
Cas9 genome editing and overexpressing of candidate P450
genes are employed in our laboratory, to identify the master
gene(s) responding and adapting to acidic pH stress in ne-
matodes. If the master gene identified in nematodes is con-
served in severely damaged invertebrate species such as
coral, it might provide solutions to generate novel genotypes
via genome editing, in order to restore coral bleaching and
coral reef ecosystems in the context of acidic and thermal
stresses from natural and anthropogenic climate and en-
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vironmental changes.

“Simple” model organisms such as L. marina are an ex-
traordinary test case to determine the following scientific
questions in the field of marine life science. What is the cell
lineage from a fertilized egg to an adult with about 1,000
somatic cells in a marine invertebrate? How are neurons
structurally and functionally connected in a marine nematode
with about 300 neurons? Are cell lineage and connectome
characteristics determining factors of adaptation of the ani-
mal to a marine environment? How are marine nematodes
developmentally regulated in the context of global climate
change? What are the molecular mechanisms underlying
Eco-Evo-Devo between nematodes and their survival in
dynamic environments? We believe that the relations be-
tween the marine and terrestrial nematode model system will
provide novel solutions to the above questions.

Perspectives for future biodiversity-based Evo-
Devo studies

So far, the majority of our knowledge of natural embryonic
development is based on studies using classical model or-
ganisms. Increasing evidence, however, has indicated that
the developmentally regulatory mechanisms are not always
consistent across the animal kingdom. The entire blueprint of
organismal embryogenesis mechanisms is far beyond the
outcomes of studying a few model systems. The necessity of
studies in non-model organisms is noticeably clear. Applying
the new methods on non-model organisms makes it possible
to resolve the contradiction between limited regulatory me-
chanisms from model organisms and the vivid biodiversity
on the planet. For example, rapid developing and updated
single-cell sequencing techniques provide the possibility to
perform linage-tracing at the single-cell resolution, and thus
clarify evolutionary relationships of various cells in a de-
veloping embryo. CRISPR/Cas9 systems make gene editing
and transgenesis feasible, improving the availability of mi-
croscopic imaging and optogenetics applications in non-
model organisms. In addition, biomechanics is becoming an
emerging research paradigm on approaching morphogenesis,
and this high -yielding field added a new dimension to un-
derstanding developmental processes. New techniques, such
as laser cutting, aspiration by pipetting, tissue deformation
by magnetic fields and optical tweezers, offer reliable ways
to probe the tissue material properties and mechanical status.
Combined with biophysical theory, biomechanics will dee-
pen our insight on how an embryo organizes itself.
Regarding regeneration and genetically regulatory signal-
ing and considering the high complexity of biological events
including organ regeneration, construction of a dynamic
network of genetic regulations could be an efficient and
necessary approach to decipher phenotypes from cell/tissue
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levels to whole organ/organism levels. This network in-
cludes, but is not limited to, epigenetic modifications, sig-
naling pathways, transduction cascade and crosstalk, control
of downstream transcriptional activity, and subcellular
structure changes. Actually, studies of regeneration and ge-
netic regulation to date are mainly conducted using well-
established model systems, such as Drosophila, zebrafish,
and mouse, which offer unique advantages with plentiful
availability of genetic tools and massive knowledge gener-
ated from many years of investigation. However, to fully
address how these biological processes occur and diversify
among species during evolution, a wide variety of non-model
organisms needs to be explored. Gathering information from
non-model organisms based on the robust developed ap-
proaches of multi-omics, analyzing the massive data relying
on advanced techniques of “Big Data Analytics” and “Ma-
chine Learning”, and developing new genetic tools are the
crucial steps. Cross-species analysis to discover conserved
key components and effective factors, therefore, will be an
important step toward unraveling these complicated biolo-
gical processes. In general, a feasible strategy would be to
perform functional validation using model organisms to
identify pivotal determinators predicted from the exploration
of non-model organisms. To the community, studies in-
tegrating the model and non-model organisms will empower
researchers to understand the breadth of regeneration and the
depth of the genetic regulation mechanisms across the ani-
mal kingdom, and to develop possible clinical methods for
recapitulating the regenerative capacities in humans.

On the aspects of environmental adaptation and evolu-
tionary studies, we have shown that various marine organ-
isms provide deep insights into several evolutionary
mechanisms, including mutation, HGT, genome rearrange-
ment, adaptation to a changing environment, etc. Future
evolutionary studies would never be limited to these topics
since new techniques and findings are being reported in these
emerging non-model organisms. Further topics could be
broader, more systematic, and mathematic, for an example,
population genetics-based evolution, which would utilize
computational models taking multiple forces into account,
such as mutation, selection, genetic drift, migration, re-
combination, etcetera. With more and more genomic and
bioinformatic tools developed, and most marine organisms
being truly cosmopolitan, population genetic models com-
bined with big data could precisely reveal gene flow, popu-
lation connectivity, introgression, speciation, and other
forces that shape the genetic diversity of marine life.

There is little debate that life originates from the ocean,
and it is widely accepted that marine eukaryotes exhibit
amazing diversity. However, it is clear that research on
marine organisms is far behind research using model or-
ganisms such as mouse, fruit fly, zebrafish, yeast, and so on,
while policymakers, especially those in China, have fully
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realized the importance of the ocean in economy, ecology,
international relationships, etc. Thus, more resources have
been invested into scientific research, which provides great
opportunities to explore large-scale evolutionary questions.
By taking advantage of this, the investigation of non-model
organisms, including the introduction of marine model or-
ganisms, would reach a golden age and make more con-
tributions to evolutionary studies.
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