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Editorial on the Research Topic

Emerging research organisms in regenerative biology

To answer particular biological questions through mechanistic approaches, it seems sensible
to adopt accessible and tractable organisms that simplify the experimental work. By electing a
species as a model, the interest goes beyond the organism itself and the ultimate goal becomes
a better understanding of a more general biological phenomenon. Then, around the chosen
organism a scientific community takes shape, and the development of tools and resources comes
along. Indeed, many of the established so-called “model organisms” are convenient for studying
several aspects of biology but are not necessarily the best systems for others. In addition, when
focusing on only one species, mainly if chosen for its lab amenability rather than for a specific
trait, any evolutionary consideration should be taken with a grain of salt (Russell et al., 2017).

The field of regenerative biology seems to be a glaring example where the choice of one,
or even a fistful of model organisms can limit or even mislead the comprehension of the
whole phenomenon. For instance, the uneven distribution of regenerating capabilities across
the whole metazoans seems to point toward multiple independent acquisitions, a scenario that is
backed up by shreds of evidence against universal conserved cellular and molecular mechanisms
behind regeneration (Carlson, 2007). At a finer phylogenetic resolution, the picture is even
more complex. Variabilities in terms of regenerative capacity and regenerative mechanisms
can be found at the taxonomic level of family, order, and even genus (Sinigaglia et al., 2022).
Indeed, since Trembley’s dissections of Hydra polyps, which helped to give birth to the field
of regenerative biology, the descriptive and mechanistic study of animal regeneration has
always been sourced from arrays of different organisms. Particularly T. H. Morgan, through
his prominent work on regeneration, first advocated the importance of comparing the amplest
diversity of organisms to recast the questions about regeneration and development in terms of
experimentally testable hypotheses (Sinigaglia et al., 2022). Following Morgan’s legacy, in the last
decades, highly regenerating animal models such as a few species of flatworms, Hydra, zebrafish
and axolotl, have significantly advanced the understanding of the cellular and molecular basis of
their regeneration, highlighting both common and different mechanisms. Even more recently,
thanks also to affordable sequencing techniques, cutting-edge imaging approaches, single-cell
transcriptomics, and epigenetics, new research organisms for regenerative biology have emerged
(Blanchoud and Gallio, 2022). Yet, some basic questions remain far from being answered. For
instance, how did regeneration evolve in metazoans, are there conserved cellular and molecular
modules? To better portray the complex evolutionary scenario that characterizes regeneration, it
is fundamental to study as many possible organisms, and use their phylogenetic relationships
as an interpretative fabric to formulate evolutionary hypotheses. When possible, multiple,
closely related species should be compared as a strategy that can direct and facilitate the
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search for potentially conserved modules (molecular and cellular
toolkits) specific to each regenerative mode. In this issue, Chowdhury
et al. compared the regeneration of two established model organisms
from the same order of teleost fish but belonging to two different
families: zebrafish (Danio rerio) and medaka (Oryzias latipes). The
authors reviewed the different aspects of tissue regeneration and the
established experimental tools in the two fish models, highlighting
the importance of inter-species and inter-organ comparisons to
reveal mechanistic insights for therapeutic strategies for human
diseases. Shimizu and Kawasaki implemented such comparisons
and used the same two Actinopterygii fishes to analyze the neural
stem cell regenerative responses via activation of neural stem
cells upon central nervous system injury. Their results revealed
reduced neuronal differentiation and induction of pro-regenerative
transcription factor expression in medaka when compared to
zebrafish, uncovering significant differences in regenerative potential
within these teleost species. Shifting to lungfishes, the sister group
of tetrapods, Bothe et al. examined general morphological features
of appendage regeneration. In their previous work, the same team
observed that in salamanders, regeneration abnormalities are more
frequently observed in limbs that were bitten in a natural habitat than
in those amputated in a laboratory setting (Bothe et al., 2021), and
in this issue, by examining regenerated fins resulting from natural
bites, they reported also in lungfish various skeletal abnormalities
similar to those observed in salamanders, further substantiating
the hypothesis of a common origin of fin and limb regenerative
abilities in Sarcopterygii. Another good example of the complex
evolution of regenerative capabilities is the clade Tunicata, the sister
group of vertebrates. This sub-phylum comprises species with limited
regenerative capacities and species able to regenerate the entire
body through different mechanisms. Their scattered distribution
across the well-resolved tunicate phylogeny suggests many gains
and losses of regenerative power (Alié et al., 2020). Ricci et al.
described the first phases of whole-body regeneration in the tunicate
species Botryllus schlosseri and pointed out potential differences in
regenerative mechanisms with other species belonging to the same
genus (Nourizadeh et al., 2021).

Indeed, despite the variety of mechanisms that, in different
species, characterize the development of a particular regenerating
unit, some similarities and conserved molecular pathways have been
found also across relatively distant animals. One fairly conserved
process that precedes injury-induced regeneration is wound healing
(Fumagalli et al., 2018). Adamska et al. showed via comparative
transcriptomics that conserved wound healing-related molecular
players, such as FGF and Wnt signaling pathways, are expressed
during the initial wound closure of injured colonies of Acropora
millepora (phylum: Cnidaria Class: Anthozoa). The Acropora’s ability
to quickly regenerate upon mechanical and chemical damage is
probably one of the strategies that made scleractinian corals as
widespread and successful as niche-constructing organisms in coral
reef ecosystems. Yet, such hypotheses are difficult to be tested and
lead to another general and so far unanswered issue in regenerative
biology, which is why some species can regenerate while others
cannot. The question is tightly related to the single or multiple
origins of regenerative capacities but it carries a more adaptationist
flavor. The advantages of regenerating one part of the body,
or the whole organism, may seem pretty evident. Yet, the real
challenge is to explore what are the consequences of regeneration

on the survival and/or reproductive fitness of individuals of a
particular species. In other words, to test the adaptive role of
regeneration, or the loss of it. In this issue, Elchaninov et al.
reviewed different hypotheses that try to explain different trends
in the evolution of regenerative capacity, putting the emphasis on
the cost and benefits that regeneration has for the individual and
notably for the species. While studying empirically the adaptive
value of regeneration is not an easy task, it most likely requires
an understanding of the ecological context in which the given
species is in and how the species responds to it. Klein et al.
analyzed the effect of common pollutants on the development
and regeneration of the Anthozoa Nematostella vectensis, showing
either inhibition or failure in the tentacle regeneration as well as
observing a shifting in the microbiota composition. The observations
on microbiota compositions and its role in different aspects of
animal development and homeostasis have been a topic of particular
interest in the last decades. Díaz-Díaz et al. summarized the recent
studies on the relationship between microbiota and the regenerative
processes of their hosts, focusing mainly on the potential influence
on Echinoderm’s regenerative capacity, but also reviewing possible
roles of microorganisms during wound healing and regeneration in
other models.

Besides the evolutionary and adaptation-driven questions, which
demand the study and comparison of many species, there are
also other compelling questions in regenerative biology where
the use of one model per se can help to point out general
aspects of regeneration in metazoans. For instance, to what extent
embryogenesis, asexual reproduction, cancer, and regeneration can
be seen as different angles of the same phenomenon? In other
words, are the mechanisms of regeneration shared with, or co-opted
from, other developmental phenomena? To explore these questions,
different levels of comparisons can be done within one single
species. For instance, mechanistic connections between uncontrolled
cancerous growth, highly regulated embryonic development, and
epimorphic regeneration have been theorized since the beginning
of the last century by Waddington. More recent literature endorsed
Waddington’s theory and highlighted striking similarities between
wound healing, regenerative phenomena and the progression of some
tumors (Flier et al., 2010; Leigh et al., 2018). In this issue, Demirci et
al. use the canonical model organism zebrafish to explore molecular
mechanisms shared between early stages of brain regeneration, where
cell proliferation activity spikes, and two brain cancers. By comparing
transcriptomic profiles the authors highlighted early convergence
and later divergence in the two phenomena, providing a trampoline
dataset to further mechanistic studies and the development of target
therapies for vertebrate brain cancers cancers (Demirci et al.).

In conclusion, this issue brings together original findings and
reviews on very different aspects of regeneration, and that cover
both established and less-established research organisms. The articles
above-mentioned underscore the importance of broadening the
scope beyond the study of the molecular and cellular processes of
regeneration in a single species and also demonstrate the importance
of studying imperfect, limited regeneration or even the absence of
regenerative abilities in light of phylogenetic and ecological contexts.
The current availability of thousands of animal genomes and the
techniques allowing molecular studies at the single-cell level should
only prompt the proliferation of comparative studies. The inclusion
of understudied novel species in the roll of regeneration model
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systems becomes a condition sine qua non to understanding the many
mechanisms behind regeneration and their evolution.
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Evolution of Regeneration in
Animals: A Tangled Story
Andrey Elchaninov1,2* , Gennady Sukhikh1 and Timur Fatkhudinov3,4

1 Laboratory of Regenerative Medicine, FSBI National Medical Research Center for Obstetrics, Gynecology and Perinatology
Named after Academician V.I. Kulakov of Ministry of Healthcare of the Russian Federation, Moscow, Russia, 2 Histology
Department, Pirogov Russian National Research Medical University, Ministry of Healthcare of the Russian Federation,
Moscow, Russia, 3 Laboratory of Growth and Development, FSBSI Scientific Research Institute of Human Morphology,
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The evolution of regenerative capacity in multicellular animals represents one
of the most complex and intriguing problems in biology. How could such a
seemingly advantageous trait as self-repair become consistently attenuated by the
evolution? This review article examines the concept of the origin and nature of
regeneration, its connection with the processes of embryonic development and
asexual reproduction, as well as with the mechanisms of tissue homeostasis.
The article presents a variety of classical and modern hypotheses explaining
different trends in the evolution of regenerative capacity which is not always
beneficial for the individual and notably for the species. Mechanistically, these trends
are driven by the evolution of signaling pathways and progressive restriction of
differentiation plasticity with concomitant advances in adaptive immunity. Examples
of phylogenetically enhanced regenerative capacity are considered as well, with
appropriate evolutionary reasoning for the enhancement and discussion of its
molecular mechanisms.

Keywords: evolution, regeneration, morphallaxis, epimorphosis, blastema, dedifferentiation

Nothing in biology makes sense except in the light of evolution
T.G. Dobzhansky

If there were no regeneration there could be no life
R.J. Goss

INTRODUCTION

Animal regeneration is a subject of continuous scientific interest. The first experimental studies
on regeneration were carried out in the 18th century (Reaumur, 1712; Tremblay, 1744). Despite the
remarkable progress in the field (Bely and Nyberg, 2010; Zattara et al., 2019), we have to face the fact
that regenerative capacity varies colossally among the animal taxa. Despite the enormous amount
of experimental data on regeneration, the mechanisms of its evolution remain largely uncertain.

The first attempts to understand the laws that drive the evolution of regenerative capacity
in animals date to the 19th century. Since then, the so-called first rule of regeneration (“the
regenerative capacity of animals decreases with an increase in anatomical complexity”) was
re-formulated by many authors independently (Vorontsova and Liosner, 1960). The first counter-
examples of phylogenetically enhanced regenerative capacity in animals date back to the 19th
century as well.
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August Weismann (1834–1914) was the first to propose
comprehensive evolutionary reasoning for the diverse
regeneration potential in animals. He postulated that regenerative
capacity is an adaptive trait that is subject to phylogenetic
alterations and therefore may vary considerably among the
taxa. According to Weismann, the regenerative capacity of
a particular organ depends on three factors: anatomical and
physiological complexity, the frequency of damage to the organ,
and its significance for survival (Weismann, 1893, 1899). In the
20th century, similar views were expressed by Arthur Edwin
Needham, who also emphasized the relevance of environmental
conditions (for instance, he believed that aquatic environments
are highly favorable for regeneration) (Needham, 1952).
Needham’s remarks on the adaptive value of high regenerative
capacity, particularly on its ambiguous evolutionary feasibility
and controversial impact on survival, represent an important
addition to Weismann’s concept. According to Needham, the
routes of adaptation to the damaging factors are multiple.
Even under conditions of frequent damage to an organ, its
regeneration would not necessarily be the unique or least
expensive adaptive mechanism; the compensations for the loss
may include the enhanced breeding capacity, as well as the
effective avoidance of the damage through enhanced mobility
(Needham, 1952).

Despite the long history of the subject, the evolution
of regenerative capacity in animals is far from being fully
understood (Bely and Nyberg, 2010). In a broad sense,
the problematics of contemporary experimental studies and
theoretical investigations in the field have been set up by
Weismann (1893, 1899) and Needham (1952). It includes the
questions like whether regeneration is a primitive or adaptive
trait, what is the role of damage frequency in the evolution
of regenerative capacity, what is the role of the environment,
what are the reasons for the dynamic evolutionary alterations in
regenerative capacity, is it appropriate to consider regeneration
as a direct correlate of asexual reproduction, etc. The answers to
these and other old questions in their contemporary perspective
are the subject of this review.

CONTRIBUTION OF RUSSIAN
SCIENTISTS TO THE THEORY OF
REGENERATION

The first comprehensive Russian studies in the field of
regeneration date back to the early 20th century. We should
mention the research by K. N. Davydov, performed on acorn
worms Ptychodera minuta and Ptychodera clavigera. Davydov
was one of the first to express the idea of the similarity between
regeneration and embryonic development; his conclusions were
based on the comparison of the process of anterior regeneration
in P. minuta and P. clavigera with embryonic development
(Davydov, 1903).

By the 1930s, several large scientific centers for the study
of regeneration were formed in Russia. One of those was
headed by academician A. A. Zavarzin. Scientific activities
of his team had a pronounced evolutionary dimension; their

principal findings include the archetypal similarity of skeletal
muscle regeneration (with the involvement of myoblasts) in
representatives of different taxa (Zavarzin, 1938).

Another famous team focused on studying regeneration in
invertebrates (predominantly Porifera) was headed by B. P.
Tokin (Tokin, 1969; Korotkova, 1988). B. P. Tokin reckoned
that the term «regeneration» was historically coined as a generic
notion encompassing multiple different phenomena. He believed
that restoration of lost parts (extremities or organs) proceeds
by a different scenario and obeys other laws than the so-
called «somatic embryogenesis»—formation of a whole organism
from a limited number of preserved cells or small tissue
fragments. In this regard, B. P. Tokin and colleagues proposed
a broader concept of «regulation» which was a unifying term for
regeneration per se and «somatic embryogenesis» (Tokin, 1969).
This idea was subsequently criticized by Liosner, who questioned
the criteria for the distinction between the regeneration of body
parts and «somatic embryogenesis». L. D. Liosner justly pointed
that in many cases the distinction is vague, e.g., the restoration
of body terminus in many invertebrates (cnidarians, planarians,
annelids, etc.) satisfies the definitions of both regeneration and
somatic embryogenesis (Liozner, 1975).

Another key term that B. P. Tokin was operating with was
«integration»—a universal measure of adaptive fitness showing a
tendency to a continuous increase in the course of phylogenesis.
B. P. Tokin believed that the ability to regenerate body parts
increases evolutionary along with “integration” (as indicated by
the high regeneration rates characteristic of the integument and
internal organs in vertebrates), while the capacity of asexual
reproduction and somatic embryogenesis decreases (Tokin,
1969). Tokin’s views on the origin of regenerative capacity should
be mentioned as well: he believed that physiological regeneration
arose very early based on the properties and metabolic needs of
primitive living systems, while reparative regeneration evolved
later, based on the principles of physiological regeneration
and subsequent evolution of metabolic pathways and defense
mechanisms of the body (Tokin, 1969).

Another influential Russian team working on fundamental
problems of regeneration was the laboratory headed by M. A.
Vorontsova and L. D. Liosner (the Laboratory of Growth and
Development at the Institute of Human Morphology Russian
Academy of Medical Sciences, Moscow). The scope of their
scientific interest within the field of animal regeneration was
extremely diverse. Initially, the model choice was confined to
limb regeneration in amphibians, with the main focus on the
balance of destruction and proliferation and the role of mitogenic
radiation in these processes; a series of such studies was published
in the Wilhelm Roux’ Archiv für Entwicklungsmechanik der
Organismen (Blacher et al., 1933; Liosner et al., 1936). Later
on, the focus of scientific interest eventually shifted toward the
regeneration of internal organs, notably parenchymal organs, in
amphibians and ultimately in mammals. The vast experimental
data on the regeneration of different organs (kidneys, liver, lungs,
testes, ovaries, etc.) allowed a number of important fundamental
generalizations (Vorontsova and Liosner, 1960; Liozner, 1974).
In particular, Vorontsova found out that all parenchymal
organs regenerate in a similar way; to describe this; the
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term «regenerative hypertrophy» was introduced. Regenerative
hypertrophy—compensation of the loss by, respectively, cell
proliferation or the increase in the size of individual cells without
restoration of the initial morphogenetic complexity (Vorontsova
and Liosner, 1960; Liozner, 1974). V. F. Sidorova showed that
cellular mechanisms of postnatal regeneration of parenchymal
organs correspond to postnatal growth rather than embryonic
development, as no additional structural units (lobules, acini, and
nephrons) are formed after the resection (Sidorova, 1964, 1978).
A. G. Babaeva demonstrated the key role of the immune system
in regeneration, notably the ability of lymphocytes to stimulate
or suppress the repair processes in mammals (Babaeva, 1989,
1990). In the works of G. B. Bolshakova and her co-workers
began a new research area—the study of the regeneration of
the internal organs of mammalian fetuses; it was shown that in
the prenatal period, myocardial injury in 16-day-old rat fetuses
causes an increase in the proliferation of cardiomyocytes away
from the injury zone, while the formation of connective tissue in
the damaged zone is slow, which turns out to be unfavorable on
the survival of such animals in the postnatal period (Bolshakova,
2008). A. V. Elchaninov showed that after resection of the liver
of rat fetuses, the proliferation of hepatocytes is also activated
and the liver mass is restored, while, in contrast to the postnatal
period, without an increase in the ploidy and size of hepatocytes
(Elchaninov and Bolshakova, 2011a,b, 2012).

Findings of other Russian research teams that worked
successfully on specific fundamental issues of animal
regeneration should be mentioned as well. These include the
influence of pigment epithelium of the retina in its regeneration
in tailed amphibians studied by Mitashov (1996) and the role of
polyploidy in liver regeneration/myocardium repair in mammals
demonstrated by Brodsky and Uryvaeva (1977).

THE ORIGINS OF REGENERATION

From the very beginning of regeneration studies, two opposing
opinions have been expressed about its origin. Some experts
qualified regeneration as a primary property of living systems (A.
E. Needham and T. H. Morgan adhered to this point) (Needham,
1952), while others believed that it had emerged as a trait in some
primitive organisms along with multicellularity (Weismann,
1893, 1899; Bely and Nyberg, 2010). The second opinion implies
the understanding of regeneration as an epiphenomenon—
inducible re-play of a program, which underlies a particular
morphogenetic process (asexual reproduction, growth, and
embryogenesis) and is used repeatedly in the case of damage
(Garza-Garcia et al., 2010; Tiozzo and Copley, 2015).

Except for the radically different interpretation of very early
events, these two theories are mutually consistent, as both
allow viewing regeneration in terms of fundamental homology
and account for the employment of recognizable, highly
conservative patterns (which can be loosely defined as intensive
physiological maintenance of the remnant complemented by
active reconstruction of the missing part). Repair processes
in different organisms have much in common, for example,
rapid re-epithelialization of the damaged site, activation of cell

proliferation, activation of matrix metalloproteinases, scavenging
and regulatory activities of macrophages and other cells of the
immune system (Elchaninov et al., 2018, 2019), the impact
of the nervous system, etc. Repair processes may involve
dedifferentiation and transdifferentiation of cells and, notably,
activation of a stereotype genetic program (Fumagalli et al., 2018;
Darnet et al., 2019; Mehta and Singh, 2019).

Moreover, the diversity of views on the origin of regeneration
is more of historical interest, as early studies considered
this process only at the level of tissues and organs while
understandably neglecting the corresponding phenomena at
subcellular levels. With the current state of knowledge, it is
difficult to ignore the events and processes of restoration and
maintenance of intracellular integrity, including the continuous
renewal of organelles, turnover of the membranes, duplication of
centrioles, division of mitochondria, disassembly and reassembly
of the nuclear envelope during mitosis, etc. A unicellular
organism devoid of any ability to regenerate would be
maladaptive if viable at all; therefore, the direct association of
regenerative capacity with multicellularity is hardly reasonable.

Vorontsova and Liosner (1960) distinguished several types
of regeneration which had evolved separately; this point has
been reflected in recent studies (Bely and Nyberg, 2010). For
example, the regeneration of various components of organs, the
regeneration of whole organs, and the regeneration of the entire
body from a fragment represent different types of regeneration.
Some of these types are continuously preserved by evolution,
while others become eliminated (for example, the regeneration
of the entire body from a fragment).

Despite the distinct common features, repair processes
in different animal taxa may take dramatically different
ways (Alvarado and Tsonis, 2006). These ways are most
commonly distinguished by the scale of damage-induced cell
proliferation and its contribution to the morphogenesis, with
the extremes called morphallaxis and epimorphosis (the terms
were introduced by T. H. Morgan) (Figures 1A–C). Morphallaxis
proceeds by a spatial reorganization of the remnant at the
initial stages of repair; for example, Hydra regenerates by
morphallaxis (Figure 1A) (Alvarado and Tsonis, 2006). The
opposite way, epimorphosis, proceeds through the formation
of regeneration blastema composed of low-differentiated cells
with high proliferative capacity (Figure 1C). Epimorphosis
is characteristic of limb regeneration in tailed amphibians
(Caudata) and to a certain extent also of planarian regeneration
(Figure 1B) (Gurley et al., 2008). Currently, most experts agree
that the clear distinction between epimorphosis and morphallaxis
hardly makes sense, as any real regeneration is usually a
combination of both (Agata et al., 2007; Bely and Nyberg, 2010).
For instance, the oral pole regeneration in Hydra is distinctly
epimorphic (Chera et al., 2009; Galliot and Ghila, 2010).

The apparent phylogenetic primacy of morphallaxis is
indirectly indicated by its broad representation in both bilaterians
and non-bilaterians, whereas epimorphosis is specific for
bilaterians (Bely and Nyberg, 2010). Considering their similarity,
it can be assumed that epimorphosis evolved on the basis
of morphallaxis (Agata et al., 2007; Ben Khadra et al., 2018;
Ferrario et al., 2018).
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FIGURE 1 | Animal regeneration models. (A) Regeneration of head and foot in transgenic Hydra vulgaris by morphallaxis. (B) Regeneration timing in planarian
Schmidtea mediterranea. (C) Epimorphic limb regeneration in axolotl Ambystoma mexicanum. Adapted from, respectively, Wittlieb et al. (2006); Adell et al. (2014),
and Monaghan et al. (2014), under CC-BY. The asterisk labels the pharynx.

It should be noted that the overall homology of regeneration
mechanisms in animals is not that obvious. The mechanisms of
regeneration in distant taxa can differ beyond recognition, as can
be illustrated by the diverse genesis of regeneration blastema in
invertebrates (Das, 2015; Bertemes et al., 2020) and vertebrates
(Seifert and Muneoka, 2018; Muneoka and Dawson, 2020).

In planarians, the formation of blastema results from the
proliferation of neoblasts in response to amputation (Bertemes
et al., 2020); in crustaceans and insects, wound blastema is formed
from the migrating epidermal cells that undergo dedifferentiation
(Mito et al., 2002; Das, 2015; Bando et al., 2018).

Phylogenetic plasticity of regeneration mechanisms in
Caudata, with optional stem cell involvement and varying
contributions of dedifferentiation and transdifferentiation,
should be noted (Seifert and Muneoka, 2018; Muneoka and
Dawson, 2020). For instance, in newts, myoblasts are formed by
fragmentation of muscle fibers, whereas in axolotls, they form
by differentiation of myosatellite cells found within the blastema
(Seifert and Muneoka, 2018; Muneoka and Dawson, 2020).

Based on these findings, K. Muneoka et al. reckon that
regenerative capacity in vertebrates evolved independently
in different taxa originating from a hypothetical common
tetrapod ancestor incapable of limb regeneration. The authors
use this concept to describe the evolution of epimorphic
limb regeneration in amphibians (Seifert and Muneoka,
2018; Muneoka and Dawson, 2020) and suggest a similar
scenario for the evolution of regenerative capacity in
mammals, with their ability to partially restore the terminal
phalanx of a finger by forming a blastema-like structure
through remodeling and growth of bone tissue, which is
different from the mechanisms of blastema formation in

amphibians (Seifert and Muneoka, 2018; Muneoka and Dawson,
2020).

It should also be noted that, in mammals, cellular sources
of the wound blastema of the terminal phalanx differ in
an age-dependent manner. In mouse embryos at advanced
developmental stages, wound blastema is a derivative of
chondrogenic cells of the terminal phalanx, which express
Msx1, Msx2, Dlx5, and Bmp4 markers. A similar amputation
performed in the neonatal period promotes the formation of the
wound blastema as a derivative of mesenchymal cells located
predominantly beneath the nail organ and expressing Msx1, while
the blastema cells express Bmp2 and Bmp7 (Seifert and Muneoka,
2018; Muneoka and Dawson, 2020).

The diversity of cellular mechanisms of blastema formation
has been emphasized by Brockes et al. whose theory of
regeneration origin and evolution is based on two assumptions:
(1) regeneration employs the highly conservative principal
mechanisms of growth, development, and maintenance of tissue
homeostasis universally found in animals, and ensuring the
capability of self-repair in certain species/taxa and (2) these
highly conservative cellular mechanisms are governed and
regulated by a relatively small number of taxon-specific genes
responsible for the pronounced regenerative capacity (Garza-
Garcia et al., 2010).

The first of these points is consistent with the evidence on the
molecular invariance of morphogenetic processes (i.e., various
types of morphogenesis involve similar regulatory cascades)
(Cary et al., 2019; Mehta and Singh, 2019). The second
point (existence of “principal regulator” genes) is less evident;
notable examples include fgf20 proposed as a primary regulator
of fin regeneration in Danio rerio (Whitehead et al., 2005;
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Poss, 2010). A taxon-specific protein Prod1 (Geng et al., 2015),
found in newts and salamanders but missing in D. rerio,
Xenopus, and mammals, participates in the neural control over
regeneration and patterning (Garza-Garcia et al., 2010; Geng
et al., 2015; Muneoka and Dawson, 2020). The presence of Prod1
orthologs in Ambystoma mexicanum and Ambystoma maculatum
places its origin before the divergence of Salamandridae and
Ambystomidae (Garza-Garcia et al., 2010). In a planarian
Schmidtea mediterranea, 15% of 1065 genes associated with
homeostasis and regeneration have no homologs in other
organisms and are considered taxon-specific (Reddien et al.,
2005). According to Brockes et al., this group of genes is likely
to comprise principal regulators that determine the ability to
regenerate (Garza-Garcia et al., 2010).

The concept of principal regulators has also been indirectly
supported by a comparative genomic study encompassing 132
species of multicellular animals with different regeneration
capacities. A group of 118 highly conservative genes, 96% of
which encoded Jumonji C (JmjC) domain-containing proteins,
have been found specific for the «highly regenerative» species.
The evolutionary loss of such genes has been associated with a
dramatic decrease in regenerative capacity (Cao et al., 2019).

The evolutionary relationship between morphallaxis and
epimorphosis is disputable. The assumption on their intrinsic
homology was expressed by Bely and Nyberg (2010). This
point of view is supported by the non-random incidence of
both regeneration modes among animal taxa, as well as the
fundamental similarity of the cellular processes underlying
them. However, the depth of this similarity varies, and the
mechanisms can be fundamentally different. Moreover, the terms
«morphallaxis» and «epimorphosis», in the sense that Morgan
(who coined them) put into them, do not take into account
the overall mechanistic diversity of regenerative processes in the
animal kingdom; as a result, phenomena of different nature are
combined under one term. In this regard, some authors propose
to abandon the use of terms «morphallaxis» and «epimorphosis».
For instance, K. Agata suggested new terms «distalization»
and «intercalation» (Agata et al., 2007; Tiozzo and Copley,
2015). Recent findings indicate striking diversity of regulation
and implementation of regenerative processes at molecular and
cellular levels; even within a taxonomic group, the mechanisms
of regenerative response may vary significantly. In this regard,
the concept of homology as related to regeneration becomes a
distinct complex problem (Tiozzo and Copley, 2015).

The question of the origin of reparative regeneration is
closely related to the problem of how physiological regeneration
(i.e., the non-injury-induced restorative processes) and reparative
regeneration relate to each other. In general, physiological
regeneration is defined as the restoration of organs, tissues,
cells, and subcellular structures lost during their normal
life cycle or when performing their functions (Vorontsova
and Liosner, 1960). In modern understanding, physiological
regeneration is inherent in all tissues and cells; however, it
proceeds in different forms. The phenomena of physiological
regeneration include desquamation of epidermal cells, renewal
of the intestinal epithelium, restoration of the uterine mucosa
during the menstrual cycle, etc. (Carlson, 2007). B. P. Tokin

viewed physiological regeneration as a mechanistic basis
and direct evolutionary precursor to reparative processes.
In an extreme interpretation (currently only of historical
interest), reparative regeneration is an enhanced version
of physiological regeneration. This simplification is due to
the fact that cell proliferation, observed in some tissues
under normal conditions and activated after injury, was
the only measurable sign of regeneration. Currently, it is
obvious that reparative regeneration differs in mechanisms from
physiological regeneration and according to some views evolves
as epiphenomenon which partially employs both the principles
of physiological regeneration and the highly conserved molecular
and cellular mechanisms of embryonic development and growth
(Goss, 1992; Tiozzo and Copley, 2015).

Anyway, there is no doubt that regeneration as a process
arose very early in the evolution and therefore involves highly
conserved cellular mechanisms of morphogenesis. The intrinsic
similarity of regeneration processes with asexual reproduction
(Vorontsova and Liosner, 1960; Martinez et al., 2005; Kawamura
et al., 2008; Burton and Finnerty, 2009; Zattara and Bely, 2016),
growth (Bely and Wray, 2001; Gurley et al., 2008), and embryonic
development (Martin and Parkhurst, 2004; Ghosh et al., 2008;
Vogg et al., 2019) has been repeatedly noted.

REGENERATION AND ASEXUAL
REPRODUCTION

Indeed, it is quite difficult not to link regeneration with asexual
reproduction (Vorontsova and Liosner, 1960; Martinez et al.,
2005; Brockes and Kumar, 2008; Kawamura et al., 2008; Burton
and Finnerty, 2009; Zattara and Bely, 2016). In many organisms,
regeneration can be morphologically indistinguishable from
asexual reproduction by budding or fission. The mechanisms of
asexual reproduction could be “easily” adapted for regeneration;
the key difference is the stimuli that trigger these processes. Such
concept has been supported by molecular studies of regeneration
and asexual reproduction in hydras, planarians, annelids, and
other invertebrates (Martinez et al., 2005; Mehta and Singh, 2019;
Reddy et al., 2019a,b) revealing specific involvement of stem
cells and generically similar roles of Wnt-signaling in these two
processes (Mehta and Singh, 2019).

Ultimately, the phenomenon of restoration of the entire body
from a fragment can be considered as asexual reproduction
(Tokin, 1969). B. P. Tokin viewed the decreasing capacity for
asexual reproduction as a direct correlate (and reflection) of the
loss in regenerative capacity.

The resemblance of asexual reproduction with regeneration
in invertebrates is remarkable. However, despite the rich recent
history of comparative studies on the histological level, only
a limited number of specific molecular findings support the
intrinsic similarity of the two processes. The positive examples
include similar expression of Pl-en in the nervous system, as
well as Pl-Otx1 and Pl-Otx2 in the anterior body wall, foregut,
and nervous system, of the annelid worm Pristina leidyi during
regeneration and asexual reproduction (Bely and Wray, 2001).
Also, Hydra shows a similar expression of HyBMP5-8b, a
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BMP5-8 ortholog involved in axial patterning and formation of
tentacles, in budding and regeneration (Reinhardt et al., 2004).
However, despite the outward similarity of asexual reproduction
with regeneration, these two processes evolved separately. For
instance, the closest common ancestor of Annelida was probably
capable of regenerating the anterior and posterior ends of the
body but was devoid of the ability to reproduce itself asexually
(Zattara and Bely, 2011, 2016). In Nematostella vectensis,
molecular markers expressed during asexual reproduction and
regeneration significantly overlap; however, no expression of
regeneration markers Nv-otxC and anthox1 is observed during
asexual reproduction (Burton and Finnerty, 2009).

REGENERATION AND EMBRYOGENESIS

K. N. Davydov was one of the first to express the idea of the
similarity between regeneration and embryonic development;
his conclusions were based on the comparison of the process
of anterior regeneration in P. minuta and P. clavigera with
embryonic development (Davydov, 1903). The relationship
between regeneration and embryogenesis is of particular
importance for evolutionary biology, as it allows experimental
investigation of the emergence of new structures. Sánchez
Alvarado and coauthors developed an original view of this
problem (Sánchez Alvarado, 2000; Elliott and Sánchez Alvarado,
2013). According to his opinion, the limb development in
arthropods and vertebrates is governed by similar molecular
cascades. However, the closest common ancestors of arthropods
and vertebrates had no limbs at all. What factors, then,
predetermined the homology? (Sánchez Alvarado, 2000;
Elliott and Sánchez Alvarado, 2013).

The answer to this question can be obtained by studying
regeneration. The similarity of embryonic limb buds with
regeneration blastema is evident both histologically and at
the level of molecular signaling cascades (Galis et al., 2003).
In planarians, the blastema contains key components of
molecular pathways regulating the establishment of anterior–
posterior (Wnt-signaling), dorsal–ventral (BMP-pathway), and
medial–lateral polarities (Sánchez Alvarado, 2000; Elliott and
Sánchez Alvarado, 2013; Karami et al., 2015). According
to Sánchez Alvarado and coauthors opinion, «the molecular
processes underlying blastema formation and regeneration
have been co-opted by sexually reproducing animals for the
production of new structures such as limbs during the evolution
of their developmental processes» (Sánchez Alvarado, 2000;
Elliott and Sánchez Alvarado, 2013).

In molecular terms, embryonic development and regeneration
are very different. N. vectensis shows no asymmetric expression
of Hox-like genes (characteristic of embryogenesis) during
asexual reproduction or regeneration (Burton and Finnerty,
2009). In zebrafish, the epimorphic regeneration of fins requires
fgf20a expression, which is not required for fin development
(Whitehead et al., 2005). In Xenopus, three Abdominal B-type
Hox genes XHoxc10, XHoxa13, and XHoxd13 show different
expression patterns in regenerating and developing limbs
(Christen et al., 2003). The similarities and differences of

embryonic development, asexual reproduction, and regeneration
are consistent with the idea that the capacities of asexual
reproduction and regeneration evolved on the basis of signaling
pathways of growth and development; however, the “borrowing”
was selective and proceeded in a variety of ways.

Apparently, signaling pathways governing regeneration
and asexual reproduction in primitive animals were
eventually redirected for the performance of other
tasks, e.g., limb development (Sánchez Alvarado, 2000;
Elliott and Sánchez Alvarado, 2013).

EVOLUTIONARY MAINTENANCE OF
REGENERATIVE CAPACITY

Regardless of the character of regeneration origins at the most
ancient stages of evolution (whether it was a primary or
secondary property of animals), this property was propagated in
diverse forms throughout the animal kingdom.

The problem of maintaining regenerative capacity during
evolution is one of the key ones. However, there are very
few specific experimental studies. Initially, the very idea of
maintaining the ability to regenerate, the role of the frequency of
damage in this process was developed by Weismann (1893, 1899),
and further tested in the works of Morgan T.H. (1901). Further
insight into the role of injury and the value of regeneration in the
fitness of a species was developed by Needham (1952) and Goss
(1969).

According to the classical reasoning, frequent damage to an
organ is favorable for the maintenance of its regenerative capacity
(Weismann, 1893, 1899), given that its loss will significantly
reduce the individual’s fitness and the overall costs are not
detrimental for the species (Needham, 1952; Goss, 1969).

At the initial stages of evolution, aggressive environmental
conditions apparently played a principal role in maintaining the
regenerative capacity (Wulff, 2006). Indeed, a high frequency
of damage is typical for some groups of highly regenerative
organisms in natural environments, to the extent that the
majority of individuals in wild populations show distinct signs
of damage and repair (Clark et al., 2007; Bely and Nyberg, 2010).
However, the high regenerative capacity may be preserved even at
low frequencies of damage. T. H. Morgan, in his classical studies
on hermit crabs, showed that the rudimentary hind limbs, hidden
in the shell and rarely damaged unless the shell is broken (in
which case the animal would likely perish), regenerate in the same
way as front limbs (exposed to the environment and frequently
damaged or autotomized) (Morgan T., 1901; Morgan T.H.,
1901; Sunderland, 2010). Noteworthy, hydras, and planarians,
with their remarkable regenerative capacities, show no signs of
active repair in the wild (Bely and Nyberg, 2010). As emphasized
by Needham, regeneration would never be the only adaptive
response to frequent damage. Instead, the species may enhance
its reproductive potential; the animals may also develop mobility,
protective coloration, exoskeleton, etc. (Needham, 1952).

Theoretically, as already noted, the severity of damage
must be balanced by the cost of the regenerative process.
Excessive severity of damage will kill the animal, whereas its
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insignificance for the normal functioning (due to dispensability
or redundancy of the damaged structure) will eliminate the need
for regeneration. However, in practice, it is rather difficult to
determine the cost of damage, as well as the cost of regeneration
for a particular organism (Tiozzo and Copley, 2015). Several
studies indicate that regeneration is indeed associated with
significant energy expenditures (Naya et al., 2007) and functional
opportunity costs that affect the survival and reproductive
capacity of the organism (Bernardo and Agosta, 2005; Maginnis,
2006; Suzuki et al., 2019). Complex adaptive reactions (e.g.,
autotomy, which helps to minimize the loss of biological fluids
and tissues when attacked by predators) can reduce the cost of
damage thus increasing the feasibility of regeneration (Maginnis,
2006; Mcgaw, 2006; Bateman et al., 2008). In the general case,
the regeneration is feasible when its benefits and rates override
the possible negative effects from the existence of functionally
immature and burdensome intermediate structures (Ramos et al.,
2004; Dupont and Thorndyke, 2006; Barr et al., 2019) or
incomplete/deviant recovery in cases of atypical regeneration
(Lailvaux et al., 2009; Bely and Nyberg, 2010).

Due to the difficulties and contradictions of adaptationism
(when applied on its own), alternative hypotheses were proposed
to explain the evolutionary maintenance of regenerative
capacity. In this regard, pleiotropic effects and phylogenetic
inertia represent particularly important factors that should be
discussed separately.

In an evolutionary context, the term «pleiotropy» refers to
the maintenance of regenerative capacity of an organ in close
association with some other important morphogenetic process,
for example, asexual reproduction, growth, embryogenesis, or
regeneration of another organ (possibly regulated by the same
genetic frameworks). Pleiotropy implies default activation of
related morphogenetic processes; for instance, in cnidarians and
flatworms, the mechanisms of regeneration and normal growth
are intrinsically similar (Alvarado and Tsonis, 2006; Bosch, 2007).

The concept of phylogenetic inertia refers to cases when
regenerative capacity confers no distinct selective advantages
to the species, nor shows distinct associations with any other
morphogenetic process. In such cases, regeneration is preserved
for the reason of insufficient selection pressure (or time) for its
elimination. This concept provides a valuable description for the
evolution of regenerative capacity in annelids, some of which
retained the capacity while others lost it (Bely and Wray, 2001;
Bely, 2006).

EVOLUTIONARY ENHANCEMENT OF
REGENERATIVE CAPACITY

It should be noted that evolutionary enhancement of regenerative
capacity is rare. Nevertheless, the distinct minor trends can be
illustrated by the enhanced regenerative capacity of muscle liver
tissues and in mammals and birds compared with amphibians
(Liozner, 1974; Carlson, 2005) and the enhanced regeneration
of extremities in arthropods compared with other ecdysozoans
(Maruzzo and Bortolin, 2013). Another famous example is the
regeneration of the tail in lizards (Garza-Garcia et al., 2010)

and high skin regeneration in the spiny mouse, Acomys
(Brant et al., 2016). Despite these impressive examples of the
enhanced regenerative capacity, their mutual relationship is
too distant to allow comprehensive investigation of common
evolutionary patterns.

One of the most productive strategies in tracing the
evolutionary dynamics of regenerative capacity is to compare
closely related species with different regenerative capacities (Bely
and Sikes, 2010; Zattara et al., 2019). Phylum Nemertea is one of
the most promising in this aspect, as all of its studied species are
capable of regenerating the posterior portion of the body, while
only some of them can regenerate the anterior terminus (Bely
et al., 2014; Zattara and Bely, 2016). The findings indicate that
the common ancestor of Nemertea was capable of regenerating
the posterior portion, but not the anterior terminus. In the
evolution of Nemertea, this capacity was reinforced in at least
four instances, as revealed by facile regeneration of the anterior
terminus in corresponding species (one among Palaeonemertea
and three among Pilidiophora; Zattara et al., 2019). The
repeated events of enhancement were apparently promoted by
repeated emergence of certain traits which allowed the transition
(probably, the long-term survival of decapitated individuals)
(Zattara et al., 2019). Mechanistically, the enhancement may
result from the activation of some embryonic developmental
programs in adults. Such assumption is consistent with the
experiments on the embryos of Nemertopsis bivittata, which, after
being cut into two parts, develop into two individuals (whereas
the adults of this species are non-regenerative) (Martindale and
Henry, 1995). Such mechanisms can be highly conserved; cf.
the organizing roles of Wnt/β-catenin signaling during apical
regeneration in Hydra and early development in vertebrates
(Guder et al., 2006; Reddy et al., 2019a; Vogg et al., 2019).

AN EVOLUTIONARY DECLINE IN
REGENERATIVE CAPACITY

The decline in regenerative capacity is a very strong phylogenetic
trend, the examples of which can be found in any phylum
(Bely and Nyberg, 2010; Lai and Aboobaker, 2018). However, its
accurate comparative assessment in different groups of animals is
complicated (Bely, 2010; Bely and Sikes, 2010).

Meanwhile, mechanistic reasons for the decline, though much
discussed, remain understudied. In the view of adaptationists,
regenerative capacity may be alleviated as a direct consequence
of low damage frequency (Baumiller and Gahn, 2004). However,
this view has not been supported by experimental findings,
efficient regeneration of rudimentary limbs in hermit crabs
reported by T. Morgan. The same applies to the regeneration
of internal organs, which, according to A. Weismann, should
regenerate poorly (Weismann, 1893, 1899). In the 20th
century, this concept was criticized by M. A. Vorontsova,
L. D. Liosner, and their followers (Vorontsova and Liosner,
1960; Liozner, 1974).

In addition, a decline in regenerative capacity may occur as a
result of a significant change in the adaptive value of the organ.
In case of dramatic gain in adaptive value, damage to the organ
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may kill the individual without giving regeneration a chance.
However, a decrease in the adaptive value of an organ may also
promote a decline in its regenerative capacity, as it happens
with a multiplication of identical or similar structures, e.g., the
alleviated capacity of limb regeneration in certain arachnids
(Brautigam and Persons, 2003).

Regenerative capacity may also decrease in a pleiotropic
manner. Galis et al. (2003) suggest that the regenerative
capacity of vertebrate limbs evolves in connection with their
embryonic development. In the case of the early onset of limb
development, its formation coincides with basic morphogenetic
events involving complex interactions of multiple embryonic
structures. As a consequence, the limb develops under powerful
inducing effects of somites, lateral plate mesoderm, etc., but not as
a self-organizing structure. Accordingly, the regenerative capacity
of the definitive limb is reduced (Galis et al., 2003).

When the onset of limb development is delayed until the
completion of fundamental inductive interactions between the
primary germ layer derivatives (somites, neural tube, etc.),
the autonomously developing limbs will be regenerative. This
concept can be illustrated by the delayed limb development in
Caudata (whose capacity for limb regeneration is renowned).
Opposite examples include the fins of sharks and lungfish, as
well as the limbs of birds and mammals, which develop from
early anlagen and regenerate poorly. At the same time, the
concept does not account for the poor limb regeneration in
Anura, whose limbs develop fairly late, but regenerate well
in larvae only (Galis et al., 2003). However, adult Anura are
not completely devoid of the ability to regenerate limbs: in
Rana temporaria and Rana clamitans, limb regeneration can
be obtained after additional damaging effects on the wound
surface (Polezhaev, 1946), while in Xenopus laevis, the same
effect can be achieved by blocking proton channels and limiting
the duration of local immune responses (Adams et al., 2007;
Fukazawa et al., 2009).

Close to the concept under consideration is the concept of
modules, a network of genes that control the behavior of cells
taken from evo-devo. Defining the concept of modularity is not a
trivial task. In developmental biology, the hypothesis of modules
assumes the division of a developing organism into functional
or organizational subunits that have pronounced morphological
isolation, for example, somites, or correspond to a certain part
of the body of an adult, such as a limb kidney (Bolker, 2000).
Raff (1996) listed the following module characteristics: it should
have a discrete genetic specification, hierarchical organization,
interactions with other modules, a particular physical location
within a developing organism, and the ability to undergo
transformations on both developmental and evolutionary time
scales (Raff, 1996).

In connection with the problem of the evolution of
regeneration, this concept implies the idea of developmental
constraint, i.e., restraints on phenotype production due to limited
interaction among modules. For example, an increase in the
complexity of the structure at the histological level can prevent
the propagation of gradients of morphogens or bioelectric signals,
which can lead to a decrease in the regenerative capacity
(Tiozzo and Copley, 2015).

The interplay of regeneration and immunity represents a
special issue (Mescher et al., 2017). The advent of adaptive
immunity apparently collided with the pronounced regenerative
capacity. In the highly regenerative Caudata, many components
of adaptive immunity are underdeveloped; for example,
compared with tailless amphibians, they lack antiviral immunity
(Cotter et al., 2008; Murawala et al., 2012). Significant upgrade of
the adaptive immune system during metamorphosis in Anura is
consistent with the observed decline in the regenerative capacity
of the adult individuals compared with the larvae (Robert
and Ohta, 2009; Godwin and Rosenthal, 2014). In Anura, the
immune system undergoes significant developmental changes.
Prior to metamorphosis, it is functionally immature, as indicated
by larval repertoires of T cell and B cell receptors, low expression
of MHC I, low levels of B cell-mediated responses and antibody
production, the negligible activity of natural killer cells, and low
activity of helper and killer T cells. Metamorphosis is associated
with a significant upgrade of these indicators; in addition, it
brings the capacity of MHC II-dependent activation of helper T
cells (Robert and Ohta, 2009). The increase in activity of natural
killer cells and T cells in tailless amphibians leads to enhanced
antitumor and antiviral immunity, which apparently costs them
their regenerative potential.

Similar patterns are observed in mammals, with the
pronounced regenerative capacity (manifested in scarless wound
healing and myocardial regeneration) confined to certain stages
of fetal development (Porrello et al., 2011; Vivien et al., 2016). The
pronounced regenerative capacity of fetal skin and myocardium
can be associated with certain functional properties of the
developing immune system. It has been demonstrated that during
this period the body more readily develops a Th2-mediated anti-
inflammatory response than pro-inflammatory reactions (Sattler
and Rosenthal, 2016). The shifted balance apparently favors a full-
value compensation of the defect in line with its immediate tissue
environment rather than its replacement with fibrous tissue.
Apart from the plausible role of T cell-mediated responses, the
influence of innate immunity should be considered as well. The
development of organs is accompanied by their colonization
with macrophages of bone marrow origin as opposed to primary
populations of embryonic macrophages, which may also affect
the regenerative capacity (Epelman et al., 2014; Elchaninov et al.,
2019, 2020). Apparently similar reasons explain the high skin
regeneration in the spiny mouse, Acomys. So they have an
almost complete absence of macrophages and a low level of pro-
inflammatory cytokines in their skin wounds (Brant et al., 2016).

Thus, it can be noted that evolutionary maturation of the
immune system leads to a decrease in the regenerative potential,
as illustrated by the inability of frogs to regenerate limbs after
metamorphosis, as well as the extinction of scarless healing of
skin wounds in mammals.

The reverse correlation between adaptive immunity and
regenerative capacity (Godwin et al., 2017) may reflect the
important role of under-, trans-, or dedifferentiated cells in
regeneration (considered in the next section). It has been
suggested that the advanced adaptive immunity (characteristic
of Anura, birds, and mammals) is poorly compatible with
the presence of non-differentiated cells, which are considered
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compromised and become eliminated along with foreign cells.
The constant immune pressure on the populations of cells with
high differentiation potential negatively affects the regenerative
capacity (Godwin et al., 2017).

Another reason for the decline in regenerative capacity
may be the high energy cost of this process. In animals
with a short lifespan, individuals invest more resources in
reproduction, which leads to a decrease in regenerative potential;
this apparently has happened to certain species of lizards (Fox
and McCoy, 2000; Bernardo and Agosta, 2005). A similar
relationship between reproduction and regeneration can be
observed in species with asexual reproduction, e.g., annelids who
have lost the capacity of anterior regeneration (Bely and Wray,
2001; Bely, 2010; Zattara and Bely, 2013). Regeneration may
affect the development; for instance, it significantly delays the
metamorphosis in fruit flies, cockroaches, butterflies, and crabs,
which can also adversely affect survival (Suzuki et al., 2019).
Another possible cause for the decline in regenerative capacity
is warm-bloodedness (Goss, 1969), which is closely related to the
evolution of adaptive immunity, hard skeleton (Wulff, 2006), and
finite growth (Bely and Wray, 2001; Bely, 2010).

Elucidation of mechanisms that determine the decline of
regenerative capacity is challenging, especially given the varying
degree of such effects in the evolution. It was noted that in certain
groups of animals, e.g., annelids, regeneration is reduced to
wound healing, amphibians and fish tend to exhibit hypomorphic
regeneration, whereas reptiles may show either decreased rates of
recovery or confinement of repair to certain stages of ontogeny
(Vorontsova and Liosner, 1960; Han et al., 2003, 2008; Seifert
and Muneoka, 2018). In planarian Dendrocoelum lacteum, cross-
cut at a certain level, tail fragments are incapable of regenerating
the head. It has been found that the restriction is due to the
uninhibited Wnt/b-catenin signaling in such fragments and that
ectopic suppression of Wnt/b-catenin signaling makes them
capable of anterior regeneration (Liu et al., 2013; Maden, 2018).
Similarly, the lack of anterior regeneration observed in certain
annelids has been associated with low expression of nanos
(Bely and Sikes, 2010).

DIFFERENTIATION STATUS AS A
CORRELATE OF REGENERATIVE
CAPACITY

According to Weismann’s theory, the regenerative capacity
decreases as the structural and functional organization becomes
more complex. In other words, Weismann believed that complex
structural patterns are poorly compatible with regeneration,
which requires pronounced tissue plasticity and a sufficient
degree of freedom for the reconstruction.

Despite the vagueness and controversy of the
term “organization complexity” as applied to animals,
differentiation plasticity of cells is certainly connected with
regeneration capacity.

The terms «transdifferentiation», «dedifferentiation», and
«redifferentiation» have a rich history of scientific usage. The
issue of their exact meanings and, in general, whether their

use makes sense, is still open. Despite the long controversy,
the definitions vary. Literally, dedifferentiation is the loss
of structural and functional specialization; accordingly,
redifferentiation may be understood as reacquisition of its
previous differentiated phenotype by a particular cell (Odelberg,
2004, 2005; Grigoryan, 2016). «Transdifferentiation» is a
particularly controversial term. Some experts use it loosely, even
to describe a transition between derivatives of the same germ
layer, for example, the transition between cholangiocyte and
hepatocyte (Michalopoulos, 2011). Others use it in a narrower
sense, to describe a transition between germ layers; the examples
include the transition of the coelomic epithelium into gut
epithelium during gut regeneration in holothurians (Dolmatov
et al., 2019) and the transition of pigment cells of the iris into
epithelial cells of the lens (Grigoryan, 2016). «Dedifferentiation»
implies explicit transition to a low-differentiated state with high
proliferative activity. A classic example of dedifferentiation is
observed during regeneration of the retina from the pigment
epithelium in newts, during which the epithelial cells lose
melanin granules, enter proliferation, and differentiate into
neurons (Mitashov, 1996); the whole sequence, however, can be
justly classified as redifferentiation or even transdifferentiation.
Formation of the wound blastema during regeneration of
newt limbs also involves dedifferentiation, with muscle fibers
losing their striation and undergoing fragmentation to become
myoblasts (Odelberg, 2005).

Differentiation plasticity of cells at the site of injury (or
directed to it) is closely related to the extent of remodeling
in response to damage, with the extremes termed morphallaxis
(«blastema-less» regeneration) and epimorphosis (which involves
the formation of blastema). For instance, the diploblastic Hydra
can be considered as an organism that is constantly in a state
of regeneration (Sánchez Alvarado, 2000; Martínez and Bridge,
2012). In Hydra, non-differentiated pluripotent cells of the gastric
column are constantly proliferating and changing their location
within the body (Sánchez Alvarado, 2000; Bosch, 2007; Vogg
et al., 2019). According to some expert opinions, these cells may
be considered as a hidden permanent analog of the blastema. The
constant «circulation» of such cells in Hydra’s body provides a
reasonable alternative to their emergency accumulation at the site
of damage (which would be an epimorphic feature). Moreover,
the constant presence of non-differentiated progenitors enables
the triggering of determination and differentiation processes
immediately after damage, which is typical for morphallaxis
(Sánchez Alvarado, 2000).

In triploblastic animals, the evolution of an expanded system
of cell differentiation checkpoints posed critical restrictions on
the pluripotency. In planarians (considered as the most primitive
triploblastic animals), the only pluripotent cells are neoblasts.
In the case of damage to the planarian body, neoblasts actively
proliferate and form blastema. It is believed that the cells involved
in the restoration of the entire body from a fragment have
similar properties in different groups of animals (endowed with
such capacity). These cells are marked with RNA/protein-rich
structures referred to as nuage, germ plasm, or chromatoid bodies
(nuGPCB) which typically contain the expression products of
germline-associated genes of Vasa, Nanos, Piwi, Tudor, Pumilio,
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and Bruno families. In invertebrates, non-differentiated cells are
also typically marked by high expression of PIWI/piRNA genes,
which ensures genome stability (Tiozzo and Copley, 2015; Lai and
Aboobaker, 2018).

In more complex triploblastic animals, e.g., tailed amphibians,
the pluripotency is restricted even further. These animals lack a
reserve of pluripotent cells, which emerge during regeneration as
a result of dedifferentiation and transdifferentiation of the pre-
existing differentiated cells (Alvarado and Tsonis, 2006; Brockes
and Kumar, 2008; Li et al., 2015). In tailless amphibians and
salamanders, the potency of accumulating non-differentiated
cells in response to injury is dramatically reduced or restricted to
the larval stages (Agata and Inoue, 2012). Relative contributions
of dedifferentiation and transdifferentiation to regeneration
remain disputable, partly due to the pluralism of definitions
for these processes in different settings (Galliot and Ghila,
2010). The majority of experts agree that dedifferentiation and
transdifferentiation characteristically occur during regeneration
in Hydra, as well as during Wolffian regeneration of the lens
in Caudata (Galliot and Ghila, 2010; Henry and Hamilton,
2018). Transdifferentiation of coelomic epithelial cells into
enterocytes can be observed during regeneration in sea
cucumbers (Dolmatov et al., 2019; Boyko et al., 2020). At the
same time, the cells of regenerating limbs in tailed amphibians
have been shown to retain their key differentiation determinants
(Kragl et al., 2009; Slack, 2017).

According to a number of authors, the ability of cells to
return to the cell cycle is closely related to the concept of cell
plasticity (Galliot and Ghila, 2010). In the course of evolution
in some animals, the regulation of the cell cycle became more
complicated, the appearance of additional checkpoints, which in
turn could cause a decrease in the regenerative capacity.

In the course of a comparative study of the mechanisms of
regulation of the cell cycle, it was found that 23 cyclins are
encoded in the Saccharomyces cerevisiae genome, which regulates
six proline-directed serine/threonine protein kinases. Cdc28 is
required for driving the cell cycle. The multifunctional kinase
Pho85 regulates G1 progression and other intracellular processes.
In humans, 13 members of the CDK-family (cyclin-dependent
kinase) have been found to interact with 29 cyclins and cyclin-
related proteins (Malumbres and Barbacid, 2005). A family of
five proteins (known as Ringo or Speedy) has been found in
vertebrates but not in S. cerevisiae, Caenorhabditis elegans, or
Drosophila melanogaster (Nebreda, 2006).

It has been found that CDK7, CDK8, and CDK9 are not
very different from their yeast orthologs. CDK4 and CDK6
first appeared in multicellular organisms. The increased number
of cyclins in the mammalian genome has resulted in a large
variety of CDK–cyclin complexes. However, only 10 cyclins
(three D-type, two E-type, two A-type, and three B-type cyclins)
are known to be directly involved in driving the mammalian cell
cycle (Malumbres and Barbacid, 2009).

The control of the mitotic cycle in the nuclei of muscle
fibers in Anamnia and mammals is carried out with the
involvement of different amounts of regulatory proteins. It was
found that in non-amniotic vertebrates, one INK4 gene functions,
which is responsible for the synthesis of cyclin-dependent

kinase inhibitor 2 (p16Ink4). At the same time, mammals
have two Ink4 genes (Ink4a which produces p16INK4a, and
ARF, and Ink4b which produces p15INK4b). p16INK4a and
p15INK4b block cyclin-dependent kinases 4 and 6 (CDK4,6)
activity under normal conditions. In mammals, there is an
additional mechanism of inhibition of the cell cycle re-entry
by alternate open reading frame (ARF) through tumor protein
p53. Under normal conditions, maintenance of chromosomes
2 (MCM2) ubiquitinates p53 and targets it for destruction
(Seifert et al., 2012).

Despite the limitations in proliferative potential and
phenotypic plasticity, mammalian tissues present with certain
examples of dedifferentiation. However, these examples are
most often associated with pathological processes, to leave alone
tumorigenesis. For example, under conditions of severe viral or
toxic liver damage, cholangiocytes are prone to dedifferentiation,
with subsequent redifferentiation to cholangiocytes or
transdifferentiation to hepatocytes (Michalopoulos, 2011).
Another effect of viral or toxic liver damage on cell differentiation
status is the loss of lipid droplets by Ito cells and their transition
to myofibroblasts (Unanue, 2007).

CONCLUSION

In the course of the evolution of certain animal taxa, more
and more checkpoints were added to the regulation of the cell
cycle and exit from it. These checkpoints are maintained by the
expanded system of cyclins and cyclin-dependent kinases with
associated gene-and-protein networks and circuits (Malumbres
and Barbacid, 2009; Seifert et al., 2012). The establishment of
complex multilevel control of the mitotic cycle was inevitably
coupled to enhanced control of the differentiation status;
this association represents a major cause for the decline in
regenerative capacity in vertebrates. An eventual increase in the
activity of metabolic processes in warm-blooded animals allowed
neither the preservation of non-differentiated cells in sufficiently
high numbers nor the massive waves of dedifferentiation
fraught with tumorigenesis (Sánchez Alvarado, 2000; Li et al.,
2015).

Regeneration is a complex and diversified process inherent
to the life at different levels of its organization. For obvious
reasons, morphologically advanced cases of regeneration (such as
restoration of the entire body from a fragment or regeneration
of amputated limbs) draw more attention than others. As a
consequence, a limited number of regeneration model organisms
are used for research: zebrafish, newts, hydra, and planaria. In this
case, the same type of damage is very often used—amputation,
which narrows our understanding of regeneration and its
evolution. Almost nothing is known about the mechanisms
of regeneration in such animals after toxic damage, viral or
bacterial. This is often considered in the relevant sections of
microbiology, toxicology, and is not taken into account by
regeneration researchers.

The evolution of regeneration can be studied by various
approaches (Vorontsova and Liosner, 1960; Bely and Nyberg,
2010). The methodology involves a reduction of the phenomenon

Frontiers in Ecology and Evolution | www.frontiersin.org 10 March 2021 | Volume 9 | Article 62168616

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-621686 March 1, 2021 Time: 16:11 # 11

Elchaninov et al. Evolution of Regeneration in Animals

to particular events assigned to different levels of the organization
and classified accordingly, with appropriate accounting for their
relative contributions in a single model. Moreover, it is obvious
that the evolution of regeneration is not a unidirectional process.
Despite a major trend of the decline in regenerative capacity
with the increasing organizational complexity, the phenomenon
is modified in a variety of ways and never completely eliminated.
For instance, mammals, who have suffered a pronounced
phylogenetic decline in regenerative capacity, are capable of
restoring neither amputated limbs nor other external appendages
(the repair is limited to wound healing). At the same time,
regeneration of certain organs and structures in mammals is
morphologically consistent and results in complete functional
recovery; characteristic examples include the restoration of the
auricle tissue after a perforating wound (Williams-Boyce and
Daniel, 1986) and restoration of the liver mass after massive
resections (Bangru and Kalsotra, 2020).

Evolutionary studies on regeneration involve overcoming
certain biases. Regrettably, the studies on regenerative capacity

are still linked to a limited number of animal models and
species. Importantly, in natural habitats, the organs may be
damaged by disease rather than mechanically, which dramatically
affects the course of regeneration. Regeneration of pathologically
altered organs has been experimentally studied in mammals;
for other animal taxa, the corresponding data are fragmentary
or missing.
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Zebrafish have superior regenerative capacity in the central nervous system (CNS)
compared to mammals. In contrast, medaka were shown to have low regenerative
capacity in the adult heart and larval retina, despite the well-documented high tissue
regenerative ability of teleosts. Nevertheless, medaka and zebrafish share similar brain
structures and biological features to those of mammals. Hence, this study aimed
to compare the neural stem cell (NSC) responses and regenerative capacity in the
optic tectum of adult medaka and zebrafish after stab wound injury. Limited neuronal
differentiation was observed in the injured medaka, though the proliferation of radial glia
(RG) was induced in response to tectum injury. Moreover, the expression of the pro-
regenerative transcriptional factors ascl1a and oct4 was not enhanced in the injured
medaka, unlike in zebrafish, whereas expression of sox2 and stat3 was upregulated in
both fish models. Of note, glial scar-like structures composed of GFAP+ radial fibers
were observed in the injured area of medaka at 14 days post injury (dpi). Altogether,
these findings suggest that the adult medaka brain has low regenerative capacity with
limited neuronal generation and scar formation. Hence, medaka represent an attractive
model for investigating and evaluating critical factors for brain regeneration.

Keywords: radial glia, stab wound injury, optic tectum, neuronal differentiation, reactive gliosis, zebrafish,
medaka

INTRODUCTION

Zebrafish have a superior ability to regenerate various tissues, including the central nervous system
(CNS) and heart, compared with mammals (Becker et al., 1997; Poss et al., 2002; Raymond et al.,
2006; März et al., 2011). Recently, to better understand the molecular mechanisms underlying the
high regenerative capacity of zebrafish, comparative analyses of tissue regeneration in the retina
and heart between zebrafish and mice have been performed, given their similarities in cell type
and tissue structure (Kang et al., 2016; Hoang et al., 2020; Simões et al., 2020). Comparative
studies using next-generation sequencing technology have revealed differences in the immune
response or expression of transcriptional factors associated with tissue regeneration (Hoang et al.,
2020; Simões et al., 2020). In contrast, the brain structure and cell types between zebrafish and
mice are quite different (Kizil et al., 2012; Alunni and Bally-Cuif, 2016; Diotel et al., 2020;
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Labusch et al., 2020). Despite the efforts made to explore and
compare the brain regeneration mechanisms in zebrafish and
mice, comparative studies with omics approaches have not been
well examined (Llorens-Bobadilla et al., 2015; Zhong et al.,
2016; Arneson et al., 2018; Yu and He, 2019; Demirci et al.,
2020). To investigate the mechanisms that contribute to the high
regenerative capacity of the zebrafish brain, non-regenerative
animal models with similar brain structures and biological
features are warranted.

Medaka (Oryzias latipes) is a popular experimental model
among freshwater teleosts that has been extensively used
for tissue regeneration analysis. Despite its high regenerative
capacity in the fin and pancreas (Akimenko et al., 1995;
Katogi et al., 2004; Moss et al., 2009; Otsuka and Takeda,
2017), similar to zebrafish, medaka have a low capacity for
heart and retina regeneration (Ito et al., 2014; Lai et al.,
2017; Lust and Wittbrodt, 2018). Comparative analysis of
heart regeneration between adult medaka and zebrafish, cardiac
cryoinjury results in less cardiomyocyte proliferation and scar
formation in medaka (Ito et al., 2014; Lai et al., 2017),
whereas zebrafish show induced cardiomyocyte proliferation
and injured tissues are filled with newborn cardiomyocytes,
with little or no scar tissue formation (Poss et al., 2002;
Kikuchi and Poss, 2012). Regenerative capacity in the retina
has also been compared between larval medaka and zebrafish,
indicating that retinal injury induces Müller glia proliferation
in both models; however, Müller glia in medaka have less
multipotency, with photoreceptors being generated, but not
retinal ganglion cells (Lust and Wittbrodt, 2018). Moreover,
overexpression of sox2 in Müller glia was found to promote
the regenerative potential of these cells in the medaka retina.
However, the CNS regenerative capacity in the adult medaka
remains unclear.

Medaka and zebrafish have similar brain structures and
niches of adult neural stem cells (NSCs) (Adolf et al., 2006;
Grandel et al., 2006; Alunni et al., 2010; Kuroyanagi et al.,
2010). Stab wound injury models affecting various regions of
the adult zebrafish brain, including the optic tectum, have been
developed to investigate brain regeneration (Kroehne et al., 2011;
März et al., 2011; Kishimoto et al., 2012; Kaslin et al., 2017;
Shimizu et al., 2018; Lindsey et al., 2019; Yu and He, 2019). The
optic tectum of both zebrafish and medaka harbors two types
of NSCs—neuroepithelial-like stem (NE) and radial glia (RG)
cells—that express stem cell markers, such as sox2 and msi1.
NE cells are proliferative cells that produce neurons, RG, and
oligodendrocytes, whereas most of RG are quiescent (Alunni
et al., 2010; Ito et al., 2010; Takeuchi and Okubo, 2013; Galant
et al., 2016; Dambroise et al., 2017). Previous studies showed
that RG proliferation and differentiation into newborn neurons
are induced in response to injury in young adult zebrafish (2–
4 months old) (Shimizu et al., 2018; Ueda et al., 2018; Yu and He,
2019; Kiyooka et al., 2020). In contrast, the regenerative responses
in the medaka tectum remain to be elucidated.

Herein, the proliferation and differentiation of RG and
NE in injured medaka and zebrafish were examined to
evaluate the regenerative capacity of the medaka brain. The
present study highlights the potential of medaka as a useful

experimental non-regenerative model to investigate and identify
pro-regenerative factors that mediate CNS regeneration.

MATERIALS AND METHODS

Animals
Medaka (O. latipes) and zebrafish (Danio rerio), specifically the
Kyoto-Cab and RIKEN Wako wild-type strains, respectively,
were maintained at 27.0 ± 1◦C under a 14/10 h light/dark cycle.
All experimental protocols were approved by the Institutional
Animal Care and Use Committee of the National Institute
of Advanced Industrial Science and Technology (2021-0276).
Animals with 3–7 months old were used for all experiments,
except for the analysis of newborn neurons after tectum injury,
which 3–5-months-old medaka and zebrafish were used.

Stab Wound Injury Protocol
To induce a stab wound injury in the adult optic tectum, medaka
and zebrafish were anesthetized with 0.02% tricaine (pH 7.0;
Nacalai Tesque, Kyoto, Japan) and a 30 G needle was vertically
inserted into the medial region of the right hemisphere, as
previously described (Shimizu et al., 2018). The contralateral
uninjured hemisphere was used as internal control for each
animal. For quantitative real-time polymerase chain reaction
(PCR) analysis, both hemispheres were injured.

5-Bromo-2-Deoxyuridine (BrdU)
Administration
To label proliferating cells, injured medaka and zebrafish were
kept in 5 mM BrdU (Wako, Osaka, Japan). Injured medaka and
zebrafish were treated with BrdU for 48 h, from 1 to 3 days
post injury (dpi).

Histological and Immunohistochemical
Analysis
Medaka and zebrafish were anesthetized using 0.02% tricaine and
intracardially perfused with phosphate-buffered saline. Brains
were dissected and stored in 4% paraformaldehyde (Wako)
solution overnight at 4◦C. The fixed brains were stored in
30% sucrose solution overnight at 4◦C, and whole brains were
then embedded in a 2:1 mixture of 30% sucrose and Tissue-
Tek O.C.T. compound (Sakura Finetek Japan, Tokyo, Japan).
For fluorescence immunohistochemistry, 14 µm cryosections
were prepared using a Leica CM1960 cryostat (Leica Biosystems,
Wetzlar, Germany). Fluorescence immunohistochemistry was
performed as described previously, using the following primary
antibodies: mouse anti-HuC (1:100 dilution, A21271; Invitrogen,
Waltham, MA, United States) as a pan-neuronal marker,
mouse anti-proliferating cell nuclear antigen (PCNA) (1:200,
sc-56; Santa Cruz Biotechnology, Dallas, TX, United States)
as a proliferating cell marker, mouse anti-glial fibrillary acid
protein (GFAP) (1:500, G3893; Sigma-Aldrich, St. Louis, MO,
United States), and rabbit anti-brain lipid binding protein (BLBP)
(1:500, ABN14; Millipore, Burlington, MA, United States) as
RG cell markers, and sheep anti-BrdU (1:500, ab1893; Abcam,
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Cambridge, United Kingdom). Alexa Fluor 488- and 546-
conjugated subclass-specific antibodies (1:500, Invitrogen) were
used as secondary antibodies. For PCNA antigen retrieval,
sections were incubated with 10 mM sodium citrate for 30 min
at 85◦C prior to primary antibody incubation. For BrdU antigen
retrieval, sections were incubated with 2N HCl (Wako) for 30 min
at 37◦C. For nuclear staining, the sections were incubated with
Hoechst 33258 (1:500; Dojindo, Kumamoto, Japan) for 30 min
following immunohistochemistry.

Quantitative Real-Time PCR (qRT-PCR)
For qRT-PCR, both hemispheres of the optic tectum were injured.
After anesthesia with 0.02% tricaine, both hemispheres of the
optic tectum were dissected from one fish and homogenized
in TRIzol reagent (Invitrogen). Total RNA was purified using
the Directozol RNA Miniprep (Zymo Research, Irvine, CA,
United States), and cDNA was synthesized using RevaTra Ace
(Toyobo, Osaka, Japan). The gene-specific primers used for
ascl1a, oct4, sox2, stat3, and tbp are listed in Supplementary
Table 1. The expression of tbp was used as endogenous control.

Cell Quantification
To quantify proliferating RG after the stab injury, the number of
BLBP+PCNA+ cells was counted in 5–10 sections, including the
center of the injury. To quantify NE proliferation, the number of
PCNA+ cells located in the tectal marginal zone was counted in
5–10 sections, including the center of the injury. To quantify the
number of newborn neurons after the stab injury, the number
of BrdU+HuC+ cells in five sections, including the center of
the injury, was counted. The number of BrdU+HuC+ cells in
the tectal marginal zone was also counted in five sections after
the tectum injury. The corresponding contralateral regions were
examined as internal controls.

Statistical Analysis
All data are expressed as the mean ± standard error of the mean
(SEM), and sample numbers are indicated in each figure legend.
Statistical analysis in two experimental groups was performed
using paired and unpaired Student’s t-tests. In three or more
groups, one-way analysis of variance was performed, followed
by Tukey’s post hoc test. P-values were calculated using Prism
software (GraphPad Software, San Diego, CA, United States) and
statistical significance was defined as ∗∗∗ and † † † if P < 0.001;
∗∗ and †† if P < 0.01; ∗ and † if P < 0.05.

RESULTS

Increase in the Proliferation of Radial
Glia in Response to Stab Injury
In the adult zebrafish optic tectum, most RG are quiescent
under physiological conditions, but stab wound injury can
induce their proliferation (Shimizu et al., 2018; Lindsey et al.,
2019; Yu and He, 2019). To examine that this regenerative
mechanism was also present in medaka, stab wound injury
was induced in the right hemisphere of the optic tectum of

medaka and RG proliferation was quantified by counting BLBP
(RG marker), and PCNA (proliferating cell marker) double-
positive cells. At 2 dpi, the number of proliferative RG cells
(BLBP+PCNA+ cells) was significantly increased in the injured
hemisphere than in the contralateral (internal control) uninjured
side (Figures 1A,B). Additional analysis between 6 h post injury
(hpi) to 7 dpi (Figures 1C–F) further revealed that the number of
proliferative RG significantly increased from 1 dpi and peaking
at around 2 dpi, with no significant difference being observed
at 7 dpi (Figure 1G), which follows the same response trend
observed in the injured zebrafish (Shimizu et al., 2018; Yu
and He, 2019). Moreover, we quantified BLBP−PCNA+ cells
except for proliferative NE known as PCNA+ cells located in the
tectal marginal zone to analyze the cell proliferation of another
type of cell. These BLBP−PCNA+ cells which may include
oligodendrocytes, microglia, neutrophils, and endothelial cells
also significantly increased in response to the injury (Figure 1H).
Although the contribution of NE to tectum regeneration is
controversial (Shimizu et al., 2018; Lindsey et al., 2019),
NE proliferation after stab wound injury was also evaluated
by counting the PCNA+ cells in the tectal marginal zone
(Supplementary Figures 1A–L). This analysis confirmed that the
stab wound injury had no significant effect on the proliferation
of NE (Supplementary Figure 1M), which is consistent with
previous injured zebrafish (Shimizu et al., 2018). Taken together,
these results suggest that RG in the medaka and zebrafish tectum
have similar proliferative potential after injury.

Limited Generation of Newborn Neurons
After Stab Injury of Optic Tectum
Previous studies showed that newborn neurons around the
injured site after the tectum injury in young adult zebrafish
are mainly derived from RG (Shimizu et al., 2018; Yu and
He, 2019). To analyze whether newborn neurons were similarly
generated in tectum injured medaka, BrdU-labeled proliferative
cells (including RG and NE) in the injured zebrafish and medaka
were evaluated at 7 dpi (Figure 2A). We confirmed that RG
incorporated BrdU at 3 dpi (Supplementary Figures 2A–E).
Then, the number of newborn neurons (BrdU+HuC+ cells)
at 7 dpi was quantified (Figures 2B,C), revealing that were
not significantly increased in the injured hemisphere in the
medaka unlike in the zebrafish (Figure 2D). BrdU+ cells
around the injured periventricular gray zone (PGZ) in the
medaka optic tectum are BLBP+ (Supplementary Figures 2F–
I). Moreover, the number of BrdU+ cells observed in PGZ
was not significantly different in both fish models (Figure 2E).
These results suggest that post-proliferating RG in injured
medaka have limited capacity for neuronal differentiation. As
NE can also generate neuronal cells in the optic tectum, the
differentiation potential of BrdU+ cells in the tectal marginal
zone after tectum injury was also evaluated (Supplementary
Figure 3A). However, no significant differences were observed in
the BrdU+HuC+ cells around the tectal marginal zone between
injured and uninjured hemispheres in both medaka and zebrafish
(Supplementary Figures 3B–G). Overall, these results suggest
that post-proliferating RG in the injured medaka tectum have
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FIGURE 1 | Proliferation of radial glia (RG) is increased in response to stab wound injury. Representative images of proliferative RG (BLBP+PCNA+ cells) in the
uninjured (A) and injured (B) hemispheres at 2 days post injury (dpi). (A’,B’) Magnified images of the boxed area in (A,B). (C–F) Representative images of proliferative
RG in the injured hemisphere at 6 h post injury (hpi) and at 1, 4, and 7 dpi. White arrowheads indicate BLBP+PCNA+ cells, and dashed lines indicate injured areas.
Scale bar: 50 µm in (A–F) and (A’,B’). Schematic drawing of the stab injury in the right hemisphere of the optic tectum and cross-section. (G) Quantification of
proliferative RG in both uninjured and injured hemispheres at 6 (n = 5) and 12 (n = 3) hpi, and 1 (n = 5), 2 (n = 5), 3 (n = 4), 4 (n = 5), and 7 (n = 4) dpi.
(H) Quantification of proliferative cells (BLBP-PCNA+ cells) except NE in both uninjured and injured hemispheres at 6 (n = 5) and 12 (n = 3) hpi, and 1 (n = 5), 2
(n = 5), 3 (n = 4), 4 (n = 5), and 7 (n = 4) dpi. Statistical analyses between uninjured and injured hemispheres at each time point were evaluated using paired
Student’s t-tests. Statistical significance was defined as *P < 0.05; **P < 0.01; ***P < 0.001.

limited neuronal differentiation, whereas stab wound injury in
the optic tectum does not affect NE differentiation into neurons.

Differential Expression of Transcriptional
Factors Between Medaka and Zebrafish
After Tectum Injury
Molecular mechanisms related to ascl1a during zebrafish retina
regeneration have been well studied (Fausett et al., 2008;
Ramachandran et al., 2010). In particular, the expression of

this pro-regenerative transcriptional factor was shown to be
induced the optic tectum of zebrafish. Moreover, induction of
sox2, stat3, and oct4 expression was also shown to be required
for NSC proliferation and differentiation into neurons (Fausett
et al., 2008; Ramachandran et al., 2010; Nelson et al., 2012;
Zhao et al., 2014; Gorsuch et al., 2017; Sharma et al., 2019).
Herein, the expression of these transcriptional factors was also
evaluated to assess potential changes induced in response to the
tectum injury. Thus, ascl1a, oct4 (pou5f1 in medaka and pou5f3
in zebrafish), sox2, and stat3 were evaluated at 6, 24, 96, and
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FIGURE 2 | Generation of newborn neurons in the injured medaka is limited compared with zebrafish. (A) Schematic drawing of bromodeoxyuridine (BrdU)-labeling
and stab injury in the right hemisphere of the optic tectum. Representative images of newborn neurons (BrdU+HuC+ cells) in both injured zebrafish (B) and medaka
(C). White arrowheads indicate BrdU+HuC+ cells, and dashed lines indicate the injured areas. Scale bar: 50 µm. (D) Quantification of BrdU+HuC+ cells in the
uninjured and injured hemispheres in zebrafish (n = 4) and medaka (n = 4). (E) Quantification of total BrdU+ cells in both uninjured and injured zebrafish (n = 4) and
medaka (n = 4). Statistical analyses were evaluated using one-way analysis of variance followed by Tukey’s post hoc test. Statistical significance was defined as
*P < 0.05.

168 hpi. Expression changes of sox2 and stat3 showed similar
patterns, significantly increasing from 6 hpi (Figures 3A,B).
At 168 hpi, stat3 expression in zebrafish remained significantly
elevated though stat3 expression in medaka returned to baseline.
Interestingly, upregulation of ascl1a and oct4 was observed
in the injured zebrafish (Figures 3C,D), whereas it was not
induced in the injured medaka. Expression of oct4 was decreased
at 6 hpi in both injured medaka and zebrafish, subsequently
increasing in the injured zebrafish at 24 and 96 hpi, but not
in the injured medaka (Figure 3D). These results suggest that
differential expression of pro-regenerative factors may contribute
for the limited neuronal differentiation potential of RG in medaka
during tectum regeneration.

Glial Scar-Like Structures Persist in the
Injured Medaka Tectum
In the adult mammalian brain, stab wound injury increases
GFAP immunoreactivity in astrocytes, called reactive gliosis,
and these reactive astrocytes are shown to contribute to the
GFAP+ scar formation, called glial scar (Feeney et al., 1981;
Hozumi et al., 1990; Smith et al., 1995; Xiong et al., 2013;
Burda et al., 2016). Although stab wound injury in the zebrafish
telencephalon also increases GFAP immunoreactivity in the

injured hemisphere, scar formation has not been observed
(Kroehne et al., 2011; März et al., 2011; Baumgart et al., 2012;
Kishimoto et al., 2012). Hence, the reactive gliosis after the tectum
injury was herein assessed by comparing GFAP immunoreactivity
in injured medaka and zebrafish at 7, 14, and 30 dpi (Figures 4A–
H). At 7 dpi, GFAP expression increased in both injured
fishes (Figures 4B,F). In particular, the GFAP immunoreactivity
remained activated in the injured zebrafish at 14 dpi (Figures 4I–
P), compared with the uninjured tectum (Figure 4C); however,
its levels were relatively weak and no obvious scar-like structure
was observed at 30 dpi (Figure 4D). Surprisingly, GFAP+ scar-
like structures were formed in the injured medaka at 14 dpi
(Figure 4G), which persisted at 30 dpi (Figure 4H). Moreover,
at 14 dpi (Figures 4I–P), the injured medaka lacked cell layer
in the injured PGZ indicated by dashed lines (Figure 4N),
and GFAP+ fibers covered the area of this missing cell layer
(Figure 4O). This GFAP+ scar-like structure elongated from
the basal layer of the PGZ to the apical side (Figure 4O) and
this injury-induced GFAP+ structures were co-expressed with
BLBP (Figures 4O,P), suggesting that RG in the medaka optic
tectum could form this scar-like structure in response to injury.
Of note, in the injured zebrafish optic tectum, a disturbed
cell layer due to the injury was also observed (Figure 4J),
but no obvious lack of layer and no accumulation of GFAP+
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FIGURE 3 | Pro-regenerative transcriptional factors are differentially expressed between the injured medaka and zebrafish. Quantitative polymerase chain reaction
analysis of the pro-regenerative transcriptional factors ascl1a (A), oct4 (B), sox2 (C), and stat3 (D). Graphs indicate the relative gene expression in the injured tectum
from 6 to 168 h post injury (hpi) compared to the uninjured tectum (n = 4). Statistical analyses between the uninjured and injured hemispheres at each time point
were evaluated by unpaired Student’s t-tests. We used * for zebrafish and † for medaka to indicate significant difference. Statistical significance was defined as * and
†P < 0.05; ** and ††P < 0.01; *** and ††† P < 0.001.

or BLBP+ radial fibers around the injured area were noted
(Figures 4J–L). These results suggest that RG with GFAP+
scar-like structures in the injured medaka tectum have reactive
astrocytic characteristics.

DISCUSSION

Zebrafish have higher CNS regeneration capacity, including of
the brain, retina, and spinal cord, compared with mammals
(Kizil et al., 2012; Alunni and Bally-Cuif, 2016). Medaka and
zebrafish share similar biological features, such as brain structure,
body size, and lifespan; nevertheless, medaka have different
regenerative capacities in heart and retina (Ito et al., 2014; Lai
et al., 2017; Lust and Wittbrodt, 2018). The present study showed
that stab wound injury could induce the proliferation of RG in
the medaka, but with limited generation of newborn neurons in
the injured site compared with the response observed in similarly
injured zebrafish. Therefore, this is the first report indicating the
limited capacity of neuronal regeneration in the teleost young
adult brain. We also confirmed that there was no induction of
transcriptional factors, ascl1a and oct4 in the injured medaka.
Moreover, we observed injury-induced GFAP+ radial fibers from
RG at 14 dpi and found that this glial scar-like structure covered
the injured area with lack of cell layer in medaka. Taken together,
our findings suggest that medaka have low regenerative ability
in the tectum compared to zebrafish because RG in the injured
medaka tectum may have reactive astrocytic characteristics rather
than neurogenic NSCs.

In the adult zebrafish CNS, the optic tectum and retina
share similar features regarding NSCs. For example, RG in
the optic tectum and Müller glia in the retina are quiescent
under physiological conditions, whereas proliferation and
differentiation of these NSCs are activated upon injury (Raymond
et al., 2006; Ito et al., 2010; Shimizu et al., 2018). The optic
tectum and retina also have NE cells that continuously proliferate
and generate newborn neurons throughout life (Raymond
et al., 2006; Ito et al., 2010). Comparative analyses of retinal
regeneration showed that Müller glia in the larval medaka have
limited neuronal differentiation compared with larval zebrafish
despite the proliferative response induced by retinal injury (Lust
and Wittbrodt, 2018), which is consistent with here observed
limited capacity of RG in the medaka tectum. Furthermore,
although Müller glia in the medaka only contribute for the
generation of photoreceptors, induction of sox2 expression in
Müller glia after retinal injury can restore their multi-potency.
Although sox2 and stat3 expression increased in both medaka
and zebrafish after the tectum injury, that of ascl1a and oct4
did not increase in the injured medaka. In the zebrafish,
the transcriptional factors ascl1a (also known as Ascl1/Mash1
in mammals) and oct4 are known to play important roles
in retinal regeneration (Fausett et al., 2008; Ramachandran
et al., 2010; Sharma et al., 2019). Furthermore, during zebrafish
retinal regeneration from light damage, stat3 expression may
precede ascl1a expression (Nelson et al., 2012; Goldman, 2014),
whereas N-methyl-d-asparate-injured mouse retina showed
the lack of Ascl1 expression (Karl et al., 2008) despite
the upregulation of phosphorylated Stat3 (Jorstad et al., 2020).
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FIGURE 4 | Persistent glial scar-like structure is observed in the injured medaka tectum. (A–H) Representative images of immunostaining with anti-GFAP and
anti-BLBP antibodies on the uninjured (A: zebrafish and B: medaka) and injured hemisphere at 7, 14, and 30 days post injury (dpi) [(B–D): zebrafish and (E–H):
medaka]. (I–P) Magnified images of the boxed area at 14 dpi [(I–L): zebrafish and (M–P): medaka]. The dashed lines indicate the injured areas. Scale bar: 100 (A–H)
and 50 (I,M) µm.

These findings suggest that upregulation of STAT3-mediated
signaling is a shared feature in both injured medaka and
zebrafish, but that lack of ascl1a expression in the injured
medaka may result in low neurogenic capacity of RG in the
medaka tectum.

In addition to limited neuronal generation after medaka
tectum injury, persistent GFAP+BLBP+ scar-like structures were
clearly observed from 14 to 30 dpi. In contrast, in the zebrafish
adult brain, stab wound injury in the telencephalon induced
reactive gliosis with upregulation of GFAP immunoreactivity, but
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no scar formation was observed (März et al., 2011; Baumgart
et al., 2012; Kishimoto et al., 2012). In the injured zebrafish optic
tectum, although upregulation of GFAP immunoreactivity was
also observed, obvious scar formation like medaka has not been
observed. These findings suggest that scar-like structures with
radial fibers in the injured medaka tectum are similar to glial scar
formed by reactive astrocytes in the damaged mammalian CNS
(Burda et al., 2016). Glial scar in the injured rodent CNS includes
GFAP and other extracellular matrices, such as chondroitin
sulfate proteoglycan and collagen IV (McKeon et al., 1991). The
role of glial scar in the tissue regeneration is well investigated,
but the findings remain inconclusive (Anderson et al., 2016;
Adams and Gallo, 2018; Yang et al., 2020). Glial scar is shown
to prevent acute inflammation spreading; however, large scar is
an obstacle for neuronal and axonal regeneration. Whether glial
scar-like structure in the injured medaka shares these features
remain to be explored. Furthermore, Stat3 activation in astrocytes
is involved in glial scar formation after spinal cord injury in mice
(Herrmann et al., 2008; Anderson et al., 2016), suggesting that the
activated stat3 signaling in the medaka RG may contribute to scar
formation rather than neuronal generation unlike zebrafish.

Teleost species are shown to have a high regenerative
capacity of various tissues, including the CNS. In addition
to zebrafish, goldfish (Carassius auratus) and brown ghost
knifefish (Apteronotus leptorhynchus) are known to have high
CNS regeneration potential (Bernstein, 1964; Stevenson and
Yoon, 1978; Zupanc, 1999; Sîrbulescu et al., 2009). In addition
to these teleosts, recently, various other species including
salmonoids (masu and chum salmon) (Pushchina et al., 2017,
2020) and killifish (mummichog, Aphaniops hormuzensis, and
Nothobranchius furzeri) (Bisese et al., 2019; Soltani et al., 2020;
Van houcke et al., 2021) have been explored as models to
assess the mechanisms regulating the CNS regenerative potential.
Previous studies showed that only medaka have low CNS
regenerative potential, regardless of age and health condition
(Lust and Wittbrodt, 2018). For comparative analyses of tissue
regeneration, compatible injury models and similar biological
properties, except regenerative capacity, are important. Hence,

medaka represent an attractive non-regenerative model to
investigate and identify pro-regenerative factors that mediate
CNS regeneration.
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Regeneration, the replacement of body parts in a living animal, has excited scientists
for centuries and our knowledge of vertebrate appendage regeneration has increased
significantly over the past decades. While the ability of amniotes to regenerate body
parts is very limited, members of other vertebrate clades have been shown to have
rather high regenerative capacities. Among tetrapods (four-limbed vertebrates), only
salamanders show unparalleled capacities of epimorphic tissue regeneration including
replacement of organ and body parts in an apparently perfect fashion. The closest living
relatives of Tetrapoda, the lungfish, show regenerative abilities that are comparable to
those of salamanders and recent studies suggest that these high regenerative capacities
may indeed be ancestral for bony fish (osteichthyans) including tetrapods. While great
progress has been made in recent years in understanding the cellular and molecular
mechanisms deployed during appendage regeneration, comparatively few studies have
investigated gross morphological and histological features of regenerated fins and limbs.
Likewise, rather little is known about how fin regeneration compares morphologically
to salamander limb regeneration. In this study, we investigated the morphology and
histology of regenerated fins in all three modern lungfish families. Data from histological
serial sections, 3D reconstructions, and x-ray microtomography scans were analyzed to
assess morphological features, quality and pathologies in lungfish fin regenerates. We
found several anomalies resulting from imperfect regeneration in regenerated fins in all
investigated lungfish species, including fusion of skeletal elements, additional or fewer
elements, and distal branching. The similarity of patterns in regeneration abnormalities
compared to salamander limb regeneration lends further support to the hypothesis that
high regenerative capacities are plesiomorphic for sarcopterygians.

Keywords: regeneration, lungfish, pathologies, salamander, axolotl

INTRODUCTION

The capability to replace lost organ and body parts, better known as regeneration, has fascinated
scientists for several centuries (Reaumur, 1712). While this ability varies widely among Metazoa
(e.g., Morgan, 1898; Lenhoff and Lenhoff, 1991; Bely and Nyberg, 2010), epimorphic regeneration
was considered exceptional among extant vertebrates (e.g., Alvarado, 2000; Tsonis, 2000). This
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form of regeneration, considered to be true regeneration, is
characterized by the formation of two crucial structures, the
blastema and the apical epithelial cap (or AEC) (Londono
et al., 2018). Full regeneration of limbs after loss by injury
has been reported only in salamanders and frogs, albeit
appendage regeneration in frogs is limited to tadpole stages
before metamorphic climax and is lost in adults (Dent,
1962; Girvan et al., 2002). Hence, urodeles are the only
living tetrapods capable of fully regenerating limbs throughout
their whole lifespan, even though larval salamanders show
regenerates with less abnormalities than adults (Bothe et al.,
2021). Through intensive research, especially on the model
organism axolotl (Ambystoma mexicanum) the underlying
processes of epimorphic regeneration in salamanders are quite
well understood (amongst others: Kragl et al., 2009; McCusker
et al., 2015; Bryant et al., 2017a). More recently, salamander
lineage-specific genes (LSGs) were identified and shown to play a
role in limb development as well as regeneration in salamanders,
which led to the proposal that certain features in salamander
limb development and their capacities to fully regenerate limbs
may indeed be lineage specific for urodeles (Garza-Garcia et al.,
2010; Brockes and Gates, 2014). However, data from fossil shows
that limb regeneration already occurred in ancient amphibians
long before the emergence of salamanders (Fröbisch et al., 2014,
2015), suggesting that the high regenerative capacities of body
appendages are an ancient feature of tetrapods that was lost
in the amniote lineage. This was later supported by molecular
data that demonstrated that the genetic toolkit playing a role in
lungfish tail regeneration is very similar to that seen in axolotl
(Verissimo et al., 2020). Moreover, high regenerative capacities
of the endochondral appendage skeleton were also demonstrated
for several clades of osteichthyians, including paddle fish, gar,
Polypterus, and several members of teleost fish (Cuervo et al.,
2012; Amaral and Schneider, 2018; Darnet et al., 2019). Darnet
et al. (2019) therein also showed that osteichthyians deploy
a similar genetic toolkit for appendage regeneration, lending
support to an ancient origin of epimorphic regeneration in
vertebrates. However, many aspects of the evolution of vertebrate
regeneration remain poorly understood and will require more
detailed molecular, morphological, evolutionary, and ecological
investigations of non-model as well as model organisms to
gain a better understanding of the drivers of epimorphic
regeneration in vertebrates.

Lungfish (Dipnoi) play a central role in this context, as they
display a high degree of tissue regeneration in body appendages
comparable to modern salamanders. Dipnoi are an ancient
lineage of osteichthyan fish (bony fish) and, next to coelacanths,
the only extant sarcopterygian (lobe-finned) fish. They first
appeared in the Early Devonian period, about 419.2–393.3
million years ago (Chang and Yu, 1984) and were widespread
and common in both marine and freshwater habitats. Several
phylogenomic analyses and genome sequencing over the past few
years have revealed that lungfish, rather than coelacanths, are the
closest extant relatives of tetrapods (Amemiya et al., 2013; Biscotti
et al., 2016; Irisarri and Meyer, 2016).

Although Dipnoi were notably abundant during the
Devonian, most lungfish went extinct after the end Permian

mass extinction (Nelson et al., 2016). Only three freshwater
genera survived until now, represented by six species:
South American lungfish (Lepidosiren, one species), African
lungfish (Protopterus, four species), and the Australian lungfish
(Neoceratodus, one species).

Lepidosiren was the first lungfish to be discovered in the
1830s (Bischoff, 1840) and have been the focus of many studies
on sarcopterygian and vertebrate evolution, the transition from
fishes to land vertebrates, genome size studies and the evolution
of tetrapod feeding systems (Reilly and Lauder, 1990; Ericsson
et al., 2010; Boisvert et al., 2013; Ziermann et al., 2018). Moreover,
their high regenerative abilities, which rival those of salamanders,
make them a highly relevant subject for regeneration research
(Conant, 1970; Darnet et al., 2019; Verissimo et al., 2020).

Anatomically, paired lungfish fins rest on a single cartilaginous
girdle element and are constructed according to the archipterygial
fin type, in which the metapterygial stem consists of a projecting
series of endoskeletal basal fin elements running along the
middle of the fin. From this central axis, preaxial (anterior) and
postaxial (posterior) radials proceed outward to sides of the fin
for further support (Kardong, 1997). Among the modern taxa,
the Australian lungfish resembles most closely the ancestral fin
anatomy of ancient lobe-finned fishes (Kardong, 1997). Viewed
from the outside, the fin appears leaf-shaped and narrow at its
base. Cartilaginous, serially arranged elements comprising the
fin main axis, called mesomeres, follow the pectoral or pelvic
girdle, respectively, and become increasingly smaller toward the
fin tip. The first mesomere is considered homologous to the
femur/humerus of tetrapods, the second to radius and ulna
or tibia and fibula, respectively (Romer et al., 1959; Kardong,
1997). Numerous fin radials are articulated dorsally (preaxially)
and ventrally (postaxially) from the second mesomere onward,
whereas the amount and arrangement of the fin radials is variable
(Braus, 1900). The second mesomere usually has one pre-axial
side radial on the pectoral and two or more on the pelvic fin,
as well as about 4–5 postaxial lateral radials on the pectoral and
about three on the pelvic fin. Subsequent mesomeres each carry
one or two side radials postaxially and preaxially.

By contrast, the fins of South American and African lungfish
species are significantly reduced. Preaxial and postaxial radials
are missing altogether in Lepidosiren, whereas vestigial post-axial
radials are present in Protopterus, which is why the fins look
thin and thread-like, a conformation considered to be derived
(Johanson et al., 2007). A striking difference between the two
genera is that the pelvic fins of the South American male lungfish
are covered with a unique array of filaments. These structures are
not found in fins of other lungfish species. The function of these
fin attachments has not yet been fully clarified. Suggestions that
they serve as “limb gills” for the release or uptake of oxygen could
not be directly confirmed (Lima et al., 2017).

Despite its great potential as a model organism for
regenerative research very few studies of tail or fin regeneration
in lungfish were published in the following decades after initial
observations by Traquair (1871) and Conant (1970).

One cause for this lies in the difficulties of lungfish housing
and breeding for research and the unavailability of embryos.
Despite this, lungfish have attracted great scientific interest in
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the field of regeneration in only recently, yielding important
insights into the regeneration process and its evolution,
via comparisons of lungfish and salamanders regeneration.
While it has been known that lungfish develop a blastema
at the wound site during the regeneration process that is
comparable to those in salamander appendage regeneration
(Conant, 1970), recent studies detected further similarities in the
formation of a proliferative blastema, development of an Apical
Epithelial Cap (AEC), and self-replacement of original structures
including muscles, skeleton, and spinal cord (Verissimo et al.,
2020). Transcriptome and differential gene expression analyses
identified strong parallels in gene regulation and transcriptional
profiles applied in lungfish and salamander appendage blastema
formation (Nogueira et al., 2016). These commonalities highlight
the importance of lungfish as model for regenerative research of
body appendages and lend further support for the hypothesis of a
deep evolutionary origin of regenerative capacities.

Apart from studies on regeneration in controlled laboratory
experiments, investigations of naturally occurring regeneration
provide crucial insights into the ecological and evolutionary
parameters that may have influenced and directed regeneration
in sarcopterygians. Since lungfish are very territorial animals
(Curry-Lindahl, 1956), conspecific biting of fins and tails occur
frequently both in the wild but also especially in captivity.
In the Australian lungfish, primarily the juvenile individuals
behave aggressive toward conspecifics, especially in view of food
consumption and shelter areas. However, dominance hierarchies
are also know among adults (Kind, 2002; Department of the
Environment, Water, Heritage and the Arts, 2009; Jorgensen
and Joss, 2016). In these settings, whole appendages or only
parts may be bitten off and repeated biting may occur. As a
result, fin pathologies and anomalies can often be observed in
natural regenerates.

The main aim of our study was to compare the natural
regenerative abilities of pectoral and pelvic fins of the three
modern lungfish genera, the South American lungfish Lepidosiren
paradoxa, the African lungfish Protopterus spp., as well as the
Australian lungfish, Neoceratodus forsteri.

We present morphological and histological data of natural
fin regenerates in all three modern taxa based to understand
overall regeneration abilities as well as occurring anomalies and
pathologies after failed regeneration. For this purpose, we have
analyzed data from gross morphology, via histological serial
sections, cleared, and double stained specimens, as well as x-ray
computed tomography (µCT-scanning) and 3D reconstructions.
The results are discussed in comparison to natural limb
regenerates in the salamander model Ambystoma mexicanum, the
Mexican axolotl.

MATERIALS AND METHODS

Material
Two fins of Lepidosiren paradoxa (ZMB_Pisces_37121,
ZMB_Pisces_37122) were provided by Igor Schneider.
These specimens were adults collected as wild caught in
the city of Breves, state of Para, Brazil. The six specimens of

Protopterus were obtained from the Royal Belgian Institute
of Natural Science (RBINS 148, RBINS 8112) and the Royal
Museum for Central Africa (RMCA_Vert_1973.015.P.0001,
RMCA_Vert_1991.024.P.0001-0002, RMCA_Vert_P.124855-
124859, RMCA_Vert_P.165214-165235). Three living specimens
of Neoceratodus forsteri used for external gross observation were
imported by Jindalee International Pty Ltd from an Australian
lungfish farm, where they were reared in groups and obtained
bite wounds on their appendages by conspecifics. In the animal
husbandry of the Museum für Naturkunde Berlin individuals
were kept separate in order to investigate the regeneration
process of the fins without continued biting. Neoceratodus
Specimen (ZMB_Pisces_33693) used for x-ray microtomography
and histology is housed at the Museum für Naturkunde Berlin.

Gross morphology of specimen was examined with a
Leica (MZ12) binocular microscope using ordinary transmitted
light in magnifications ranging from 8x to 50x. Images
were taken with a Leica DFC 495 Digital Color Microscope
Camera (Leica Application Suite V4.2. software) and a Nikon
D3100 digital camera.

Methods
Before using material for any analytical method, samples were
fixed in fresh 4% paraformaldehyde in PBS (Phosphate Buffered
Saline) for about 48 h. No information on the original fixation
method of the specimens was available, but all collection material
has been stored in 70% ethanol for long periods of time (several
years to decades).

Because availability of material for destructive investigation
was limited, we applied as many methods as possible to
any given sample to maximize informative outcome. As
µCT (X-ray microtomography) scanning without prior tissue
staining produced low inherent contrast of non-mineralized
soft tissues, a new suitable staining protocol using PTA
(phosphotungstic acid) and/or iodine was developed to produce
images with better tissue-specific gray contrasts. Unfortunately,
these staining agents exert negative effects on subsequently
performed histological serial sections and cleared and double
staining methods.

Contrast-Enhanced Micro-CT Imaging
and Analysis
Due to restrictions for the use of invasive methods on some of
the collection material, different staining protocols were applied
to the individual specimens. All specimens were stained at
room temperature on a plate stirrer. Therein, the two most
important staining parameters are the concentration of the
staining solution and the duration of time that the specimen
remains in solution. The concentration of the staining solutions
was gradually increased within the first days to protect the tissue
while achieving the best possible staining results. To check the
progress of the staining and to avoid overstaining, test scans were
carried out in the concomitantly.

Both fins of Lepidosiren paradoxa (ZMB_Pisces_37121,
ZMB_Pisces_37122) were stained in a 10% solution of
Lugol’s iodine (I2KI) in distilled water for 7 days. Fins
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of the genus Protopterus (RMCA_Vert_P.165214-165235,
RMCA_Vert_1991.024.P.0001-0002, RMCA_Vert_1973.015.P.
0001, RMCA_Vert_P.124855-124859) were stained with 1.25%
phosphotungstic acid (PTA) in distilled water for 3 weeks with
the PTA solution changed twice during this period. A double
staining protocol with iodine and PTA was tested on the fins of
Neoceratodus forsteri (ZMB_Pisces_33693) with the first 7 days of
staining with a 10% solution of Lugol’s iodine (I2KI) in distilled
water followed by 2 weeks with 1.5% PTA in distilled water.
The fins were examined through micro-tomographic analysis
by using a YXLON FF35 CT. Scan settings varied depending
on the object and among other things, were dependent on the
size of the objects. Lepidosiren paradoxa (ZMB_Pisces_37121,
ZMB_Pisces_37122) were scanned at 100 kV and 120 µA,
generating 1,440 projections with 1,250 ms per picture. Effective
voxel size was 6 µm. Protopterus specimen (RBINS 8112,
RMCA_Vert_P.165214-165235, RMCA_Vert_1991.024.P.0001-
0002, RMCA_Vert_1973.015.P.0001, RMCA_Vert_P.124855-
124859) were scanned at 90 kV and 150 µA, generating
1,440 projections with 750 ms per picture. Effective voxel
size ranged between 14 and 15 µm. Fins of Neoceratodus
forsteri (ZMB_Pisces_33693) were scanned at 90/120 kV and
100/150 µA, generating 1,440 projections with 750 ms per
picture. Effective voxel size ranged between 16 and 20µm.
The cone beam reconstruction was performed using the
datos| x-reconstruction software (GE Sensing and Inspection
Technologies GMBH phoenix| x-ray datos| x 2) and the three-
dimensional reconstructions were visualized in VGStudio Max
3.1. (Volume Graphics Inc., Germany). Fin skeletons were
segmented manually from the stained scans.

Clearing and Double Staining
After micro CT scanning the left pelvic fin of Neoceratodus
forsteri (ZMB_Pisces_33693) was skinned and cleared and double
stained (Alcian blue and Alizarin red) for visualizing cartilage
and bone. The protocol was modified according to Ovchinnikov
(2009). The cartilaginous skeletal elements of the fins were
stained in a 0.015%-Alcian-blue-solution for approximately 12 h
and washed afterward in an ethanol series. Maceration was
performed in trypsin (0.1%, Sigma) for 2 weeks at 37◦C. Bony
skeletal elements were stained in 0.01%-Alizarin-red-solution
for approximately 6 h and washed afterward in a 30%-glycerin
solution. For final storage, the sample was transferred to a 100%
solution of glycerin.

Histological Staining
Lungfish fins were decalcified in 20% EDTA solution for about
2 weeks. Afterward, tissue was dehydrated by means of an
ascending alcohol series (80–96–100%) and cleared with Xylene.
Finally, the preparations were soaked and embedded in paraffin.
The samples were serial sectioned at a thickness of 7–10 µm
with a microtome. First, slides were deparaffinized with xylenes
and thereafter rehydrated in a graded series of decreasing
ethanol concentrations and distilled water. The serial sections
were each stained alternately with Alcian Blue/Nuclear Fast
Red or Heidenhain’s Azan. Subsequently, the sections were
dehydrated through an ascending series of ethanol and xylene

and covered with Entellan (Merck KGaA) and a cover glass
(detailed protocols for staining are attached in Supplementary
Materials). Sections were viewed with a transmitted light
microscope and photographed by using the Leica DFC495 Digital
Color Microscope Camera mounted on the Axioskop and the
Leica Application Suite V 4.2. Software.

RESULTS

Notably, in the majority of cases it is difficult to identify a
regenerated fin from the outer morphology once the regeneration
process is finished. The most evident indication for regeneration
are fin abnormalities such as stark morphological deformations,
bifurcations, but also constrictions, foreshortened fins and paired
fins of uneven lengths.

Lepidosiren paradoxa (South American
Lungfish)
In their original state, South American lungfish fins consist
of only one fin radial composed of numerous serially
repeated cartilaginous fin radial elements. For this study we
investigated two regenerated pectoral fins of this taxon in detail
(ZMB_Pisces_37121, ZMB_Pisces_37122).

The pectoral fin of specimen number ZMB_Pisces_37121
does not show any obvious signs of regeneration in its outer
morphology (Figure 1A), except for a noticeable narrowing in
the very proximal region of the fin (Figure 1A, dashed box).
CT scanning and the 3D reconstruction revealed constrictions
of two proximal radial elements (Figures 1B–D, arrow) and an
amalgamation with the adjacent distal elements (Figures 1B–D,
arrow). Additionally, several fused elements were identified in the
more distal region of the fin (Figures 1B, dashed box; 1E, arrow).
Histological investigation revealed detailed information on the
cellular level and showed that the constrictions of the skeletal
fin radial elements affect all types of tissue at this position of
the fin, including the perichondrium, the cartilaginous matrix,
and musculature (Figures 1F,G). In addition, the epidermis is
not fully regenerated (Figures 1D,F, asterisks). Contrary to the
assumption that the epidermis regenerates pretty fast in order
to protect the wound healing area from infection while internal
parts regenerate slower, in this specimen it is unusually thin
in some places. At the narrowest point of the constriction, it
seems to be completely absent. This type of pathology is not
known from salamander limb regeneration, but may be a sign
of repeated biting. However, causes other than regeneration for
this anomaly are also possible, as for example and infection or
skin disease. Nevertheless, it appears likely that the restriction
coincides with the location of the bite sites and sections also show
jointed individual fin radial elements in several regions of the fin
(Figure 1G). Despite the greater resolution on the cellular level,
it remains unclear whether these are fused elements, for which
complete separation failed during initial fin development, or
whether they were also caused by constrictions of the periosteum
and the cartilaginous matrix of a single fin radial element during
the regeneration process.
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FIGURE 1 | (A–G) Pectoral fin of Lepidosiren paradoxa (ZMB_Pisces_37121). 3D reconstruction: (A) Exterior view with the suspected bite site (dashed box). 3D
reconstruction: (B) of the entire fin, dashed box shows area of fused elements, and (C) detailed view of the proximal fin area. µCT scans: (D) of the constricted fin
area and (E) fusion of the skeletal elements. Arrows indicate fused and constricted skeletal elements. Asterisks indicate area with missing epidermis. Histological
serial section with Azan staining (F) of the constricted fin area and (G) fusion of the skeletal elements. (H–N) Bifurcated pectoral fin of Lepidosiren paradoxa
(ZMB_Pisces_37121). (H) Exterior view with the suspected bite site (dashed box). 3D reconstruction: (B) of the entire fin and (C) detailed view of the proximal fin
area, dashed box shows area of fused elements. µCT scans: (D) of the bifurcated element and (E) fusion of the skeletal elements. Arrows indicate fused skeletal
elements. Histological serial section with Azan staining: (F) of the most proximal part of the bifurcated element and (G) fusion of the bifurcated element with the
adjacent skeletal element. c, cartilage; e, epidermis; m, muscles; p, perichondrium.

The second fin of Lepidosiren (ZMB_Pisces_37121)
shows an obvious anomaly that is already visible in gross
observation. The fin divides at the proximal end and
branches into two fin axes (Figure 1H, dashed box).
Histology and µCT-scanning reveal that this bifurcation is
caused by branching of a single proximal skeletal element
(Figures 1I–N). Additionally, the bifurcated element
displays partial amalgamation with the adjacent elements
(Figure 1K, arrows; Figures 1M,N). Partial fusion is also

visible between more distal elements (Figure 1J, dashed box;
Figure 1L, arrow).

Protopterus (African Lungfish)
Protopterus fins have an overall similar structure to those of
Lepidosiren, except for the filamentous structures on the pelvic
fins of males, which are completely absent in Protopterus.

Six lungfish individuals of three Protopterus species
with regeneration malformations were identified in the
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FIGURE 2 | Protopterus aethiopicus (RBINS 148): (A) bifurcation of the left pectoral fin and (B) constriction of the right pectoral fin. Protopterus dolloi (RBINS 8112):
(C) paired pectoral fins. (D) Close-up of the shorten fin. Protopterus annectens brieni (RMCA_Vert_P.165214-165235): (E) left pectoral fin. (F) µCT scan without
tissue staining. (G) µCT scan after staining with iodine. (H) 3D modeling of the fin.

collections of the Royal Belgian Institute of Natural
Science and the Royal Museum for Central Africa
(RBINS 148, RBINS 8112, RMCA_Vert_1973.015.P.0001,
RMCA_Vert_1991.024.P.0001-0002, RMCA_Vert_P.124855-
124859, RMCA_Vert_P.165214-165235). Anomalies were
identified in both pectoral and pelvic fins. Evident characteristics
are bifurcations, as well as constrictions and bilaterally
asymmetrical, foreshortened fins (Figures 2, 3).

One specimen of the species Protopterus aethiopicus (RBINS
148) exhibits bifurcation of the left pectoral fin and a constriction
of the right pectoral fin, but was only available for external
observation (Figures 2A,B). One individual of the species
Protopterus dolloi (RBINS 8112) with paired fins of unequal
length was investigated by micro CT (Figures 2C,D). However,
permission for tissue staining was not granted for this specimen
and hence the resolution was insufficient to reconstruct the
fin skeleton in 3D. The strong differences in the visibility
of structures in unstained and stained material are shown
in the comparison of the CT scans of pectoral fins of
Protopterus annectens brieni (RMCA_Vert_P.165214-165235)
before and after staining with I2KI and PTA (Figures 2E–G).
The latter specimen shows a relatively short, strangely shaped fin
morphology as well as incisions in the skin of the fin. The strange
shape may be a preservational relic from being squeezed into a
jar for an extended period. However, despite the unusual outer

morphology, no skeletal abnormalities were identified in the 3D
reconstruction (Figure 2H). Therefore, the regeneration process
may have proceeded normally in this fin, but was not yet fully
completed at the time the animal was collected.

Four fins of Protopterus annectens that showed bifurcations
in external morphology, were investigated by µCT-scanning.
The scans revealed that bifurcation do not all follow the same
anatomical pattern but instead can be produced by different
branching patterns involving the structures of the fin skeleton
(Figure 3). In the left pelvic fin of RMCA_Vert_1991.024.P.0001-
0002, one proximal element forms the base point for two
more distal elements, which continue distally in building two
separate fin radials (Figures 3A–C). In the left pelvic fin of
Protopterus annectens annectens RMCA_Vert_1973.015.P.0001,
the bifurcation is built by two elements, whereas an additional
short fin element attaches laterally at the lower end of a
significantly elongated element of the metapterygial axis and
thus forms an additional lateral fin radial (Figures 3D–F).
In this specimen the fins remain relatively short distal to
the bifurcation. Whether this condition was caused by failed
regeneration or rather in completed regeneration, cannot be
resolved by the CT data.

A third branching pattern can be observed in the in
the right pectoral fin of Protopterus annectens annectens
RMCA_Vert_1973.015.P.0001. In this fin, a single fin element
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FIGURE 3 | Protopterus annectens spec. (RMCA_Vert_1991.024.P.0001-0002): (A–C) left pelvic fin. Protopterus annectens annectens
(RMCA_Vert_1973.015.P.0001): (D–F) left pelvic fin, (G–I) right pectoral fin. Protopterus annectens annectens (RMCA_Vert_P.124855-124859): (J–L) Right pectoral
fin. (B,E,H,K) 3D reconstructions of the areas of bifurcation. (C,F,I,L) µCT scannings of the areas of bifurcation.
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bifurcates distally and forms the attachment point for two further
fin radial elements. The 3D reconstruction of the branching
point suggests that this type of bifurcation was caused by
incomplete segmentation of several elements (Figure 3G). Yet
another fin regenerate morphology is visible in the right pectoral
fin of Protopterus annectens annectens (RMCA_Vert_P.124855-
124859) (Figures 3J–L). It shows a short fin, which externally
shows signs of bifurcation in the soft tissue, but the internal
anatomy of the cartilaginous fin skeleton still shows a single
row of fin elements. The distal end of the fin, which is most
likely the site of a bite injury, contains no skeletal elements. This
fin morphology can most likely be explained with incomplete
regeneration at the time of death of the animal or the regeneration
process has failed for some reason. Fusions of several adjacent
axis elements distal to the presumed amputation plane, as
observed in Lepidosiren fins (Figure 1), were not observed in the
investigated regenerates of Protopterus.

Neoceratodus forsteri (Australian
Lungfish)
The third genus of extant lungfish is Neoceratodus with only a
single species, the Australian lungfish Neoceratodus fosteri. In
contrast to the other extant lungfish genera, the fin morphology
of Neoceratodus resembles most closely that of its fossil relatives
in having strong, fleshy fins, with a much more complex skeletal
anatomy (Figures 4A,B). The fin consists of a large element,
mesomere 1, which articulates with the shoulder girdle and
does not carry any radials. A series of further mesomeres
articulate distally to mesomere 1 and form the medial axis of
the fin with preaxial and postaxial radials articulating to the
mesomeres. Although regenerative capacities have been assumed
for Neoceratodus, to our knowledge there has thus far not been
a published report as to whether and how well Neoceratodus is
able to regenerate their fins. However, the following results of
detailed studies of the fin in µCT scans and histology indicate
that regeneration processes are taking place.

Figures 4C–N show some examples of pectoral and pelvic
fins of living individuals of Neoceratodus forsteri with obvious
fin abnormalities after regeneration following repeated biting.
Shortened, misshapen and stunted fins can clearly be recognized.
Some of these anomalies look very severe. The reason for the
severity of the abnormalities lies most likely in repeated and
multiple biting of the fins. We cannot state with certainty whether
the regeneration of these fins has been completed, or whether the
fins are still in the process of regeneration. Notably, observation
and documentation of these Neoceratodus individuals and their
fins over a period of 2 years (provided in Supplementary Data)
did not show any noticeable changes in the shape of these fins.

In addition to investigations of the living animals,
Neoceratodus specimen ZMB_Pisces_33693 from the collection
of the Museum für Naturkunde Berlin showing obvious fin
anomalies was provided for destructive sampling (Figure 5).
In particular, both pectoral fins displayed strongly deformed
morphology upon external observation (Figures 5A,E). Both fins
are shortened, malformed and do not show the original leaf-like
fin shape. The pelvic fins did not display clear external signs for

regeneration, yet the right fin is slightly shorter than the left,
indicating a possible earlier regeneration event (Figures 5I,M).

The results of the CT scans and 3D modeling clearly
showed that in both the left and right pectoral fin the
central axis is strongly foreshortened as compared to the
normal fin anatomy (Figures 5B,C,F,G). Moreover, preaxial
and postaxial fin radials are asymmetric, some radials show
distal branching while other radials are missing altogether. In
the left pectoral fin, the skeletal abnormalities begin at the
level of the second mesomere (Figures 5B–D). The preaxial
lateral radials attached to mesomere 2 is strongly shortened
and consists of only one skeletal element instead of at least
three as in the normal fin anatomy. Further distally, the skeletal
anatomy of the fin is severely altered. The fourth and fifth
mesomeres are completely deformed. The skeletal elements in
this area are partially shifted in the transverse plane so that
they overlap (Figure 5D). Furthermore, a postaxial radial shows
clear branching (Figure 5B). Finally, the most distal end of
the fin, which normally tapers peripherally to a thin thread, is
missing entirely.

In the right pectoral fin, the pathologies start more distally
than in the left fin at the height of the fifth mesomere,
indicating a more distal bite wound. The anomaly in skeletal
anatomy is overall less severe than in the left fin. The most
noticeable anomalies are the missing, thread-like distal fin tip and
bifurcating pre- and postaxial lateral radials (Figures 5F,H). One
pre-axial lateral radial starting at the fifth mesomere even shows
a double branch, which is extraordinarily wide.

µCT-scanning as well as clearing and double staining of the
left pelvis fin revealed a bent distal tip of the main axis which is
caused by multiple deformed axial elements at the distal end. At
the level of the fifth mesomere, bifurcation of an element of the
pre-axial lateral radial is visible (Figures 5J–L).

Branching in postaxial radial was also identified in the right
pelvic fin, where also one preaxial lateral radial is fused with
the fourth mesomere (Figure 5N). In addition, amalgamation
of adjacent axial segments along the central axis is present in
three positions (Figure 5O), as is particularly well visible in the
histological serial sections (Figure 5P).

DISCUSSION

Regenerative Abilities of Lungfish
Earlier work has shown that the various extant lungfish genera
are able to regenerate both tails and fins. Some studies have
carried out controlled amputation experiments in the laboratory
(Conant, 1970; Nogueira et al., 2016; Verissimo et al., 2020),
while others reported numerous regenerated fins in natural
populations (Nogueira et al., 2016). Most studies, however, are
based on the South American lungfish, Lepidosiren, and the
African lungfish, Protopterus. These genera are characterized
by their thread-like fin structure and a lack of pre- and post-
axial radial elements. To our knowledge, in contrast, nothing
is known on the regenerative abilities of fins in the Australian
lungfish, Neoceratodus forsteri. However, Neoceratodus is of
particular interest for regeneration research, because among the
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FIGURE 4 | Neoceratodus fosteri: (A) leaf-like shape of a not regenerated pelvic fin (B) Model of a Skeleton anatomy of a not regenerated pectoral lungfish fin. Sc,
scapula in green; M, Mesomere in yellow. Preaxial radials in dark blue. Postaxial radial in light blue. (C–H) Left and right pectoral fins with deformations in ventral
view. (I–N) Left and right pelvic fins with deformations in lateral view.

modern taxa its fin anatomy resembles most closely the ancestral
condition of lungfish fin anatomy, which is quite a bit more
complex than that of the other two genera. The phylogenetic
position of lungfish as the closest living relatives of tetrapods also
makes them crucial taxa for investigations on the evolution of
the regenerative program allowing for fin and tail regeneration
in sarcopterygians (Verissimo et al., 2020).

While not in every single case it can be excluded that
fin anomalies were caused by developmental defects, our
study demonstrates that all five studied lungfish species
are very likely able to regenerate fins after natural bite
injuries, including the Australian lungfish. Strong indicators

for ongoing regenerative processes in Neoceratodus in contrast
to malformations caused by severe bite injuries, are distally
branching radials, abnormal numbers of radials attached to
respective mesomeres and deformed mesomeres, which strongly
deviate from the original anatomy.

In an evolutionary context, these findings suggest the ability
to regenerate body appendages is plesiomorphic for modern
lungfish genera, which is in line with molecular studies that
indicate a deep evolutionary origin of appendage regeneration
(Darnet et al., 2019; Verissimo et al., 2020).

Therein, the regeneration of the missing parts of the fin
occurs to various degrees, from partial to near complete regrowth,
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FIGURE 5 | Neoceratodus forsteri (ZMB_Pisces_33693): (A) Left pectoral fin. (E) Right pectoral fin. (I) Left pelvic fin. (M) Right pelvic fin. All fins in ventral view.
(B,F,J,N) 3D reconstructions of the entire fins. (C,G,K,O) µCT scannings. (D) Detailed 3D reconstruction of the distal fin tip. (H,P) Histological serial sections,
stained with Alcian blue. (L) Clearing and double staining of the distal fin tip. Red arrows indicate striking malformations of the fin skeleton.
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with lighter and more severe pathologies. The factors are very
likely depending on the living conditions and the occurrence of
repeated biting, but differences between the overall regenerative
capacities of different lungfish taxa can also not be ruled out
based on our data.

Regeneration Investigations Under
Controlled Laboratory Conditions vs. in
the Wild
The frequency of regenerated fins found in specimens in natural
history collections as well as in the living specimens in animal
husbandry and in the wild (Nogueira et al., 2016) strongly
suggest that fin regeneration and the occurrence of associated
pathologies are widespread phenomena. Since lungfish are very
territorial animals, damage to a fin or loss of a fin as a result
of conspecifics biting happens frequently in both in captivity
and the wild. Conant (1973) observed a rate of about 20% of
bite injuries among captive African lungfish and Nogueira et al.
(2016) report a similar rate of almost 19% of externally visible fin
pathologies in wild-caught South American lungfish. Mlewa and
Green (2004), on the other hand, reported a much lower rate of
pathologies in the fins and tails of African lungfish Protopterus
athiopicus (approx. 4%) during their investigations in the wild. In
their study they also mention developmental abnormalities, but it
remains unclear if these may indeed not represent cases of failed
regeneration as well.

Moreover, all of the above-mentioned studies refer to the
obvious, externally visible pathologies. Here we showed that
fins with a seemingly normal external morphology indeed show
anatomical abnormalities when investigated by histology and/or
Ct scanning methods. Hence, the actual frequency of bite injuries
and regenerated body appendages in lungfish populations is
difficult to determine by gross observation alone and may indeed
be much higher, especially when also taking into consideration
the instances where regeneration proceeds normally and results
in an anatomically normal fin. Moreover, environmental factors
such as population density, food availability, age distribution,
and season certainly have a strong influence on aggression
and bite frequency and hence regeneration frequency in all
lungfish taxa. Animals housed in natural history collections
or caught in the wild for a different research purpose often
lack the metadata that would allow for a better assessment
of the impact of these parameters on regeneration frequency
and the numerical distribution of pathologies. Therefore, there
are several points that limit the interpretation of the results
based on this material. In retrospect, it cannot be determined
exactly whether limbs were completely severed or only partially.
Especially in case of the very compact fins of the Australian
lungfish, it seems likely that often only parts of the fin are
lost to conspecific biting rather than a whole fin. It remains
unknown whether regeneration in lungfish fins is hampered by,
proceeds equally well or rather proceeds better if only a part
of the fin is severed from a fin as compared to the loss of a
complete fin. Observations have shown that some injuries are
challenging for axolotls and not all types of wounds trigger
a regeneration process. For example, lateral limb wounds and

larger gabs of certain dimension in long bones do not heal
properly or even show no evidence for regeneration at the injury
site at all (Roy and Lévesque, 2006; Hutchison et al., 2007; Lee
and Gardiner, 2012; Vieira et al., 2019). These findings indicate
that the mechanisms underlying regeneration are different from
those of regular bone healing. It is also possible that fins
are injured repeatedly, and follow-up injuries can occur after
regeneration is complete, during an ongoing regeneration process
or during the important phase of blastema formation. In fact,
a study by Bryant et al. (2017b) on regenerative abilities in
axolotl limbs has revealed a state of persistent wound healing
reaction generated by multiple repeated amputations at the
same site, which in turn inhibits successful regeneration of the
missing limb part. Therefore it can be assumed that the more
often a fin is damaged, the higher the probability that it will
develop anomalies during regeneration. Furthermore, recurring
bite injuries cause renewed disruption of tissue structures and
hence positional information needed for the proper replacement
of missing body parts. This is also indicated by the fact that
anomalies in skeletal limb and fin structure do not always
only occur directly at the amputation level or location of
bite injury, but sometimes also in more distal regions (Bothe
et al., 2021), which can hamper identification of the exact
plane of amputation.

Another aspect that remains unresolved by the data at hand
is the age of the animal at the time when the fin was injured
and the regeneration process started. It is unknown whether
the regenerative abilities or qualities vary with age in lungfish,
but this is well documented in frogs and salamanders. Frogs
are only able to regenerate limbs in the tadpole stage, but
once metamorphosis is completed, this ability is absent in
postmetamorphic individuals (Dent, 1962). Salamanders, on the
other hand, are able to regenerate appendages throughout their
entire lifespan (Zeleny, 1909). However, the speed and quality of
regeneration seem to decrease with increasing age (Vieira et al.,
2020; Bothe et al., 2021). Coincidently with this, pathologies
in the regenerated axolotl occur more frequently in older
animals than in young larvae (Bothe et al., 2021). Furthermore,
it is usually unknown whether the regeneration process was
completed or stopped when the animal died. Shortened fins, for
example, could either indicate a failed or halted regeneration in
the living lungfish or be the result of incomplete regeneration,
because the animal died before the process could be completed.

Finally, it cannot be completely ruled out that the identified fin
anomalies have not already resulted from faulty fin development.

Quality of Regeneration and Types of
Anomalies
Despite the limitation of the data outlined above, it is very
important to examine regeneration after bite injuries in lungfish
and to compare it to controlled amputation attempts in the
laboratory. Studies on salamanders indicate that pathologies
and anomalies occur predominantly after bite injuries caused
either by conspecifics or predators (Bothe et al., 2021). Hence,
these pathologies are not random oddities, but are a common
feature of the regeneration process and understanding the
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forms and causes of pathological regenerates is essential for
understanding the underlying processes and evolutionary context
of regeneration. In bites, tissue damage is much more severe
than in the clean cuts of targeted amputations. The fin is
torn, ruptures and is squeezed leading to frayed and disrupted
tissue at the wound site. This in turn seems to often have a
negative impact on wound healing, blastema development, and
subsequent replacement of body parts. Multiple studies of cell
identity during regeneration in the axolotl have discovered that
cells at the injury site hold positional information in relation
to one another along the proximodistal and anteroposterior
limb axes, which are responsible for a successful rebuilding of
limb structures with respect to growth and pattern formation
(French et al., 1976; Bryant et al., 1981; Gardiner et al., 1995;
Torok et al., 1998; Echeverri and Tanaka, 2005; Mercader et al.,
2005; Roensch et al., 2013). Therefore, it appears logical that,
the more severe the damage to the tissue, the more chaotic the
tissue arrangement in the wound area is and the more often
regenerative pathologies occur as a result to faulty positional
information and pattern formation. Anomalies resulting from
imperfect fin regeneration occur frequently and were visible
by exterior and interior observation in all specimens studied.
Some pathologies were less severe, others significantly changed
the original anatomical structure of the respective lungfish fin.
They include constrictions of various types of tissues, fusion of
skeletal elements, distal branching and additional or less skeletal
elements relative to the normal fin anatomy. The most basic
element of the axillary radial (mesomere 1) articulated with
the endoskeletal shoulder girdle or pelvic girdle and is rarely
affected by pathologies. This is likely due to its position close
to the body wall, which makes it less likely to be affected by
bite injuries than more distal parts of the fin. No significant
differences were registered in the type of pathology between
pelvic and pectoral fins.

The data also hints at the possibility that there may be a
connection between anatomical complexity and frequency and
severity of regenerative pathologies. The fins of Protopterus
and Lepidosiren have a less complex skeletal anatomy than the
fins of Neoceratodus or a salamander limb. In Protopterus and
Lepidosiren fin regeneration entails replacement of a thread-like
fin without lateral radials and an overall rather simple anatomical
structure, which therefore may be less prone to regenerative
pathologies than the more complex structures of a Neoceratodus
fin or a tetrapod limb. In accordance with this hypothesis,
pathologies are less pronounced and less obvious externally, in
Protopterus and Lepidosiren fins than in Neoceratodus. Moreover,
the available data for Neoceratodus indicates that the more distal
the injury, the less complex is the anatomical structures that has
to be replaced by regeneration and the fewer pathologies occur.
However, a potential connection between structure complexity
and frequency of pathologies in regenerates will have to be tested
in a rigorous experimental framework in order to be conclusively
demonstrated or dismissed.

In any case, overall all lungfish fin anomalies follow a very
similar patterns and structure and includes, failed segmentation,
merging of elements, reduced or increased number of segments,
bifurcation of elements, and constrictions of the various tissues

and are likewise very similar to pathologies observed in
regenerated salamander limbs (Dearlove and Dresden, 1976;
Stock and Bryant, 1981; Bryant and Gardiner, 2016; Soto-Rojas
et al., 2017; Bothe et al., 2021).

Biological Importance of Perfect
Regeneration
The relative frequency with which more or less severe pathologies
occur during appendage regeneration raises the question of
how important the quality or anatomical perfection of the
regenerated appendages is in a biological context, i.e., for the
fitness of the animal.

The original function of the structures plays an important
role in this context, especially with respect to paired appendages
such as fins and limbs. Ecology and habitat may influence how
strong the impact of a severely malformed limb regenerate
is for a given individual or taxon, as e.g., the limbs are less
important for effective locomotion in an aquatic axolotl that
can propel through the water effectively with its tail, than for a
highly terrestrial plethodontid salamander inhabiting steep rock
surfaces. Likewise, a lungfish fin may be less physically strained
in deep water locomotion as compared to the limb of a terrestrial
salamander, but nevertheless fulfills important functions, e.g.,
the Australian lungfish uses its strong, fleshy fins as support
for the tail when swimming forward in ascending movements,
to maneuver in shallow water and to support on the substrate
when eating (Dean, 1906; Kemp, 1986). Lungfish fins can also
be used in a tetrapod-like fashion in Neoceratodus (Dean, 1912)
which was also demonstrated for the African lungfish Protopterus
annectens, despite its reduced fin anatomy (King et al., 2011).
King et al. (2011) showed that pectoral fins of Protopterus are
used to lift the body of the substrate for terapod-like walking and
bounding movements in aquatic environments. Therefore, it is
not easy to assess how strongly severe pathologies in regenerated
appendages may impact the fitness of individual lungfish in
natural environments. Therein, some types of pathologies such
as bifurcation and fusion of skeletal elements are unlikely to have
a major negative impact on movements such as swimming or
supporting the body, whereas truncated or mutilated fins could
severely restrict the usability of the fin for maneuvering and
pushing off the ground. With this disability, these individuals
could become victims of new bite attacks and predation more
easily or have a disadvantage in the competition for food.

Comparison to Pathologies Occurring in
Salamander Limb Regeneration
While axolotls are well known for their outstanding regenerative
abilities, axolotl limbs often show a wide variety of limb and
digit anomalies after bite injuries (Thompson et al., 2014;
Bothe et al., 2021) that are very similar to those seen in
lungfish fin regeneration. Common abnormalities after imperfect
regeneration are for example syndactyly (fusion of two or more
digits), ectrodactyly (split limb), brachydactyly (short digits),
and limbs with additional or missing digits (Dearlove and
Dresden, 1976; Young, 1977; Stock and Bryant, 1981; Bryant
and Gardiner, 2016; Soto-Rojas et al., 2017; Bothe et al.,
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2021). Thompson et al. (2014) investigated the probability of
regenerating a proper limb after bite injuries by conspecifics
among larvae and adult axolotl in a laboratory setting. The
rate of bite injuries among the larvae was very high with a
value of 80%. After regeneration, more than half of the larvae
exhibited pathologies on at least one limb, including variant
digit numbers, fused digits, and digits growing from atypical
anatomical positions. However, not only after conspecific biting,
but also after controlled amputations with clean surgical cuts,
regenerated limbs often did not regenerate perfectly (Bothe et al.,
2021). Malformations occurring after surgical amputations are
usually less severe and not immediately noticeable in external
observation. Frequently occurring anomalies are partial or full
constriction of the perichondrium, intercellular space in the
cartilage matrix, narrowing of radius and ulna, reduced numbers
of mesopodial bones caused by fusions and shorter digits with a
reduced number of phalangeal elements.

The ability to regenerate is extremely widespread in the
salamander clade, and it is therefore not surprising that
regeneration pathologies have been reported not only in the
axolotl, but also in other salamander species, including the
Eastern newt, Notophthalmus viridescens (Dearlove and Dresden,
1976), and the red−backed salamander, Plethodon cinereus
(Dinsmore and Hanken, 1986). Overall, the frequency and
patterns of anomalies following regeneration are very similar
in the investigated salamander taxa and all species of modern
lungfish and are suggestive of shared processes governing
appendage regeneration in all these taxa.

Origin of Body Appendage Regeneration
The high regenerative capacities of some organisms, but the lack
thereof in others has fascinated researchers for centuries and
has led to discussions on the evolution of regeneration and the
reasons for its emergence and loss in various animal lineages (e.g.,
Bely, 2010; Bely and Nyberg, 2010; Nogueira et al., 2016; Amaral
and Schneider, 2018). Among extant tetrapods, only salamanders
are capable of regenerating limbs (in addition to other body
parts such as tails, lenses, and parts of inner organs) throughout
their entire lifespan and with near perfection. Because of its
uniqueness among extant tetrapods, it was frequently suggested
that this ability arose independently in the evolutionary lineage of
salamanders (Garza-Garcia et al., 2010; Brockes and Gates, 2014).
This assumption was supported by the discovery of salamander
lineage-specific genes (LSGs) which were shown to be involved
in the limb regeneration process (Kumar et al., 2007; Looso et al.,
2012, 2013; Brockes and Gates, 2014). However, the fossil record
showed that high regenerative capacities as seen in modern
salamanders are indeed not salamander specific, but salamander-
like regeneration of limbs and tails was already present in the
temnospondyl- and lepospondyl lineage of anamniote tetrapods
some 300 million years ago (Fröbisch et al., 2014, 2015).

The fossil data was complemented by morphological and
molecular studied, which further supported an ancient origin
of epigenetic regeneration in vertebrates. Nogueira et al. (2016)
compared the molecular program of appendage regeneration
in axolotl and the South American lungfish, Lepidosiren

paradoxa, and found extensive similarities in the molecular
program deployed during appendage regeneration in both
taxa. They also reported stark morphological similarities
in the regeneration process, including in the formation of
a wound epithelium, histolysis, dedifferentiation, subsequent
blastema proliferation, and repatterning of missing structures.
Similarly, great similarities mechanisms in the molecular
program governing tail regeneration in salamanders and lungfish
were found by Verissimo et al. (2020) lending further support for
a shared molecular regeneration program in sarcopterygians.

Outside of Sarcopterygii, fin regeneration including the
endoskeleton was demonstrated for the basal actinopterygian
Polypterus by Cuervo et al. (2012) leading to the suggestion that
appendage regeneration be plesiomorphic for Osteichthyes (bony
vertebrates), which, however, seemed to stand in contrast to the
notion that teleost fish are capable of regenerating dermal fin
radials but not of regeneration of their fin endoskeleton. In a
broad approach Darnet et al. (2019) combined fin regeneration
assays and comparative RNA-sequencing analysis of Polypterus
and axolotl blastemas revealing a shared regeneration-specific
genetic program in the basal actinopterygian and salamanders.
Moreover, Darnet et al. (2019) were able to show through fin
endoskeleton amputation experiments, that further non-teleost
actinopterygians, namely the American paddlefish (Polyodon)
and the spottet gar (Lepisosteus), as well as three teleost
species were capable of full fin regeneration after endochondral
amputation (Darnet et al., 2019).

The similarity in frequency and patterns of fin regeneration
pathologies between all three extant lungfish genera and
salamander limbs demonstrated here lend further support for
the similarity of the underlying processes in and limitations to
appendage regeneration in these groups.

Taken together, the morphological, paleontological, and
molecular data strongly suggests that the capacity for full
appendage regeneration is a plesiomorphic feature for all
sarcopterygians (lobe-finned fish including four limbed
vertebrates), which was lost at least once, in the amniote lineage
for reasons yet unknown.

CONCLUSION AND OUTLOOK

The findings of this study showed that modern lungfish are
valuable and promising model organisms for body appendage
regeneration and can provide important evolutionary and
developmental insights into the mechanisms governing
vertebrate regeneration. Currently, there is a lack of data with
respect to initial lungfish fin development and the ecological
and biological factors influencing regeneration in lungfish, such
as age dependency of regenerative capacities and regeneration
after partial vs. whole fin loss. These are in part based on the
elaborate conditions for animal housing and breeding, restricting
access to embryos and larvae as well as controlled conditions for
adult animals. Despite its enormous size, the Australian lungfish
genome has recently been published (Meyer et al., 2021) and in
the future, developing the lungfish into a model organism holds
great potential for studies on regeneration and evolution.

Frontiers in Ecology and Evolution | www.frontiersin.org 13 December 2021 | Volume 9 | Article 78482843

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-784828 November 26, 2021 Time: 11:47 # 14

Bothe et al. Imperfect Lungfish Fin Regeneration

The results of this study have shown that it can be difficult
to recognize regenerated body parts by external observation
alone and that a more detailed analysis of the anatomy
and severity of anomalies can only be achieved through
histological observations or CT scanning. The advancement of
new imagining and molecular technologies allow for an inclusion
non-model organisms in studies on regeneration, which can
contribute significant new data on patterns and processes in
regeneration and ultimately to the development applications
in human medicine.
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The anthozoan sea anemone Nematostella vectensis belongs to the phylum of
cnidarians which also includes jellyfish and corals. Nematostella are native to
United States East Coast marsh lands, where they constantly adapt to changes in
salinity, temperature, oxygen concentration and pH. Its natural ability to continually
acclimate to changing environments coupled with its genetic tractability render
Nematostella a powerful model organism in which to study the effects of common
pollutants on the natural development of these animals. Potassium nitrate, commonly
used in fertilizers, and Phthalates, a component of plastics are frequent environmental
stressors found in coastal and marsh waters. Here we present data showing how
early exposure to these pollutants lead to dramatic defects in development of the
embryos and eventual mortality possibly due to defects in feeding ability. Additionally, we
examined the microbiome of the animals and identified shifts in the microbial community
that correlated with the type of water that was used to grow the animals, and with their
exposure to pollutants.

Keywords: Nematostella, growth, microbiome, stressors, development

INTRODUCTION

Nematostella vectensis is a sea anemone that belongs to the class Anthozoa in the phylum Cnidaria.
This species inhabits marsh habitats on the East Coast of the United States, where they constantly
adapt to changes in salinity, temperature, oxygen concentration, and pH (Darling et al., 2005;
Reitzel et al., 2013; Elran et al., 2014; Tarrant et al., 2018). Studies of embryonic development in
Nematostella have provided new insights into how tissue layers differentiate in diploblastic animals
(Wikramanayake et al., 2003; Kraus and Technau, 2006; Röttinger et al., 2012; Schwaiger et al.,
2014; Amiel et al., 2017; Steinmetz et al., 2017; Wijesena et al., 2017; Kirillova et al., 2018; Technau,
2020). Like most cnidarians, Nematostella have unique specialized cells called cnidocytes which
facilitate capture of prey and serve as inherent defense mechanism (Marlow et al., 2012; Babonis
and Martindale, 2014; Babonis et al., 2016; Sebe-Pedros et al., 2018). The ease of culturing in
laboratory conditions combined with genetic tractability render Nematostella a valuable system
for investigating the evolution and molecular mechanisms of specialized cell types. More recently
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Nematostella has attracted attention in regenerative biology
because of to their genetic tractability, rapid regeneration time
and ability to easily compare development and regeneration
(Trevino et al., 2011; Passamaneck and Martindale, 2012; Bossert
et al., 2013; DuBuc et al., 2014; Amiel et al., 2015; Layden et al.,
2016; Schaffer et al., 2016; Bossert and Thomsen, 2017; Warner
et al., 2018; Amiel et al., 2021; Amiel and Röttinger, 2021; van der
Burg and Prentis, 2021).

Many studies on cnidarians have shown that their genetic
complexity and microbiome diversity rivals that of humans
despite their having diverged from a common metazoan
ancestor more than 1 billion years ago (Daniel et al., 1999;
Darling et al., 2005; Fraune and Bosch, 2010; Fraune et al.,
2010; Essock-Burns et al., 2020). The microbiome of several
species of Nematostella from diverse geographical location has
been mapped and it has been clearly shown that there is a
distinct correlation between differences in the biogeography
and microbiome (Mortzfeld et al., 2016). Several studies
have shown the mutualistic association between host and
microbes that lead to optimal fitness of the host (Thompson
et al., 2014; Heath-Heckman et al., 2016; Rook et al., 2017;
Essock-Burns et al., 2020; Bosch and McFall-Ngai, 2021).
Species which live in coastal areas, especially marshes, exhibit
residual plasticity in their physiology in response to continuous
exposure to changing temperature and salinity. Agricultural
and industrial pollutants have profound effects on marine
ecosystems, however, our limited ability to make accurate
predictions about the response, stability and resilience of the
affected ecosystems and their inhabitants reflects our general lack
of understanding of the complex interplay between genetic and
environmental factors that influence acclimation and adaptation
to environmental stressors.

This study focused on the environmental contaminants
phthalates, specifically phthalic acid esters (PAEs) and nitrate,
because they are common pollutants of salt marsh ecosystems
in developed areas. PAEs are used in plasticizers and are found
in a variety of plastic products, which can subsequently leach
PAEs into the environment from landfills and sewage (Hu et al.,
2021). Nitrate is a common pollutant in coastal ecosystems
derived from agriculture and wastewater (McClelland and Valiela,
1998). We used both pollutants at concentrations between
1–20 µM, a range that is realistic for both compounds reflecting
concentrations found in coastal and estuarine ecosystems
(Gugliandolo et al., 2020; Valiela et al., 2021). Previous studies
have demonstrated the detrimental effects of phthalates on
the growth and development of a variety of vertebrates and
invertebrates, including zebrafish, humans, and Daphnia sp.
(Philippat et al., 2012; Kinch et al., 2016; Jergensen et al.,
2019; Qian et al., 2020). Although this pollutant is prevalent
in the Nematostella vectensis habitat, little is known about
its effects on cnidarian growth and development. Similarly,
elevated concentrations of nitrate are known to be toxic
to many fish and invertebrates and are predicted to have
similar detrimental effects on Nematostella vectensis development
(Camargo et al., 2005).

Investigations that focus on altered gene expression patterns
have commonly described adaptation to environmental shifts.

Dysbiosis of an organism’s microbiome can also substantially
influence the phenotype of an organism. The microbiome plays
an important role in different aspects of an organism’s life cycle
ranging from embryological development to nutrition, immune
response, and development of disease (Zheng et al., 2020).
Changes in the microbiome can correlate with numerous short-,
mid- and long-term changes in the host, some of which promote
adaption to new environmental conditions (Pita et al., 2018).
Until recently, gene expression, epigenetics and microbiomes
have all been studied separately and little is known about their
interactions in terms of marine organisms and environmental
pollution. In this study, we take advantage of the amenability
of sea anemone Nematostella vectensis to culturing in the lab
and use this organism to study more closely the effect of
early exposure to environmental pollutants on its embryonic
development and associated microbiome. We hypothesized that
exposure to elevated levels of phthalates and nitrate would lead
to increased relative abundances of taxa capable of metabolizing
these environmental stressors.

MATERIALS AND METHODS

Animal Care
We maintained adult Nematostella vectensis at 17 to 20◦C in a
flow through aquatic system or in Pyrex glass bowls kept in the
dark in 15 parts per thousand (ppt) instant ocean, referred to
here as “Nematostella water.” We fed adult animals 48-h old
artemia, three times a week. The water quality of the system
was monitored weekly. Animals kept in bowls were cleaned a
few hours after feeding. Spawning of animals was induced by
exposure to light and increase in temperature to 23–25◦C. We
collected embryos immediately after spawning, usually around
12 h after light exposure.

Environmental Stressor Experiments
Freshly laid embryos were transferred to multi-well dishes.
Embryos were incubated in Nematostella water containing 1,
10, or 20 µM of potassium nitrate (KNO3) (Sigma P8291)
or containing 1, 10, or 20 µM of dioctyl phthalate (Sigma
D201154). Control animals were incubated in multi-well
plates in Nematostella water at 17–20◦C. Solutions on all
animals were changed every 3 days. We fed the developing
animals’ rotifers or 24-hour old artemia, starting at the four-
tentacle stage. In experiments testing the seawater of the local
Sippewissett Salt Marsh, we diluted the seawater to 15 ppt with
deionized water to obtain the same salinity as the standard
Nematostella water the animals are usually maintained in. The
environmental stressors were added directly into the diluted
seawater and control embryos were incubated in the diluted
15 ppt Sippewissett seawater.

When animals reached the four tentacle stage they
were relaxed in 7.4% v/v MgCl2 and then fixed in 4%
paraformaldehyde (PFA) overnight at 4◦C. Animals were imaged
on a Zeiss Discovery V8 Stereo microscope. From these images,
tentacle number and pharynx length were quantified using the
measure function in Fiji and analyzed using Prism GraphPad.
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Regeneration Experiments
Regeneration experiments were performed on adult animals
at least 12 months of age. Animals were relaxed in 7.4% v/v
MgCl2 for about 15 min. Individual animals were transferred
to a 60 mm × 15 mm plastic petri dish (Fisher) using a glass
pipette. Using a sterile no. 10 disposable scalpel (World Precision
Instruments) animals were amputated at the bottom of the
pharynx. The animals were then isolated into separate wells of 12
well cell culture plates. The treatments used were 15 ppt instant
ocean water; 1 µM KNO3, 10 µM KNO3, 20 µM KNO3; 1, 10,
and 20 µM dioctyl phthalate. In all experiments, solutions were
changed every 3 days. The animals were allowed to regenerate
for 14 days then relaxed in 7.4% MgCl2 and fixed in 4% PFA
overnight and stored at 4◦C. Animals were imaged on a Zeiss
Discovery V8 Stereo microscope.

Cnidocyte Staining
Cnidocyte staining was carried out according to Wolenski et al.
(2013). Animals were relaxed in 7.4% v/v MgCl2 and then fixed
overnight in 4% PFA plus 10 mM EDTA and washed 3 × 5 min
in Tris-EDTA wash buffer (10 mM Tris, 10 mM EDTA, 10 mM
NaCl, pH 7.6). The animals were incubated in 200 µg/ml DAPI
diluted in Tris-EDTA buffer for 30 min at room temperature
followed by rinsing 3× 5 min in Tris-EDTA buffer. Animals were
imaged on a Leica DMI6000B inverted microscope.

DNA Extraction
For the microbiome analyses we used animals from cultures
investigating the effects of pollutants on embryonic growth
and development. We used embryos spawned from mixed
populations of animals for each biological replicate, embryos
were collected 10 days post fertilization for DNA extraction. We
flash froze each cohort of about 200 animals per condition prior
to extraction, at 10 days post fertilization the control animals had
reached the 4 tentacle stage. Three replicas of each condition
were separately frozen, each replica was a different well. Brief
centrifugation at 6000 rpm pelleted the suspended Nematostella
sp. embryos before transfer of 50 µl solutions to bead beating
tubes for DNA extraction using the PowerLyzer PowerSoil DNA
Isolation kit (Qiagen, Hilden, Germany). Two parallel DNA
extraction batches for each sample included randomized samples,
environmental controls, and two extraction controls per batch.

Amplicon Library Preparation and
Sequencing
Triplicate PCR reactions for the V4-V5 region of the 16S
rRNA gene employed fusion primers which consisted of
Illumina-specific adaptors for sequencing, indexes and
barcodes for multiplexing samples, and the primer set
515F (5′-CCAGCAGCYGCGGTAAN-3′) and 926R (8:1:1
mixture of 5′-CCGTCAATTCNTTTRAGT-3′, 5′-CCGTCAAT
TTCTTTGAGT-3′, 5′-CCGTCTATTCCTTTGANT-3′). No-
template negative controls were prepared for each sample by
moving 25 µl of the 125 µl reaction to a separate well prior
to final assembly of the sequencing reaction. The remaining
100 µl was split into triplicate 33 µl reactions following

addition of 6 µl template DNA. Thermocycler conditions
for amplification included initial denaturation at 94◦C for
3 min, 30 cycles of denaturing at 94◦C for 30 s, annealing at
57◦C for 45 s, and extension at 72◦C for 1 min, and a final
extension of 72◦C for 10 min. Visualization on a TapeStation
4200 using D1000 ScreenTapes and D1000 DNA ladder
(Agilent Technologies, California, United States) confirmed
amplification. Treatment with AMPure XP magnetic beads
(Agencourt, Beckmann-Coulter, United States) according to
the manufacturer’s instructions, purified and concentrated the
amplicons libraries. Pooled amplicon libraries at equivalent
amounts of DNA (determined on the TapeStation 4200)
ensured equal coverage across samples during sequencing.
515F/926R primers may also amplify host 18S rRNA genes
yielding fragments of ∼760 bp length. We thus size selected
the target 16S amplicon within a size range of 425 and 625 bp
with a BluePippin instrument using a 1.5% agarose cassette and
R2 marker (Sage Science, Massachusetts, United States). The
multiplexed amplicon pools were then sequenced on an Illumina
MiSeq instrument using a V3 600 cycle kit according to the
manufacturer’s protocol (Illumina, California, United States).
Samples, accession numbers and associated contextual data are
listed in Supplementary Table 1.

16S rRNA Gene Amplicon-Based
Community Analyses
Raw sequences were analyzed using DADA2 (Callahan et al.,
2016) following the DADA2 Pipeline Tutorial v1.161. In
brief, forward and reverse reads were quality-trimmed to
275 bp and 205 bp, respectively, and primer sequences
(17 bp forward, 21 bp reverse) were removed. Reads with
more than two expected errors were discarded, paired reads
were merged, and chimeric sequences were removed. Species
level taxonomy was assigned with the silva_nr_v138_train_set
and silva_species_assignment_v138 based on the Silva small
subunit reference database SSURef v138 [release date: 16-Dec-
2019 (Quast et al., 2013)]. After quality control and removal
of blanks and controls we obtained 42 bacterial amplicon
datasets comprising a total of 6.59 × 107 sequence reads
belonging to 2024 unique ASVs. Each sample had on average
1.46 ± 0.41 × 105 reads (average ± standard deviation) and
352 ± 139 unique ASVs (Supplementary Table 1). The ASV-
by-sample table was used to determine the number of observed
ASV, absolute singletons, relative singletons, relative abundance,
and composition. Alpha diversity (richness, Shannon entropy,
Inverse Simpson Diversity and Chao1 estimated richness) was
calculated from the ASV-by-sample table using a subsampling
of 87327 randomly chosen sequences to account for unequal
sampling effort (Supplementary Table 1). Differences in diversity
between conditions were tested using the Wilcoxon signed rank-
test (ggsignif ) as implemented in ggplot2 (Wickham, 2009).
Bray-Curtis dissimilarities (Bray and Curtis, 1957) between all
samples were calculated and used for two-dimensional non-
metric multidimensional scaling (NMDS) ordinations with 20
random starts (Kruskal, 1964). All analyses were carried out

1https://benjjneb.github.io/dada2/tutorial.html
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with VisuaR v022 a publicly available workflow based on the R
statistical environment, custom R scripts and several R packages
including vegan (Oksanen et al., 2012) and ggplot2.

RESULTS

Early Exposure to Common
Environmental Stressors Inhibits
Embryonic Growth
We have investigated the effect of common environmental
stressors on the development and regeneration of Nematostella
vectensis. Nematostella have a relatively rapid development,
reaching a young independent feeding stage with four tentacles
in about 1 week (Genikhovich and Technau, 2009; Marlow et al.,
2009; Layden et al., 2016). Embryos were collected directly after
spawning and between 200–300 embryos were placed in different
concentrations of the common pollutants, dioctyl phthalate,
which is derived from plastics, or potassium nitrate (KNO3), a
common component of widely used fertilizers, both of which
are often found in coastal waters. Two weeks post exposure
the overall body length of the animal was measured from the
tip of the pharynx to the foot of the animals (Figure 1A).
Embryos exposed to phthalates or nitrites exhibited a gross
difference in overall body size as compared to the control animals
(Figures 1A–D). Increasing the concentration of stressors did not
correlate with a decrease in body size, and similar defects in body
size were observed in increased concentration (Figures 1B,C).
However, exposure to higher concentrations, 20 µM and
above led to possible toxicity and high morbidity. When the
morphology of the animals was carefully examined, the animals
generally appeared to develop all the expected visible structures.
However, defects were noted first in the tentacles. Animals treated
with phthalates all had fewer tentacles and the tentacles that did
grow were uneven in length and number (Figures 2, 3). We noted
other defects in which some animals had bifurcated tentacles,
while others had tentacles that permanently curled at the end
(Figure 1). The Nematostella pharynx, where the food is taken in
did not show a significant difference in size in low concentration
of phthalates, which contrasts with a significant decrease in
the overall length of the pharynx at 10 µM concentrations
(Figure 2C). Finally, developing animals exposed to low and
high concentrations of phthalates exhibited significantly shorter
mesenteries compared to control animals (Figure 2D).

The same quantifications were carried out on animals exposed
to KNO3 during early development. In these animals, we
observed the same decrease in overall tentacle length and
decrease in tentacle number (Figures 3A,B). Interestingly,
embryos exposed to KNO3 did not have any significant
difference in the length of their pharynx in comparison
to controls (Figure 3C). However, these animals had much
smaller mesenteries in comparison to control animals that
were growing in KNO3 concentrations greater than 10 µM
but not at lower concentrations. This observation suggests
that growth of the mesenteries tolerates low levels of KNO3

2https://github.com/EmilRuff/VisuaR

(Figure 3D). The dramatic difference in overall size of the
animals, and in most cases aberrant development of mesenteries
and tentacles, prompted questions about the impact of tested
environmental stressors on specialized cell types. Cnidocytes
are an ectodermal derived cell types used for defense, prey
capture and environmental sensing. Overall, we found that
animals exposed to Phthalates or KNO3 have cnidocytes on the
ectodermal layer but fewer than in controls (Figures 4A–C).
We also examined if earlier in development cnidocytes develop
was effected, we carried out in situs on embryos 72 h post
fertilization using the gene minicollagen which is expressed
in all developing cnidocytes (Babonis and Martindale, 2017)
and found decreased expression in phthalate of nitrite treated
embryos (Supplementary Figure 1), suggesting that that these
pollutants may affect early differentiation of these specialized
cell types. We more closely examined the cnidocytes on the
tentacles, which the animals use to capture their food and found
far fewer cnidocytes on the tentacles of animals exposed to the
environmental stressors (E, F). In particular, animals incubated
in KNO3 had very few cnidocytes of the normal elongated shape,
suggesting that these pollutants may affect differentiation of these
specialized cell types.

Since Nematostella has the robust ability to regenerate (Amiel
et al., 2015; Schaffer et al., 2016; Warner et al., 2018), we examined
whether the presence of these environmental stressors influences
regrowth of the tentacles. Adult animals were amputated through
the bottom of the pharynx and then incubated in the presence of
20 µM Phthalate or KNO3 for 2 weeks. At the end of the time
period, the animals were relaxed and imaged. Animals exposed
to phthalates regenerated the pharynx and partial tentacles. In all
animals’ defects in tentacle regeneration were observed, in most
cases different numbers and lengths of tentacles were regenerated
(Figure 5B) and often the tentacles were fused or bifurcated (data
not shown). Animals exposed to KNO3 mainly failed to regrow
the tentacles or in some cases 1 tentacle regrew, even in lower
concentrations of KNO3 the oral portion of the animal failed
to regrow (Figure 5C). We also examined if the cnidocytes are
regenerated on the limited tentacles that are regenerated. Like
in embryonic development, we observed a decrease in number
of cnidocytes per tentacle in comparison to the control animal
(Figures 5D–F), and the cnidocytes in animals exposed to the
stressors were shorter and less elongated than in control animals.

Taken together, these data suggest that early exposure to
two common environmental stressors has a major impact on
developmental growth, possibly due to a failure of the animals
to feed due to lack of normal tentacles and decreased numbers of
cnidocytes which are used to capture their food. Additionally, we
observed that exposure of adult Nematostella to these pollutants
after amputation leads either to complete failure of tentacle
regeneration or results in major defects in the number and length
of the tentacles and of the cnidocytes regenerated.

Effect of Pollutants on the Nematostella
Microbiome
To determine whether early exposure to environmental
pollutants not only causes developmental defects but also leads
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FIGURE 1 | Environmental Stressors Lead to Growth defects in Nematostella embryos. (A) Nematostella embryos exposed to phthalate are significantly shorter
when compared to control siblings. (B) Increasing concentration of phthalates does not cause greater defects in overall length of the developing animals (control
n = 149, 1 µM: n = 162, 10 µM n = 161). (C) Exposure to Potassium nitrate also causes defects in overall embryonic growth in comparison to control. (D) Defects in
embryo size do not scale with increasing doses of KNO3 (control n = 90, 1 µM: n = 78, 10 µM n = 65). ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, N.S. is not significant.
Scale bar = 100 µM.

to changes in the microbiome, we employed 16S rRNA gene
sequencing to investigate the microbiome of Nematostella
embryos after a 10-day exposure to different concentrations
of KNO3 or phthalates. In addition, we tested each pollutant
concentration on animals that were grown in either instant ocean
medium or natural seawater, to test if a potential effect of the
pollutants is similar under different environmental regimes. The
exposure to pollutants caused shifts in the microbial community
structure and composition. Within a set of experiments, e.g.,
exposing the animals to different concentrations of KNO3,
these shifts were minor regarding the richness and evenness
of the microbiomes (Figure 6), independent of the medium

the animals were grown in. This suggests that the exposure to
increasing pollutant concentrations did not change the richness
of the animal-associated microbiome. Although no significant
differences in alpha diversity were observed between pollutant
treatments and their controls, alpha diversity was significantly
different between incubation media (Figure 6). Animals that
were grown in instant ocean artificial seawater had a significantly
lower diversity than those grown in seawater from the nearby
Sippewissett salt marsh, a native habitat of Nematostella
(Supplementary Figure 2 NMDS) which is rich in natural
seawater microbiota. Yet the overall lack of significant changes
in microbial richness and evenness with exposure to different

Frontiers in Ecology and Evolution | www.frontiersin.org 5 December 2021 | Volume 9 | Article 78603751

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-786037 December 18, 2021 Time: 12:46 # 6

Klein et al. Pollutants Inhibit Growth of Nematostella vectensis

FIGURE 2 | Early exposure to phthalates leads to defects in tissue development. Two weeks post fertilization Nematostella have grown at least four tentacles and
are independently feeding. Animals exposed to 1 or 10 µM phthalate have much shorter tentacles (A) and developed fewer tentacles when compared to control
animals (B). The length of pharynx was also measured but no significant difference was found in overall length in comparison to sibling control animals at 1 µM but
at 10 µM the pharynx was significantly shorter (C). The overall length of the mesenteries was also found to be shorter in animals exposed to phthalates (D). (control
n = 76, 1 µM n = 113, 10 µM n = 82) ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, N.S. is not significant.

concentrations of KNO3 or different concentrations of phthalates
was similar in both media. Despite minor differences in alpha
diversity, we saw substantial change in the community structure.
This trend was independent of the basal medium used to incubate
the animals. The communities that have been exposed to the two
different pollutants KNO3 and phthalates were well separated in

an NMDS ordination (Figure 7). Especially in the case of nitrate,
it seems as if there was a clear pattern of increasing community
dissimilarity with increasing concentration. The clear separation
based on pollutants and concentration is similar in animals that
were raised in the two different sources of salt water, despite the
overall large differences caused by the two types of salt water used
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FIGURE 3 | Exposure to Potassium Nitrate leads to defects in tissue
development. Animals exposed to 1 or 10 µM KNO3 have much shorter
tentacles (A) and developed fewer tentacles when compared to control
animals (B). The length of pharynx was also measured but no significant
difference was found in overall length in comparison to sibling control animals
(C). The overall length of the mesenteries was also found to be shorter in
animals exposed to phthalates (D). Control n = 72, 1 µM n = 66, 10 µM
n = 68, ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, N.S. is not significant.

for growth of the embryos (Supplementary Figure 2 NMDS).
The three biological replicates generally cluster tightly in the
NMDS, indicating that each pollutant and each concentration
caused very similar deterministic community shifts.

The relative sequence abundance of an uncultured population
within the genus Flavobacterium was elevated in the KNO3
treatments compared to the unamended controls and phthalates
treatments, and relative abundance of this group increased
with increasing nitrate concentrations (Figure 8). In contrast,
a population affiliating with the genus Mariniflexile, which was
abundant in the unamended conditions, decreased at higher
KNO3 concentrations. The animals that were grown in natural

seawater, and were thus exposed to a diverse marine microbiome,
were colonized by very different genera than those cultured in
instant ocean. Here, the KNO3 and phthalates exposed animals
showed a very different microbiome. In the KNO3 condition, the
most sequence abundant population belonged to Pseudomonas
and the phthalate cultures showed high sequence abundances of
an unknown genus within the family Saprospiraceae (Figure 7).
Overall, the majority of reads in any given condition belonged
to organisms within the Bacteroidia (marked with an asterisk in
Figure 8), including six of the seven most abundant lineages on
species level, which accounted for more than 50% of the reads on
average per sample.

In summary, our results indicate that embryonic exposure to
two common environmental pollutants leads to severe defects in
embryonic development. In addition, we found that the source of
the water in which embryos are grown influences the complexity
of an animal’s microbiome.

DISCUSSION

Early Exposure to Environmental
Stressors Has a Detrimental Effect on
Nematostella Embryonic Development
Nematostella vectensis undergo rapid development when cultured
in lab conditions, fertilized embryos emerge from the egg mass
at around 48 h post fertilization and quickly developed into
ciliated planula, with an apical cilium by 3 days. The free-
swimming planula progressively changes shape, becoming more
elongated and by 5–7 days have 4 tentacle buds (Hand and
Uhlinger, 1992; Layden et al., 2016). We investigated the effect
of early exposure to two common environmental stressors found
in marsh waters on the early development of Nematostella.
Phthalates and potassium nitrate were used as environmental
stressors in this experiment because they are some of the most
frequently found toxins in heavily populated marsh areas. These
impurities in the water come mainly from plastics, which leach
phthalic acid esters from plasticizers, and from freshwater run-
off containing nitrates from fertilizers into the march areas. We
observed very significant overall defects in the size of the embryos
by two-week post-fertilization, all embryos incubated even in
low concentrations of the pollutants were overall much shorter
than control embryos (Figure 1). Furthermore, we observed
clear defects in the number and length of the tentacles and
in size of the pharynx and mesenteries (Figures 2, 3). We
also looked more closely at the composition of the tentacles,
Nematostella have an ectodermal derived specialized cell type
known as the cnidocyte which it uses as a defense mechanism
and to capture its food. In all cases we found a reduction in
number of the cnidocytes especially in the tentacles (Figure 4).
The lack of cnidocytes especially on the tentacles is suggestive
of an inability of the animals to capture their food. When the
first tentacles are observed around 7 days post-fertilization, we
started to feed the animals rotifers, as we noted that at this
timepoint no significant size difference was observed between
animal, however by 10 days we could already see clear size
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FIGURE 4 | Common environmental stressors cause defects in cnidocytes. (A) DAPI staining showing cnidocytes all over the outer body wall (A) and on the tentacle
(D). Embryos exposed to phthalates appear to have fewer cnidocytes all over the body (B), especially on the tentacles (D). Similarly, embryos exposed to KNO3

have slightly less cnidocyte on the body (C). Higher magnification images of the tentacles show fewer cnidocytes (D,F). (A–C), 10 × Scale bar = 500 µm (D–E),
20 ×, Scale bar = 50 µm.

difference. Additionally, when we observed feeding behavior
under the microscope, we could see the animals in the pollutants
had no rotifers or fewer rotifers in their abdomen. Work of Ikmi
et al. (2020) has identified that tentacle growth and increase
in number occurs in a feeding dependent manner, this would
suggest that the failure in growth we see in these stressed embryos
is partially due to an inability to obtain enough food to drive
tentacle growth. Far fewer cnidocytes, the specialized cell type
that the animals use to capture its food were seen in the animals
exposed to the environmental pollutants (Figure 4). We used
a high concentration of DAPI staining method that label the
poly-Y-glutamate in the matrix of mature cnidocytes to identify
these cells (Szczepanek et al., 2002; Babonis and Martindale, 2014;
Babonis and Martindale, 2017), our images suggest a lack of

mature cnidocytes, however from this data we cannot distinguish
whether or not this is due to apoptosis of these mature cells
due to exposure to the toxins or if there is a defect in the
early specification and differentiation of these cells types. We
also tested the impact of these environmental pollutants on the
adult animal’s ability to regenerate its tentacles. Here we again
saw strong phenotypes with a failure to regenerate the correct
number and length of tentacles (phthalates) or in many cases
exposure to KNO3 resulted in a lack of regeneration or 1 or 2 tiny
tenacles. Imaging of the specialized cnidocytes on the regenerated
tentacles again showed a lack of these specialized cell types in the
regenerates in comparison to controls (Figure 5). The magnitude
of the defects in adult regeneration suggests in the case of
exposure to KNO3 a failure to deploy the “regeneration program,”
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FIGURE 5 | Common environmental stressors inhibit oral regeneration. Nematostella can regenerate throughout life. Adult animals were amputated through the
pharynx and assessed for completion of oral regeneration 2 weeks post injury. (A) Control animals regenerated all tentacles (n = 85). (B) Animals exposed to
phthalates at 20 µM failed to regenerate tentacles of the correct length (n = 90). In contrast animals exposed to KNO3 during regeneration mainly failed to regenerate
tentacles, occasionally one tiny tentacle was regenerated (C) (n = 95). Staining of cnidocytes revealed that control animals fully regenerate the cnidocytes within
2 weeks (D), while animals exposed to phthalates or KNO3 have very few cnidocytes on the limited tentacles that are regenerated (E,F). (D–F) Scale bar = 50 µm.

while the phthalate phenotype suggests more a fault in the
execution of the “regeneration program” leading to incomplete
regeneration and differentiation of the required amount of tissue
and differentiated cell types.

Interestingly, other studies of the effect of phthalates on
development in several species including zebrafish and frogs
has also identified defects in body growth and spinal defects
(Philippat et al., 2012; Kinch et al., 2016; Jergensen et al.,
2019; Qian et al., 2020) similar to what we see here with the
marine invertebrate Nematostella, suggesting a very common

negative side effect of exposure to phthalates during embryonic
development is slower body growth and defects in cells of the
ectodermal lineage. Similar defects were seen when embryos
were incubated in potassium nitrate and this has been observed
in other species like newts, frogs and zebrafish (Fan and
Steinberg, 1996; Ortiz et al., 2004; Orton et al., 2006; Ortiz-
Santaliestra et al., 2007; Ortiz-Santaliestra and Sparling, 2007;
Kinch et al., 2016; Conlin et al., 2018). Additionally in these
species negative impacts on the endocrine system and on fertility
have been documented (Fan and Steinberg, 1996; Fisher, 2004;
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FIGURE 6 | Alpha diversity indices of different groupings of samples. Richness is shown as the number of observed bacterial amplicon sequence variants (ASV).
Evenness is represented by the Inverse Simpson Diversity, Shannon entropy takes into account both richness and evenness. The number (n) of included samples
per group is shown.

Orton et al., 2006; Krishnamurthy and Smith, 2011; Jannat et al.,
2014; Conlin et al., 2018; Lv et al., 2020; Sharma et al., 2020; Tang
et al., 2020).

The Composition of the Nematostella
Microbiome Changes With Exposure to
Nitrate or Phthalates
We also explored how these environmental pollutants may
affect the host’s microbiome. Prior reports describe shifts in the
microbiome that might serve as indicators for changes in host
health in marine organisms, including corals (Glasl et al., 2016)
and vertebrates (Sehnal et al., 2021). In the case of Nematostella
previous research has shown that the host microbiome is
affected by changes in temperature and light conditions (Leach
et al., 2019). Here, we studied potential connections between
the Nematostella microbiome and host during exposure to
environmental pollutants. In the samples of animals that were
grown in Instant Ocean artificial seawater without pollutants
we found high sequence abundances of populations affiliating
with the genera Tenacibaculum, Flavobacterium and Mariniflexile
(Figure 8). In the datasets from animals grown in unamended
seawater Pseudomonas and Saprospiraceae were most abundant,

indicating that the medium that was used to culture the embryos
had a large effect on which microbiota colonized the animals,
supporting previous studies showing substantial variability of
the Nematostella microbiome with environment, season and
biogeography (Har et al., 2015; Mortzfeld et al., 2016). It was also
shown that stochastic community assembly processes can play a
major role and result in different host-associated microbiomes
independent of the traits of the host or the microbiota (Douglas,
2019). Such stochastic assembly processes during colonization
may explain that not all microbiomes of animals grown in
unamended seawater had a similar community structure after
10 days of incubation. The differences between these controls
indicate that substantial variation exists in the microbiomes of
groups of embryos grown separately, and that the separation of
embryos into different wells early on may drive changes in the
development of an organism’s microbiome and lead to different
community trajectories.

Despite the phylogenetic differences on genus-level, the
microbiome of all conditions featured sequence abundant
populations affiliating with the phylum Bacteroidia, which were
shown to be of particular importance in the microbiome at early
stages of the animals’ development (Mortzfeld et al., 2016). The
different genera that were enriched in the microbiome under
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FIGURE 7 | Non-metric multidimensional scaling ordination based on a distance matrix of all available amplicon sequence variants (ASVs). The microbial
communities exposed to different pollutants and concentrations are significantly different from each other. Each dot represents the total bacterial community of a
sample, the closer the dots are the more similar are the underlying communities. The dots of each condition are connected to the weighted average mean of within
group distances (centroid), ellipses represent one standard deviation of the centroid. Ellipses that do not overlap generally show substantial differences between
groups.

FIGURE 8 | Bacterial community composition of populations at species level. Each bar represents one sample and shows the 20 species-level lineages with the
highest relative sequence abundance averaged across all datasets. All other lineages are summed up as “Other.” The average composition across all samples is
shown in the last column. An unclassified population within the genus Flavobacterium (yellow) substantially increases with increasing nitrate concentrations.
“Asterisk” denotes lineages that belong to the phylum Bacteroidia. Lineages that were not classified to genus level represent species in unclassified families (e.g.,
Saprospiraceae – red) or unclassified orders (e.g., Kordiimonadales – sky blue).

certain conditions often belonged to the same family within the
Bacteroidia and may thus be functionally redundant indicating
that microbial function played a role in microbiome assembly.
Overall, the composition of the Nematostella microbiome was
similar to that reported in previous studies where Bacteroidia

and Proteobacteria sequences represented the most abundant
taxa (Har et al., 2015; Mortzfeld et al., 2016; Baldassarre et al.,
2021). We found Spirochetes in low abundance in the host
microbiomes as well, which agrees with a previous study showing
that Spirochetes colonize the capitulum (Bonacolta et al., 2021).
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When comparing the unamended animal microbiomes to
those exposed to different concentrations of pollutants, we
observed that the detrimental effects caused by each pollutant
on the animals’ development apparently did not have a similar
impact on the animal-associated microbiome. We did not find
significant changes in the richness and evenness of the microbial
communities when comparing animals that were grown without
pollutant with those grown under different concentrations of
each pollutant. The slightly higher variability in microbial
richness especially between the phthalate treatments as compared
to the unamended cultures (Figure 6) may be due to increased
stress, as stressors can impact alpha diversity (Rocca et al.,
2019). The effect of pollutants apparently manifested in shifts
of community structure (Figure 7) and composition (Figure 8)
rather than richness. These shifts indicate that taxa in the
N. vectensis microbiome were replaced rather than completely
eliminated. In contrast to certain unamended cultures that
featured relatively strong differences in community composition,
potentially caused by stochastic processes during colonization,
deterministic processes may have played an important role in the
pollutant treated animals., In most cases the microbiomes of the
different treatments formed well separated clusters in the NMDS
ordination with low beta diversity within replicates of a given
treatment. Such patterns can be caused by stressors that select for
certain taxa and increase their abundance leading to deterministic
community changes (Zaneveld et al., 2017).

The high relative sequence abundance of Tenacibaculum
sp. across the Instant Ocean artificial seawater incubations,
but not in those using Sippewissett salt marsh water growth
medium, is likely due to initial differences in microbial
community composition between the growth media. However,
Tenacibaculum spp. are capable of thriving on polysaccharides
and proteins (Pérez-Pascual et al., 2017) and many are pathogenic
or associated with diseased fish and anemones (Wang et al.,
2008) which might explain the slight increase in relative sequence
abundance for this organism in the 10 µM phthalate treatment
when the health of Nematostella was impaired. Flavobacterium
increased in relative abundance and a member of the genus
Mariniflexile decreased in relative abundance with increasing
nitrate concentrations. All three genera belong to the family
Flavobacteriaceae and are known to include marine species
that can degrade polysaccharides (Barbeyron et al., 2008;
Nedashkovskaya et al., 2014), yet only the genus Flavobacterium
contains organisms that can reduce nitrate (Nupur et al., 2013).
It is likely that they have similar niches concerning carbon
sources but can differently utilize nitrate. For example, nitrate-
reducing Flavobacterium columnare are associated with disease
in fish experiencing environmental stress (Abdelhamed et al.,
2021). In this situation, nitrate can be used by opportunist
pathogenic Flavobacterium sp. as an alternative electron acceptor
in oxygen-limited microenvironments, such as in biofilms or
during infection of tissue (Abdelhamed et al., 2021).

The phthalate exposed microbiomes in the Sippewissett
salt marsh seawater cultures were enriched with a lineage
affiliating with Saprospiraceae. These organisms also affiliate
with Bacteroidetes and are not only related to the most
abundant clades in the instant ocean cultures but have a similar

metabolic capabilities degrading complex organic matter such
as polysaccharides (McIlroy and Nielsen, 2014). It is thus very
likely that functionally redundant, yet taxonomically different
clades were recruited from the communities of the initial culture
medium. Organisms belonging to the genus Pseudomonas were
present all animal microbiomes (Figure 8), yet sporadically
appeared in higher relative sequence abundance in animals
cultivated in Sippewissett salt marsh seawater. This genus is
known to contain organisms able to degrade phthalates (Vamsee-
Krishna and Phale, 2008), however, the highest relative sequence
abundances of this organism were found mainly in KNO3 -
treated samples and unamended controls, and the observed
pattern does not indicate that the presence of phthalate or
KNO3 selected for Pseudomonas in either growth media. The
activity of the microbiome determines potential physiological
feedbacks between the microbiome and host and is thus an
important factor for the examination of holobiont health. Due
to the limitations of taxonomy-based analyses future studies
would benefit from analyses of the functional capabilities and
activity of the microbiome to understand feedbacks between the
microbiome and host health.

In this study, the Nematostella vectensis microbiome was
significantly influenced by the growth medium (Supplementary
Figure 2 NMDS). The reported deterministic changes in the
microbial community structure caused by the pollutants can
therefore be easily missed. From the findings of this study,
we conclude that the detrimental effects of pollutants on the
development of marine invertebrates are not always mirrored to
the same degree in the animals’ microbiome. However, as the
embryos were exposed to the pollutants for 10 days only this
may not be enough time to result in a substantial change in
the microbiome. Moreover, the source of seawater, biogeography
and the environmental variability of Nematostella itself (Darling
et al., 2004) can apparently have large effects on the outcome of
such cultivation experiments potentially masking the underlying
positive or negative trends.

In summary, our results demonstrate that common pollutants
found in salt marshes adversely affect the development of
Nematostella embryos, ultimately leading to death. This is an
important finding as globally populations of Nematostella are
decreasing and as their natural habitats is the marsh lands, they
are very susceptible to pollution. This study looks mainly at the
effect on embryos, in the future it will be interesting to determine
if exposure of adult animals to these pollutants also causes
changes in the microbiome and ultimate fitness of the offspring.
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The Role of the Microbiota in
Regeneration-Associated Processes
Lymarie M. Díaz-Díaz, Andrea Rodríguez-Villafañe and José E. García-Arrarás*

Department of Biology, University of Puerto Rico, Río Piedras Campus, San Juan, Puerto Rico

The microbiota, the set of microorganisms associated with a particular environment or
host, has acquired a prominent role in the study of many physiological and developmental
processes. Among these, is the relationship between the microbiota and regenerative
processes in various organisms. Here we introduce the concept of the microbiota and its
involvement in regeneration-related cellular events. We then review the role of the
microbiota in regenerative models that extend from the repair of tissue layers to the
regeneration of complete organs or animals. We highlight the role of the microbiota in the
digestive tract, since it accounts for a significant percentage of an animal microbiota, and at
the same time provides an outstanding system to study microbiota effects on
regeneration. Lastly, while this review serves to highlight echinoderms, primarily
holothuroids, as models for regeneration studies, it also provides multiple examples of
microbiota-related interactions in other processes in different organisms.

Keywords: regeneration, echinoderm, development, symbiosis, microbiota, microbiome, sea cucumber

INTRODUCTION

Microorganisms evolved billions of years before animals (reviewed in Knoll, 2003). It is now
widely accepted that these microorganisms shaped the environment in which animals evolved
(Szathmáry and Smith, 1995; Narbonne, 2005; Knoll, 2011). As a result, animals have conserved
close associations with microorganisms, making the microbes an integral part of the animal’s
environment. In recent years our understanding of the relationship between animals and
microorganisms has advanced greatly, thanks in part to new technologies, such as sequencing
technologies and mass spectrometers. These advances have brought with them new or redefined
terms to describe the participants and/or relationships (Turnbaugh et al., 2007). Terms such as
“microbiota” to describe the microbial taxa composition that are found within a certain
environment, and “microbiome” to describe the collective genome of such symbionts
(Turnbaugh et al., 2007) are now commonly used, and will be part of the terminology used in
this review. Naturally, the impacts of the microorganisms have been, for many centuries,
associated with disease. However, during the last decades, many studies have shown hitherto
unrecognized roles, such as, protecting against pathogens (Iacob et al., 2019), modulating host
metabolism, digestion, and nutrition (Kellow et al., 2013; Vijay-Kumar et al., 2010; Turnbaugh
et al., 2006; O’Hara and Shanahan, 2006; Turnbaugh et al., 2009; Long et al., 2017), and immune
system response (Neish, 2009; Round andMazmanian, 2009; Bäckhed and Crawford, 2010; Fraune
and Bosch, 2010). For example, it is now well established that an altered gut microbial ecosystem
impairs gut homeostasis and health. Accordingly, an imbalance (dysbiosis) in the gut microbial
community has been associated to diseases such as obesity (Ley et al., 2006; Turnbaugh et al.,
2008), malnutrition (Kau et al., 2011), atherosclerosis (Karlsson et al., 2012), and diabetes type 2
(Qin et al., 2012) demonstrating the importance of the gut microbiota composition.
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Genomic and molecular approaches, and the characterization
of the microbiota role have allowed for new discoveries that
extend beyond host health/disease issues (Weinstock, 2012).
Recently, the microbiota has been associated with host
development, including processes that were thought to be
dependent on the host’s genetic program, such as
morphogenesis and organ development (Sommer and
Bäckhed, 2013). Moreover, it has been proposed that the
microbiota might play roles in behavior, reproduction, and
even in degenerative diseases, among others (Wang et al., 2017).

The present review focuses on the relationship between the
microbiota and the process of regeneration. This is a relatively
new area of research that explores how the associated microbial
taxa within a particular host might modulate the regeneration of a
particular tissue, organ or even the whole-body of the host
species. We include a summary of models that have been used
to study the role of the gut microbiota during intestinal
regeneration and associated processes (Table 1). Therefore, for
the writing of this review, we screened for articles relevant to our
topics in the search engine PubMed (pubmed.ncbi.nlm.nih.gov)

TABLE 1 | Model systems used to decipher the associations between the microbiota and the intestinal regeneration in biomedical research.

Model system Hallmarks
of the model

Microbial association Limitations
of the model

References

Planarian Display whole body regeneration Pro- and anti- regenerative
properties of Pseudomonas and
Aquitalea sp in whole body
regeneration. Apoptosis regulation

Intestinal regeneration cannot be
separated from whole body
regeneration

Arnold et al. (2016), Lee et al. (2018)

Fruit flies
(Drosophila
melanogaster)

Have the basic structure of the
digestive system with simpler
microbial communities. Ease of
studying roles of the microbiome in
the modulation of host signaling
pathways and physiology

Microbial community modulates
stress response and promotes
stem cell proliferation and epithelial
regeneration. Specifically, Erwinia
carotovora was shown to help
intestinal epithelial repair

Invertebrate/Protostome. Limited
to intestinal epithelial homeostasis
and renewal. It was suggested that
Drosophila gut structure allows
oxygen to circulate across the
tract, which differs from
vertebrates

Shin et al. (2011), Buchon et al.
(2009), Chandler et al. (2011),
Charroux and Royet (2012)

Zebrafish (Danio
rerio)

Vertebrate model to study roles of
the microbiome in the modulation
of host signaling pathways and
physiology

Aeromonas veronii and
Helicobacter pylori facilitate
epithelial cell proliferation.
Microbiota was also shown to
promote intestinal epithelial cell fate
determination

Only the regeneration of the
intestinal luminal epithelium has
been studied

Bates et al. (2007), Cheesman et al.
(2011), Neal et al. (2013), Rawls
et al. (2004)

Rodents Mammal models to study the gut
microbiota in the intestine

The microbial community
contributes to the modulation of
intestinal epithelial cell proliferation,
differentiation, and migration.
Microbiota promotes tissue
regeneration through induction of
the immune system

Only the regeneration of the
intestinal luminal epithelium has
been studied

Hou et al. (2017), Thomas (2016),
Sommer and Bäckhed (2013),
Pellegatta et al. (2016), Abrams et al.
(1963), Uribe et al. (1994)

Isolated cells/cell
lines (mammal
models)

Easy handling and maintenance The microbial community
contributes to the modulation of
intestinal epithelial cell proliferation,
differentiation, and migration.
Akkermansia muciniphila and
Lactobacillus rhamnosus are
associated with epithelial wound
healing

2D model of isolated cells, lacks
the composition and integrity of
the intestine

Alam and Neish (2018), Hooper
et al. (2001), Pull et al. (2005),
Rakoff-Nahoum et al. (2004), Lam
et al. (2007), Alam et al. (2016),
Swanson et al. (2011)

Organoids
(mammal models)

Non-invasive methods to study the
microbial community in mammals.
Share the cellular and structural
composition, as well as the self-
renewal dynamics, of the intestinal
epithelium

Lactobacillus reuteri protects the
morphology of intestinal organoids
and normal proliferation.
Proliferation and differentiation
occurred through a TLR4-
dependent pathway triggered by
bacterial-derived LPS

Reduced view of the digestive
system, limited to cells from
intestinal lineage

Lancaster and Knoblich (2014), Hou
et al. (2017), Hou et al. (2018), Naito
et al. (2017)

Sea cucumber
Holothuria
glaberrima

Deuterostome model. Has the
basic structure of the digestive
system with simpler microbial
communities. Can regenerate the
small and large intestine upon
evisceration. The cellular events
that control the regeneration have
been well characterized

Antibiotics delayed the intestinal
regeneration. Gram-positive
bacteria (Firmicutes and
Actinobacteria) may have a crucial
role in the progression of their
intestinal regeneration

Marine invertebrate ecosystem.
Few studies characterizing the
microbiota and their possible roles
during the regeneration process

García-Arrarás et al. (1998),
Quiñones et al. (2002), Mashanov
et al. (2005), Candelaria et al. (2006),
García-Arrarás et al. (2011),
Mashanov and García-Arrarás
(2011), García-Arrarás et al. (2018),
Quispe-Parra et al. (2021),
Pagán-Jiménez et al. 2019),
Díaz-Díaz et al. (2021)
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using keywords such as “microbiota”, “microbiome” and
“regeneration”, among others, and included information
considered pertinent. Specifically, we have highlighted research
done in animals that belong to the phylum Echinodermata, a
phylum known for extraordinary regeneration abilities such as
partial or total re-growth of different appendages or internal
organs (García-Arrarás and Dolmatov, 2010). In particular, many
of them are able to regenerate their digestive tract, thus providing
the venue to study the effect of the microbiota in one of the organs
best known for microbiota-host associations. This review serves
to present a group of echinoderms, the holothurians or sea
cucumbers, as excellent models to study microbiome-host
associations and their impact on regenerative processes.

Prior to delving into microbiome-regeneration studies, we
begin by reviewing some findings from three regeneration-
related fields where microbiome associations are important to
the host. These are the association of the microbiota with: 1) the
host metabolic/digestive processes, 2) embryonic developmental
processes, and 3) wound healing (Figure 1). These three
processes play important roles in regeneration and two of
them (wound healing and embryonic development), share key
mechanisms with regeneration, thus, the particular interest in
singling them out.

Microbiota is Essential for Host
Metabolism, Digestion, and Nutrition
From the roles ascribed to the microbiota, probably the best
understood is their importance on host metabolism, which
impacts their digestion and nutrition, by the assimilation of
the digested food for the host physiological process. Multiple
studies have shown the involvement of the mammalian gut
microbiota in metabolic processes and energy homeostasis of

host animals (O’Hara and Shanahan, 2006; Turnbaugh et al.,
2006; Turnbaugh et al., 2009; Vijay-Kumar et al., 2010; Long et al.,
2017). The gut microbiome was found to be crucial in processing
non-digestible substrates that are necessary for host health
maintenance and thus physiology (Gill et al., 2006). For
example, the fermentation of dietary fibers and endogenous
intestinal mucus, ensured by the intestinal microbiota, allows
the growth of microorganisms that produce short-chain fatty
acids (SCFAs) and gases (Wong et al., 2006). Acetate, the most
abundant SCFA, is used in cholesterol metabolism and
lipogenesis in the peripheral tissues (Frost et al., 2014).
Butyrate, another major SCFA, is the main energy source for
human luminal cells in the colon (De Vadder et al., 2014), and is
key for generating a hypoxia state in epithelial cells, oxygen
balance, and prevention of gut microbiota dysbiosis (Byndloss
et al., 2017). The butyrate producer Faecalibacterium prausnitzii,
one of the most represented bacteria in the intestine of healthy
human adults, has exhibited anti-inflammatory effects in a colitis-
mouse model (Miquel et al., 2013). Propionate, another dominant
SCFA, regulates gluconeogenesis and satiety signaling through
interaction with the gut fatty acid receptors in the liver (De
Vadder et al., 2014). Another example of bacteria metabolites that
can alter a host’s physiology is polyhydroxybutyrate (PHB),
which is a polyhydroxylkanoate that comprises the primary
product of carbon assimilation from glucose and starch.
Microorganisms retain PHB and metabolize it when other
common energy sources are not available, principally when
carbon concentration is higher than nitrogen’s (Madison and
Huisman, 1999; Jendrossek and Pfeiffer, 2014). Moreover, PHBs
are used for host development both in fish and crustacean
aquaculture (De Schryver et al., 2010; Nhan et al., 2010;
Najdegerami et al., 2012).

The data shown above, focusing on a minor subset of gut
bacterial products, clearly present the interdependence of the
microbiota with its host highlighting how bacterial metabolites
are not only essential for the host physiological processes but are
also needed for the growth of other bacteria.

Microbiota Role in Development: Focus on
Immune System and Organ Formation
Immune system development and activation- The actions of some
symbionts go well beyond localized functions and are crucial for
the overall development of the host. This provides a useful
background for our discussion of microbiota effects on
regeneration, specifically because of the links between
embryological development and regeneration. Multiple studies
from different organisms have demonstrated that the cellular and
molecular mechanisms used in regenerative processes are similar,
and in many cases identical, to those that take place during
development (Arvizu et al., 2006; Yokoyama et al., 2008; Petersen
and Reddien, 2009; Tu and Johnson, 2011; Tischer et al., 2013;
Bryant et al., 2017; Reddy et al., 2019).

Therefore, the role of the microbiota during an organism’s
developmental history can lead to important insights on a
possible role during regeneration processes in the same or
closely related organisms. A classic example of the effect of

FIGURE 1 | The influence of microbiota on host physiology. This figure
outlines the aim of this review where we describe the role of the microbial
composition associated with an animal host. In this review we focus on the
regeneration process. However, we incorporated studies that link the
microbiota to the metabolism, digestion and nutrition, health, and
development of animal hosts to point out the interconnection between all
these processes (dashed arrows).
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microbiota during embryonic or postnatal development is the
development of the immune system in vertebrates (Round and
Mazmanian, 2009; Bäckhed and Crawford, 2010; Fraune and
Bosch, 2010). Studies have revealed that mutualistic or
commensal microbe colonization are pivotal for the
development, maturation, and activation of the immune
system. Developmental effects of the microbiota in vertebrate
species have usually been studied using germ-free models. In
some of the key studies, germ-free reared animals presented
deficient development of the immune system, including
underdeveloped lymphatic organs (Falk et al., 1998;
Macpherson and Harris, 2004; Bouskra et al., 2008), and
defects in T cell regulation and B cells antibody production
(Round and Mazmanian, 2009). In addition to the direct
effects of these symbionts through the production of
antimicrobial substances, immune response in germ-free
animals lacked a priori instruction, induced by commensals
(Hansen et al., 2014). This was confirmed with the propensity
to infections when microbes were reintroduced to germ-free
animals.

The study of Toll-like receptor (TLR) signaling in host-
microbiome models has shown the mechanism by which the
microbiota interacts with immune system activation and
maturation (Akira and Takeda, 2004). This pathway is highly
conserved in metazoans (Khalturin et al., 2004; Iwanaga and Lee,
2005; Roach et al., 2005; Satake and Sekiguchi, 2012; Nie et al.,
2018), increasing the number of possible models in which to
examine the relationship between microbiota and host immunity.
The Toll pathway is activated by the binding of various microbe-
associated molecular patterns (MAMPs) to the Toll-like receptors
(TLRs) (Janssens and Beyaert, 2003; Kawai and Akira, 2010;
Narayanan and Park, 2015; Wang et al., 2020). In some
invertebrates, the pathway is activated indirectly, when the
cytokine-like endogenous molecule Spätzle detects the
microorganisms and activates the Toll receptors (Kawai and
Akira, 2010). The activation of Toll pathway provokes the
secretion of toxic molecules, such as antimicrobial peptides
and reactive oxygen species (ROS) (Tzou et al., 2000; Ha, EM,
et al., 2005).

Studies in mice have identified possible mediators of the
microbiota-host immune response. These studies revealed that
mice harbor specific Firmicutes, Candidatus arthromitus (Snel
et al., 1995), that influence the innate immune system maturation
(Suzuki et al., 2004; Gaboriau-Routhiau et al., 2009; Ivanov, II,
et al., 2009). This suggests that Fusobacteria and Firmicutes may
be important in the regulation of immune system development,
immune-inflammatory response, and gut homeostasis. However,
these filamentous bacteria have only been found in some infants
younger than 3 years old (Yin et al., 2013), and a similar role in
immune maturation in humans remains to be discovered.
Moreover, recent studies have evidenced that metabolite
generation, including SCFAs and adenosine triphosphate,
influences the host’s immunity (Atarashi et al., 2008; Furusawa
et al., 2013).

Organ morphogenesis- That the microbiota is involved in the
process of immune system development andmaturation might be
expected, since after all, one of the system’s main functions

involves the direct interaction of immune cells with the
environmental bacteria. Other findings that associate the
microbiota with an organism’s development are somewhat
more surprising. One such study is the symbiotic association
between the marine bobtail squid Euprymna scolopes and
bioluminescent Vibrio fischeri. This model has arguably played
a pivotal role in advancing the field of host-microbe associations
involved in developmental processes (Nyholm and McFall-Ngai,
2004). This model provides an interesting phenomenon where
the host-microbiome interaction is crucial to the formation of an
anatomical complex structure and at the same time is not
associated with health/disease issues, as are most other cases
involving the microbiota. In this system, during development, the
squid forms a structure named “the light organ” which helps in
the protection of the host from predators (Boettcher and Ruby,
1990; McFall-Ngai and Ruby, 1998; Jones and Nishiguchi, 2004).
This organ is colonized by bacteria during the day, the
photosynthetic bacterium camouflages the squid from
predators at night, and then at dawn, the squid ejects the light
organ bacteria into the ocean, a cycle that is repeated daily.

Researchers have described in detail the process of host
colonization and bacterial interactions (Nyholm and McFall-
Ngai, 2004). Newly hatched juveniles are born with fields of
ciliated epithelia on the nascent squid rudimentary light organ
(McFall-Ngai and Ruby EG, 1991). They acquire the bacteria
from the ocean environment (Ruby and Lee, 1998). When the
host is exposed to bacterial peptidoglycan, the epithelial cells
produce mucus that promotes the aggregation of bacteria
(Nyholm et al., 2000; Nyholm et al., 2002). The symbiont then
moves in the mucus to the crypt spaces of the light organ and
colonizes it. As a result, it triggers developmental changes of the
squid light organ (Doino and McFall-Ngai, 1995). Some of these
adaptations include constriction of the ducts that lead to the crypt
space delimitation, suspension of mucus secretion, and a
regression of the ciliated epithelium, which might prevent
further colonization of environmental symbionts. Other
changes include trafficking of hemocytes into the blood of the
ciliated epithelium (Nyholm and McFall-Ngai, 2004) facilitating
the retrogression of the ciliated epithelium (Koropatnick et al.,
2007), and increasing the density of microvilli in crypt cells
(Nyholm and McFall-Ngai, 2004) which increases the surface
area of interaction between the bacteria and the crypt cells
(Lamarcq and McFall-Ngai, 1998). In addition to
morphological and mechanical adaptations, chemical changes
also take place. For example, following colonization by V. fischeri
during crypt metamorphosis, a decrease in nitric oxide (NO)
production is observed (Davidson et al., 2004). All these events
favor the V. fischeri selection and proliferation to ensure mature
organ light formation and bioluminescence (Nyholm and
McFall-Ngai, 2004).

Antibiotic induced V. fischeri clearance from the crypts
produces some irreversible developmental changes, such as the
permanent loss of the surface ciliated epithelium and the
attenuation of NO in the ducts (Nyholm and McFall-Ngai,
2004). Mutant V. fischeri that are defective in producing
luminescence because of a mutation in the luxA gene (Visick
et al., 2000) or deletion of lux operon do not persist in the crypts
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(Bose et al., 2008). Apart from not producing the required
luminescence, these mutants cause developmental effects on the
host, which fail to appropriately induce swelling of the crypt
epithelial cells, hemocyte trafficking, and apoptosis of cells of
the epithelial fields (McFall-Ngai et al., 2012). The mutant
bacteria also have an altered expression of lipopolysaccharide
(LPS) lipid A and peptidoglycan (PGN) tracheal cytotoxin
(TCT) monomer. This correlates with observed changes in
squids exposed to mutant bacteria that have a different
expression of their LPS-binding proteins and peptidoglycan-
recognition proteins. Thus, V. fischeri’s luminescence is
somehow dependent on the expression of MAMPs and host
pattern-recognition receptors to induce the immune system to
cause the developmental changes in E. scolopes (McFall-Ngai et al.,
2012).

Another interesting aspect of this symbiosis is the fact that V.
fischeri that colonize the light organ are not eliminated by the
immune system of E. scolopes (McFall-Ngai et al., 2012). It is
thought that the recognition ofV. fischerimolecules play a pivotal
role in the selection of bacterial species by the immune system
and therefore, the morphogenesis of the light organ of the host
(Koropatnick et al., 2004; Troll et al., 2010).

Other developmental effects- Microbiota effects on embryonic
development have been studied in other invertebrates (these are
usually chosen because they generally have simpler microbial
communities). The Drosophila-Acetobacter system has been a
convenient model for understanding the genetic and functional
roles of the microbiome in the modulation of host signaling
pathways and physiology. Extensive studies in Drosophila and its
symbiont Acetobacter pomorum showed that this gut bacteria
impacts not only the metabolism of its hosts, but the growth, body
size gain, and stem cellular activity (Shin et al., 2011). An A.
pomorum mutant library has been used to decipher their
beneficial role on host’s developmental homeostasis. This has
led to the finding that the periplasmic pyrroloquinoline
quinone–dependent alcohol dehydrogenase (PQQ-
ADH)–dependent oxidative respiratory chain of the A.
pomorum interaction with the insulin/insulin-like growth
factor (IGF)-1 signaling (IIS) of the host is necessary for the
maintenance of the gut mutualism. However, the sole bacterial
PQQ-ADH is insufficient to promote the A. pomorum–mediated
effects on host physiology, suggesting that the host genetic
program and gut bacteria regulate each other. Additional
studies using multiple insect models have confirmed the role
of the hindgut bacteria in various aspects of digestion and host
development. These cases include digestive efficiency of soluble
plant polysaccharides and growth rate in crickets (Kaufman and
Klug, 1991), insect generation time, adult body weight gain, and
methane production in cockroaches (Gijzen and Barugahare,
1992), cellulose breakdown and nitrogen fixation in beetles
(Morales-Jiménez et al., 2009), and potential proteolytic
activity in aphids (Wang and Zhang, 2015).

Many studies performed in germ-free mammals have shown
that the intestinal microbiota influences the postnatal
development of the gastrointestinal tract in these organisms.
For example, in mice, successions in the microbiota
composition during development were shown to lead to

gastrointestinal maturation (Wagner et al., 2008; Reinhardt
et al., 2009). The intestine of an adult mouse accommodates a
sophisticated vascular network that originates from a system of
vessels that form postnatally in small intestinal villi. The
formation of this network occurs concurrent with the
assembly of the microbiota. Comparative studies of the
capillary networks of germ-free mice versus animals colonized
(ex-germ-free) during or after gut development demonstrated
abnormalities in the capillary network of adult germ-free mice
(Stappenbeck et al., 2002). However, colonization either with
conventionalized mice microbiota or with Bacteroides
thetaiotaomicron restarted and completed the developmental
program. Other studies, using germ-free transgenic mice
lacking Paneth cells (which secrete antibacterial peptides that
affect luminal microbial ecology) in the intestinal epithelium,
showed that this angiogenesis was regulated by B.
thetaiotaomicron colonization of the mucosal surface
(Stappenbeck et al., 2002). In addition, the associated
microbial community contributes to the modulation of
intestinal epithelial cell proliferation, as evidenced by the
scarcity of proliferating cells in the intestines of germ-free
rodents (Abrams et al., 1963; Uribe et al., 1994) and zebrafish
(Rawls et al., 2004).

Further information on the role of the microbiota on
vertebrate developmental processes has been obtained using
germ-free and gnotobiotic zebrafish (Milligan-Myhre et al.,
2011). Both zebrafish and murine germ-free models presented
significant differences in the intestinal morphology in
comparison with conventional controls, including reduced cell
division, decreased number of goblet cells and intestinal
associated immune cells, and perturbed expression of genes
involved in metabolism and innate immunity (Savage et al.,
1981; Kandori et al., 1996; Cebra et al., 1998; Hooper et al.,
2001; Rawls et al., 2004; Bates et al., 2007; Bouskra et al., 2008;
Cheesman et al., 2011; Kanther et al., 2011).

A New Role for Microbiota as Regulator of
Regenerative Processes
The role of the microbiota has been studied, quite extensively,
in processes associated with wound healing. These processes
are usually the initial steps in more complex regenerative
events, and will be briefly reviewed here, prior to discussing
the role of the microbiota in overall regeneration of tissues and
organs.

Wound healing following injury - The first response after a
trauma or injury to an organism is the wound healing cascade
which ensures the repair of the wound and avoids the
colonization or translocation of pathogens. This takes place
prior to the reorganization of the injured tissue (Guo and
Dipietro, 2010) and might involve the microbiota (Thomas,
2016; Maheswary et al., 2021) as shown by studies of human
skin microbiota during wound healing processes. Many of the
findings on the role of microbiota in wound healing were
facilitated by studies of chronic wounds, such as diabetic foot
ulcers and non-healing surgical wounds, which represent major
healthcare problems. These studies provided valuable data on

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 7687835

Díaz-Díaz et al. Microbiota’s Role in Regeneration-Associated Processes

66

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


how the microbiota can shape the process of wound healing and
perhaps other processes related to regeneration.

Chronic wounds are caused by a disruption of the cutaneous
wound healing process, preventing the restoration of the skin
barrier. The main bacterial phyla identified in acute and chronic
wounds are also found in healthy skin, however wounds are
characterized by skin dysbiosis where their relative abundance
differs significantly by wound type (Ammons et al., 2015; Loesche
et al., 2017). Pseudomonas and Staphylococcus dominate in all
types of chronic wounds (Dowd et al., 2008; James et al., 2008;
Gardner et al., 2013; Wolcott et al., 2016; Gardiner et al., 2017),
and usually are present in acute wounds created by blunt or
penetrating trauma (Hannigan et al., 2014; Bartow-McKenney
et al., 2018), burns (Hannigan et al., 2014; Liu et al., 2018), or
atopic dermatitis (Seite et al., 2014). However, higher levels of
anaerobic bacteria are present in chronic wounds and are
commonly associated with worse prognosis (Loesche et al., 2017).

Moreover, pathogenic microorganisms are suspected of playing
a substantial role in delayed wound healing. Hence, perturbations
of microbial communities that are not promoting cutaneous
wound healing may be beneficial. As shown by Loesche et al.
the use of antibiotics to destabilize pathogenic wound
microbiomes, resulted in faster wound healing (Loesche et al.,
2017). In other studies, when probiotic bacteria were applied to a
rodent wound, the bacterial load was decreased and tissue repair
was promoted (Rodrigues et al., 2005; Valdez et al., 2005; Huseini
et al., 2012). Similarly, wounded dermal tissues of mice showed
improved proliferation of epidermal cells, vascularization, and re-
epithelialization after inoculation with Pseudomonas aeruginosa
strain PAO1 (Kanno et al., 2011). Also, in humans, topical
application of probiotics exerted positive wound healing
properties for chronic venous ulcers infected with
Staphylococcus aureus and Pseudomonas aeruginosa (Peral et al.,
2009). Consequently, microbial communities may be useful for the
diagnosis of wound healing progresses (by predicting those wounds
that will experience infectious complications). Hence, studies in
skin microbiota provide an example of interactions between host
and microbiomes with biomedical relevance to health issues.

In addition, the gut microbiota has been implicated in
intestinal epithelial repair. This is highlighted by recent studies
on intestinal wounds where gut microbiota enhanced epithelial
wound repair (Alam and Neish, 2018). Specifically, intestinal
commensal bacteria have been found to regulate the proliferation,
migration, and survival of host epithelial cells, as well as promote
barrier function and resolution of epithelial wounds (Hooper
et al., 2001; Rakoff-Nahoum et al., 2004; Pull et al., 2005; Lam
et al., 2007). One of these commensals is Akkermansia
muciniphila, which is enriched in healing mucosal wounds
and dominates the wound-mucosa-associated microbiota
(Alam et al., 2016). When mice are treated with exogenous A.
muciniphila to treat colonic mucosal wounds enhanced mucosal
closure occurs. The bacterial treatment stimulates the mice
intestinal cellular proliferation and enterocyte migration from
the crypt apparently through the generation of ROS when the
bacteria colonize the wounded area. The possibility that ROS
might be the mediator in this phenomenon is strengthened by
experiments with another gut commensal, Lactobacillus

rhamnosus. This bacterium has also been associated with
intestinal epithelium repair by experiments showing that the
sole contact of intestinal epithelial cells (IECs) with L.
rhamnosus strain GG (LGG) induces ROS accumulation,
consequently stimulating cellular proliferation and migration
(Swanson et al., 2011).

Metazoans have different regeneration capabilities. Since
mammals are not well know for their regenerative potential,
the roles of microbiota in the regeneration of tissues or organs
have been focused on particular model organisms. Various
species, well known for their regenerative responses, such as
planarians, salamanders, and zebrafish have been used to study
whether the microbiome can regulate the regeneration potential
of their hosts or are directly involved in the regeneration process
(Figure 2). Some of these roles will be discussed below.

Whole body regeneration in planarians- Two studies in the
planaria Schmidtea mediterranea have shown that bacteria can
influence whole body regeneration. In the first study, the
microbiome of healthy planarians was characterized, revealing
a high Bacteroidetes to Proteobacteria ratio (Arnold et al., 2016).
Animal manipulations such as tissue amputations and changes in
culturing conditions (which elicits a relative increase of
Proteobacteria) and cultures with a strain of Pseudomonas,
produced ectopic lesions and progressive tissue degeneration.
Furthermore, infection with the Pseudomonas strain enhanced
apoptosis, in contrast to what occurs in the absence of infection
where regeneration represses apoptosis. To explain this
phenomenon, Arnold et al. suggested that activation of an
innate immunity signaling (TAK1/MKK/p38) pathway had an
opposite role in host immunity versus normal regeneration. In a
second study, a different group studied the impact of bacterial
metabolites on the regeneration of planarians (Lee et al., 2018).
They described the microbial community of Dugesia japonica, a
close relative to S. mediterranea, and inoculated tail and head-
amputated antibiotic-treated organisms with representative
bacteria species. Lee and colleagues found that regeneration
was compromised in animals inoculated with an indole
producing bacteria, Aquitalea sp., and tail and head formation
was delayed. To test whether the production of indole (which is
formed from tryptophan by bacterial enzymatic action) was the
causative agent, amputated trunks were incubated with Aquitalea
sp. in tryptophan supplemented media. Animals exposed to both
tryptophan and indole producing bacteria presented a delayed
regeneration in comparison to controls. These experiments
demonstrated a direct effect of an indole-producing bacteria
on the regenerative properties of planarians.

Limb regeneration in salamanders- A possible association
between bacteria and regeneration has also been observed in
one of the best studied vertebrate regeneration models, the
Mexican axolotl Ambystoma mexicanum (Demircan et al.,
2019). This amphibian is capable of regenerating internal
organs such as heart, brain, and lungs and external organs
such as limbs, gills, and tail (Vieira et al., 2020). In Demircan
and colleagues work, a 16S rRNA amplicon dataset was obtained
from limbs at different days post amputation (dpa) and correlated
with axolotl limb regeneration stages; the stages (0-, 1-, 4-, 7-, 30-,
and 60- dpa) (Demircan et al., 2019). Although the study was
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purely correlative, it showed changes in the microbiota during
regeneration, suggesting that certain bacterial groups might be
associated with the regenerating tissues. At the phylum level, the
bacterial communities in normal animals were dominated by
Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, and
Verrucomicrobia. In regenerating limbs, a temporal shift in
bacterial composition was observed, which included
differential phylum abundances at certain limb regeneration
stages. Post-amputated groups had different microbial
communities compared to aquarium control groups, since
there was a shift from Firmicutes-enriched (controls) to
Proteobacteria-enriched (regenerating) relative abundance. The
significant differences observed between the water and the
regenerating limb microbiotas suggested selective colonization
of axolotl limb tissues and that substantial restructuring of
bacterial communities occur in regenerating tissues. Moreover,
a comparison of the microbial community demonstrated less
variation in the relative abundance of bacterial communities
between samples at the same stage of regeneration, and higher
variation between groups at different stages. Also, they found
differences between limb microbial communities among the
regeneration phases: the 0- and 1- dpa samples, 4- and 7- dpa
samples, and 30- and 60- dpa samples all differed between them
in the measures of beta-diversity. That different bacterial
communities were found at specific limb regeneration stages,
such as wound healing, dedifferentiation, and re-development,
could indicate that specific bacterial groups have specific roles in
these processes.

Tissue layer (luminal epithelium regeneration) in vertebrates-
Many investigators have studied the regeneration of the luminal
epithelial layer (Figure 3A) of the vertebrate digestive tract (see
Santos et al., 2018 for review). This tissue layer is continuously
being formed as the cells undergo damage by the exposure to the

digestive lumen content and the digestive process itself (Barker
et al., 2007; Sailaja et al., 2016; Santos et al., 2018). In addition to
the ongoing epithelial turnover to achieve gut homeostasis, this
tissue can undergo regeneration if injured by exposure to factors
such as toxins, radiation or others (Metcalfe et al., 2014; Beumer
and Clevers, 2016). Homeostatic maintenance of the luminal
epithelium is well understood and has been well described
particularly in the mammalian intestine (Barker et al., 2007).
The renovation of the layer is dependent on the intestinal stem
cells (ISC) and their associated environment (ISC niche). These
cells are found within the luminal crypts and give rise to the
different cell types in the epithelium. The stem cells divide within
the crypts and their progeny continue this division as they transit
to the intestinal villi where they differentiate into the intestinal
luminal epithelial phenotypes. As cells reach the tip of the
intestinal villi, they are shed into the lumen, maintaining a
continuous migration of cells from the crypts to the villi.

As response to injury, the ISC niche adapts to ensure epithelial
regeneration beyond the homeostatic state (Beumer and Clevers,
2016). The epithelial restitution is achieved either by proliferation of
active ISCs (Lgr5+ ISCs) or by mature cells dedifferentiated to ISC.
This regeneration of mucosal epithelia has been found to be
modulated by the microbiota (Thomas, 2016; Hou et al., 2017).
Also, the microbiota has been suggested to promote gut healing
regeneration through induction of immune responses (Sommer and
Bäckhed, 2013; Pellegatta et al., 2016; Thomas, 2016;Hou et al., 2017).

Various experiments demonstrate a similar role of microbiota
on luminal epithelium regeneration in zebrafish. For one, in the
developing zebrafish intestine, epithelial cell proliferation was
shown to be facilitated by their symbiont bacteria, Aeromonas
veronii (Cheesman et al., 2011). In other studies, the virulence
factor CagA fromHelicobacter pylori also promoted intestinal cell
proliferation through Wnt pathway signaling (Neal et al., 2013).

FIGURE 2 | Models of regeneration. This figure portrays organisms that are used as regeneration models: planaria (A), zebrafish (B), axolotl (C), and two
holothurian species, Apostichopus japonicus (D) and Holothuria glaberrima (E).
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Lastly, microbiota was also shown to promote intestinal epithelial
cell fate determination via the Notch-MyD88 signaling (Bates
et al., 2007; Cheesman et al., 2011).

Additional model systems, mainly in vitro models comprising
cell cultures, tissue explants, and organoids, have been developed
to decipher the microbiota’s influence on the homeostasis and
regeneration of mammalian intestines. Among these, organoids
have been used to understand the effects that the commensal
microbiota, or a particular microorganism, might have on
intestinal epithelium homeostasis (Peck et al., 2017; Blutt
et al., 2019). Organoids are three-dimensional tissue structures
obtained from stem cells in culture, that are differentiated into
multiple organ-specific cell types. Thus, cells in these structures
acquire some of the organ or tissue organization and functions

(Lancaster and Knoblich, 2014). Small intestinal organoids share
the cell and structural composition of the small intestinal
epithelium, as well as the self-renewal dynamics. (Sato et al.,
2009; Sato et al., 2011). Using organoids, it was shown that live
Lactobacillus reuteri protected the morphology of intestinal
organoids and normal proliferation (Hou et al., 2017; Hou
et al., 2018). The protection of the intestinal barrier and
activation of intestinal epithelial proliferation seemed to
control intestinal inflammation.

A possible mechanism for the bacterial effect was described in
a recent work showing that the ISC expresses nucleotide binding
oligomerization domain-containing protein 2 (NOD2). This
protein interacts with a peptidoglycan motif expressed on
most bacterial organisms, suggesting a putative pathway for

FIGURE 3 | Comparison of mammalian and holothurian intestinal epithelium anatomy and renewal. Representative organization of the luminal epithelium of
mammal intestine (A) and the mucosal epithelium in the digestive tube of sea cucumbers (B), highlighting the difference in cell renewal mechanisms. (A) In mammals,
Lgr5-positive intestinal stem cells are localized at the bottom of the crypt, which self-renew and produce dividing transit-amplifying progenitors (arrows), which gradually
migrate apically and form the villus (dashed arrow), where are localized the specialized cells. Paneth cells (which appear to be unique in mammals) are the only
differentiated cell type that remains in the stem cell niche. (B) In the digestive epithelium of echinoderms, the spatial organization of mammals is not present, instead Lgr5-
positive cells are interspersed among Lgr5-negative or differentiated cells, but the lineage of these cells is not well understood. (A9,B9) were retrieved from Mashanov
et al., 2014 and modified by LD-D, (A,B) are drawings by the authors of this article (AR-V and LD-D, respectively) for the purposes of this comparison.

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 7687838

Díaz-Díaz et al. Microbiota’s Role in Regeneration-Associated Processes

69

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


communication between the microbiome and the ISC niche
(Nigro et al., 2014). Treatment of organoids with ligands for
NOD2 resulted in an increase in their number and size, indicating
that these ligands induce epithelial proliferation. Additional
support that bacterial species have a role in the ISC niche
comes from studies in mice, where a crypt-specific
microbiome has been associated with homeostatic
proliferation. This finding led to organoid studies showing that
modulation of the colonic epithelial balance between
proliferation and differentiation occurred through a TLR4-
dependent pathway triggered by bacterial-derived LPS (Naito
et al., 2017). Other work showed that colonic crypts from mice
devoid of microbiota lose their regenerative capacity, as assessed
by the ability to form organoids (Zaborin et al., 2017). There, the
regenerative capacity was recovered by fecal microbiota
transplantation that restored the crypt microbial communities.
Furthermore, in recent studies, lactate derived from bacteria was
shown to mediate small intestinal epithelial proliferation through
stimulation of the stem cells in murine organoid cultures (Lee
et al., 2018), suggesting there may be specific bacteria-derived
factors that interact with the host cells to modulate the ISC
response. These findings provide strong evidence for a
microbiome role in homeostasis of the ISC niche.

Although the day-to-day regeneration of the luminal
epithelium has been well studied and has provided important
information, as described above, there is a “catch” to these studies
that must be addressed. This regeneration is considered to be
homeostatic, meaning that it is an ongoing replacement of the lost
cells and whose mechanism is deeply embedded within the
physiology of the organ in order to maintain its function.
Many researchers differentiate this type of regeneration from
the one that takes place following injury to the organ or tissue.
Available data support the notion that the mechanisms by which
homeostatic regeneration takes place differ from the regeneration
that follows injury (Beumer and Clevers, 2016). In this respect,
the data shown above relates to the microbiota role in
homeostatic regeneration and might not apply to the
regeneration of the luminal epithelium under injury or to
massive loss due to other manipulations.

In an attempt to understand the ongoing interactions within
the digestive tract, invertebrates have been used as simplified
organisms. The understanding of the impact of gut microbiota on
host physiology has been limited, due to restricted in-depth
integrated genetic analysis of both the microbes and the host.
In this respect, the study of insect non-binary, yet simpler
bacterial communities than mammals, is noteworthy. Intestinal
bacterial communities of insects have been widely studied, and
the amenability of Drosophila melanogaster, allowed its
implementation to study animal symbioses. Numerous studies
have shown that Drosophila’s bacterial communities are simpler
than mammals; hundreds of species are present in humans (Qin,
et al., 2010), while the adult Drosophila midgut symbiotic
commensal community is composed of 5–20 different
microbial species (Corby-Harris et al., 2007; Cox and Gilmore,
2007; Ren et al., 2007; Ryu et al., 2008; Chandler et al., 2011;
Wong et al., 2011). Among them, the families of
Acetobacteraceae, Lactobacillales, and Enterobacteriaceae are

the most prevalent microbes identified in the Drosophila gut
microbiota (Ryu et al., 2008; Roh et al., 2008; Chandler, et al.,
2011). The simplicity of their microbial communities have made
them attractive models for host-microbe studies. Thus, the
microbiota effect on intestinal epithelial renewal was studied
in Drosophila. A crosstalk between the gut and its microbial
community was demonstrated to modulate stress response and
promote stem cell proliferation and epithelial regeneration
(Buchon et al., 2009). Specifically, the pathogenic bacterium
Erwinia carotovora was shown to be important to undergo
intestinal epithelial repairs. This result supports the influence
of gut microbiota in epithelial healing, as seen in mammal
models. However, unlike vertebrate gut, in Drosophila, the
intestinal microbiota is composed of either aerotolerant or
obligate aerobes, suggesting that oxygen is able to circulate
across the Drosophila gut (Chandler et al., 2011; Charroux and
Royet, 2012). This provides a limitation when comparing the
essential compartmentalization that drives the complex
ecosystem in humans and non-human vertebrate bodies.

Leading Studies in Echinoderm Microbial
Community
Microbiota has also been associated in echinoderms with other
processes important for regeneration such as metabolism and
growth. In an early study focused on another echinoderm
group, brittle stars, it was suggested that subcuticular and
intestinal bacteria could metabolize dissolved organic matter
and use it as a significant carbon source (Fielman et al., 1991;
Hoskins et al., 2003). These products frommicroorganisms such as
Pseudoalteromonas atlantica are proposed to be important for
echinoderm physiology, including regeneration processes. The
link between microbiota and nutrient availability has also been
studied in sea stars, where the need for symbionts’ assistance to
ingest structurally complex polysaccharides or require
detoxification of dietary products has been suggested (Douglas,
2009). These organic compounds produced by symbionts are
potentially used as energy to promote growth and regeneration
(Kelly et al., 1995). In another echinoderm species, the purple sea
urchin Strongylocentrotus purpuratus, studies have also suggested
that fasting reduces bacteremia in the coelomic fluid and increases
spine regeneration (Scholnick and Winslow, 2020).

Organ regeneration in echinoderms- While regeneration of the
digestive tract luminal layer has been studied in several model
systems, regeneration of the complete intestinal organ has been
the focus of work in an understudied group of animals: the
Holothuroidea (Echinodermata) (Figure 3B). Several factors
make holothurians or sea cucumbers the ideal model system
to study the role of the microbiota on regenerative processes. The
main one is their ability to eject their digestive tract in a process
named evisceration, and to regenerate the entire organ in a period
of about a month (Hyman, 1955; Byrne, 2001; Wilkie, 2001;
Carnevali, 2006; García-Arrarás et al., 2018). This autotomy, with
the subsequent regeneration, provides a unique “natural” model
system where the process is part of the animal biology. Moreover,
the cellular events that take place during the regeneration of the
intestine in these animals have been well studied (García-Arrarás
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et al., 1998; Quiñones et al., 2002; Mashanov et al., 2005;
Candelaria et al., 2006; García-Arrarás et a., 2011; Mashanov
and García-Arrarás, 2011; García-Arrarás et al., 2018) and the
molecular basis for the regeneration is being actively investigated
(Mashanov and García-Arrarás, 2011; García-Arrarás et al., 2018;
Quispe-Parra et al., 2021). Echinoderms, being basal
deuterostomes, occupy a key branch together with the
chordate evolutionary tree, while at the same time are close to
most other invertebrates. Moreover, the digestive tube is one of
the best conserved organs, common to most metazoans. Thus,
these animals can provide useful evolutionary insights into
microbiome-host associations. Probably unknown to many, sea
cucumbers also have a huge economic value, as part of an
aquaculture industry centered in Asia. Thus, the microbiota-
host relationships of these animals extend beyond the
regenerative process and are studied in terms of health,
growth, and other issues related to their nutritional value.

Comparison ofMicrobiota Structure Among
Sea Cucumber Species
To study the role of the microbiota in intestinal regeneration,
we need to first determine the components of the microbiota of
our model organisms. Holothurians, as documented in all
echinoderms studied to date, have a microbial diversity that
is both relatively low and dominated by Proteobacteria. This
has been shown in the sub-cuticle of the brittle stars Ophiactis
balli and Amphipholis squamate (Burnett and McKenzie, 1997;
Morrow et al., 2018), in the body wall, gonads, pyloric caeca,

and coelomic fluid of multiple sea star species (Jackson et al.,
2018), in the coelomic fluid, intestines, pharynx, and gut
digesta of the sea urchin Lytechinus variegatus (Hakim
et al., 2015; Hakim et al., 2016; Brothers et al., 2018) and in
the intestine of the sea cucumbers Apostichopus japonicus and
Holothuria glaberrima (Gao et al., 2014a; Gao et al., 2014b;
Pagán-Jiménez et al., 2019).

The gut commensal microbes of sea cucumbers have been a
focus of study during the last decade. The intestinal microbiota
of three sea cucumber species: A. japonicus, H. glaberrima, and
Sclerodactyla briareus have been described using 16S rRNA gene
amplicon sequencing (Gao et al., 2014a; Gao et al., 2014b; Wang
et al., 2018; Pagán-Jiménez et al., 2019; Weigel, 2020). Though
the Proteobacteria and Bacteroidetes are among the most
abundant phyla in all sea cucumber species (Figure 4), a
difference in relative representation is seen among
different species. Proteobacteria was the predominant phylum
within the gut of the holothurian A. japonicus, while
Gammaproteobacteria was the predominant bacterial class
(Gao et al., 2014a; Gao et al., 2014b). A recent study in S.
briareus supported these findings (Weigel, 2020). In the latter
work, the taxonomic representation in the stomach and
intestine from animals that were collected from different
ponds or aquaria were evaluated and found that the mature
intestine microbiota was composed primarily of Proteobacteria.
In contrast, our group found that in the intestine of H.
glaberrima, Firmicutes was the dominant phylum followed by
Bacteroidetes, and then Proteobacteria (Pagán-Jiménez et al.,
2019). The higher abundance of Firmicutes in H. glaberrima

FIGURE 4 | Bacterial composition associated with animal hosts. This scheme presents the most representative taxa among the microbiota of E. scolopes, D.
melanogaster, H. glaberrima, D. rerio,M. musculus, and H. sapiens; however, relative representation of these taxa may vary per individual. Top phyla among the animal
kingdom includes Proteobacteria (blue), Firmicutes (white), Bacteroidetes (green), Actinobacteria (lilac), and Fusobacteria (yellow). The font size represents the relative
abundance of the lower taxonomic levels. This figure is an adaptation of Kostic et al. (2013), and contains information from the following studies: Arumugam et al.
(2011), Brinkman et al. (2011), Chandler et al. (2011), Roeselers et al. (2011), and Pagán-Jiménez et al. (2019). Images are original drawings by LD-D and AR-V.
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TABLE 2 | Summary of current findings on sea cucumbers intestinal microbial communities.

Study Sea
cucumber
model

Feeding
behavior

Methods
used

for library
preparation
and analysis

Samples
collected

Environmental
samples

Control
groups

Intestinal
dominant
bacteria

Regeneration
stages

Temporal
shifts

associated
to regeneration

process

Gao et al.
(2014a)

A. japonicus
(posterior
evisceration)

deposit
feeders

16S rRNA gene
(V1-V3), 454
sequencing,
grouped in OTUs

foregut and hindgut
contents, and
sediment

sediment sediment mostly Proteobacteria not applicable not applicable

Wang et al.
(2018)

A. japonicus deposit
feeders

16S rRNA gene
(V3-V4), Illumina
HiSeq, grouped in
OTUs

foregut, midgut, and
hindgut with cloaca

none 1) non-eviscerated
animals at the initial
stage of experiment
(plus 4days in
“template culture”)
and 2) non-
eviscerated animals
at the final stage
(55days)

Proteobacteria,
Bacteroidetes,
Euryarchaeota, and
Firmicutes

1-, 5-, 15-, 25-, 35-,
45-, 55- dpe

Earlier regeneration stage
(1–25- dpe):
Proteobacteria in all
samples, yet the sub-
dominant phyla were
different between samples.
Later regeneration stage:
(35–55- dpe)
Proteobacteria and
Bacteroidetes and the
relative abundance of both
reached above 95%

Zhang et al.
(2020)

A. japonicus deposit
feeders

16S rRNA gene
(V4–V5), Illumina
HiSeq, grouped in
OTUs

whole intestines of
regenerating
animals

not applicable intestines of non-
eviscerated sea
cucumbers

Proteobacteria,
Bacteroidetes, and
Firmicutes

10-, 14-, 18-, and
21- dpe

Bacteroidetes’ relative
abundance increased on
day 14 and day 18

Yamazaki
et al. (2016)

A. japonicus deposit
feeders

16S rRNA gene
(V1–V2) grouped
in OTUs and ASVs

feces of eviscerated
animals at different
time points

not applicable 1) feces of non-
eviscerated sea
cucumbers at
different time points
and 2) feces from all
animals at time
point 0 (pre-
evisceration)

families were explored: in
most samples
Rhodobacteraceae is
dominant followed by
Alteromonadaceae

samples collected at
different time points,
mainly 15-, 16-, 17-,
20-, 24-, and
28- dpe

The pre-evisceration fecal
microbiota is significantly
different from that of the
feces post-evisceration
One animal had a high
abundance of the family
Colwelliaceae in the feces
collected pre-evisceration,
yet the abundance
drastically decreased after
gut regeneration (around
17- dpe). Same thing
happened with
Flavobacteriaceae and
Rhodobacteraceae with
other two samples,
respectively

Pagán-
Jiménez
et al. (2019)

H. glaberrima
(posterior
evisceration)

suspension
feeders

16S rRNA gene
(V4-V5), 454
sequencing,
grouped in OTUs

anterior, medial,
posterior, and
seawater

seawater 1) seawater and 2)
tissues from
animals dissected
in situ

Proteobacteria,
Bacteroidetes,
Fusobacteria, and
Firmicutes

not applicable not applicable
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may be a key difference with other holothurians, however
microbiota differences among holothurians are probably
determined by the differences in habitat and/or feeding
behaviors (Table 2).

Apart from differences among the gut microbiota of various
species, discrepancies in the microbiota between areas of the gut
have been observed. Some of these differences are seen in the relative
abundances of the microbial community in various segments of the
digestive tract. InH. glaberrima dissected in situ (as soon as collected
from the intertidal space), both areas of the small intestine (comprised
of anterior and the medial) showed a similar microbiota, composed
mostly by members of the phylum Proteobacteria (Pagán-Jiménez
et al., 2019). However, the large (posterior) intestine containedmostly
Firmicutes. Beta analysis supported these results, revealing that the
anterior, medial, and posterior intestine samples had significantly
different microbial communities. In addition, differences between
environmental microbiota and gut microbiota were documented.
Both seawater microbial communities (collected in situ and the
aquarium water) were more similar to the communities of the
anterior and medial intestine, than that of the posterior intestine.
These data suggested a distinctive microbiota in the large intestine. In
species where the digestive tract includes a stomach, different
bacterial communities were found between the stomach and the
intestine (Weigel, 2020). Similarly, different microbiotas were found
between the water and the internal organs. Thus, all published studies
of sea cucumbersmicrobiota show significant differences between the
seawater and the intestinal communities, and differences among the
digestive tract structures themselves (Gao et al., 2014a; Gao et al.,
2014b; León-Palmero et al., 2018; Pagan-Jimenez et al., 2019; Weigel,
2020). This contrast between marine animal organs and seawater
microbial communities was found in other organisms including
corals, sea urchins, sea stars and sea anemones (Ainsworth et al.,
2015; Brothers et al., 2018; Jackson et al., 2018; León-Palmero et al.,
2018).

It is imperative to mention that the experimental design for
studies of the microbial communities in holothurians, including
the dissections and tissue collections varied among the different
studies. In some, the viscera were processed individually, while in
others the intestine was not separated from the cloaca. Thus, in
Table 2 we summarized the similarities and contrast of
holothurian microbiota studies.

Examining the Microbe-Echinoderm
Associations
In A. japonicus, the link between microbial diversity and animal
growth has been examined (Yamazaki et al., 2016). Themetagenomes
of feces of large and small sea cucumbers were sequenced, showing
that larger and smaller animals had different microbiota, and that
while the alpha diversity was similar, the relative abundance differed.
The orders Rhodobacterales, Oceanospirillales, andDesulfobacterales
were more abundant in larger animals. The long-term effects, in
terms of growth and disease resistance, of disrupting the bacterial
community of A. japonicus sea cucumbers by using antibiotics was
also explored (Zhao et al., 2019). Interestingly, after administering
different antibiotics (tetracycline, erythromycin, or norfloxacin), it
was observed that some antibiotics increased the growth of theT
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animals yet weakened their immunological system. In a different
study, Yamazaki and colleagues found that Rhodobacterales are the
third most abundant order in the fecal microbiota of A. japonicus,
and the relative abundances were significantly higher in larger
animals than in smaller individuals (Yamazaki, et al., 2016).
However, the subsequent article by Zhao and colleagues reported
a decreased relative abundance of Rhodobacteraceae in A. japonicus
juveniles when treated with either tetracycline or erythromycin, but
an increase in sea cucumber survival and body weight (Zhao et al.,
2019). The above summarized studies demonstrate how bacteria
metabolic activity might play a key role in providing the energy
source to hosts to facilitate or activate their cellular and molecular
process.

Is the Echinoderm’s Regenerative Capacity
Influenced by the Microbiota?
Two types of studies explore if the microbiome influences the
intestinal regeneration of holothurians. The first group of studies
focuses on correlating changes in the microbiome with different
stages of intestinal regeneration. The regenerating gutmicrobiome of
A. japonicus was characterized, showing that Proteobacteria (Wang
et al., 2018) or Actinobacteria (Zhang et al., 2020) were the dominant
phyla from wound healing stage to lumen formation (early in their
regeneration process), and at later stages of regeneration,
Proteobacteria and Bacteroidetes became the dominant phyla
(Wang et al., 2018; Zhang et al., 2020). This change suggested
that during early stages of the regeneration process, the gut was
populated mostly by the bacteria from the sediments and water, and
then was gradually replaced by digestive-associated microbiota.

An expanded analysis of regenerating intestine microbiota in a
different holothurian species, S. briareus, documented higher
richness (on day 20 after evisceration) and evenness (on day
13–20 after evisceration), when compared to mature intestines
(Weigel 2020). Moreover, an Alphaproteobacteria species
abundant in mature intestine samples was not found in
regenerating intestines. Regenerating stomachs were found to
be more diverse in comparison to mature ones. Interestingly,
beta-analysis plots showed that regenerating stomach and
regenerating intestine were similar. Taxonomic representation
and alpha diversity analysis revealed that the regeneration process
was associated with a change in microbial community that
recovered at the end of the regeneration process. In addition,
tank residence, but not collection site, were suggested to affect gut
microbial community, however changes in the regenerating
microbes were not simply due to tank effects.

It is important to highlight these studies because they propose a
correlation between the gut microbiota and the regeneration
process. However, as mentioned before, these findings were
shown mainly by using functional inferences from genomic data
which do not strongly establish that the microbial community
causes a particular effect ruling the intestinal regeneration
associated events. For example, genomic data cannot distinguish
if the organisms found in this community were even alive or if they
were transient (ingested debris or indiscriminate colonization).
Thus, the future of this field is beyond correlative analysis, and it
requires experimentation that delves directly into the microbial

community influence and if its modulation alters the effects on
host’s regeneration.

The second type of study, which precisely examined the role of the
microbiome in holothurian gut regeneration, was recently published
by our group (Díaz-Díaz, et al., 2021). Here, different antibiotic
cocktails were used to cause dysbiosis and study the influence of the
commensal community in the intestinal regeneration process. We
observed that antibiotic treatments altered cellular processes
associated with regeneration such as cellular dedifferentiation,
extracellular matrix remodeling, and cell proliferation. To rule out
that the antibiotics were exerting a direct effect on the holothurian
tissues, we performed MTT assays on dissociated cells and explant
cultures. Ex vivo experiments suggested that the antibiotics used did
not directly alter the holothurian tissuemetabolic activity, while being
capable of inhibiting gut bacterial populations in vitro. Therefore, we
proposed that the antibiotics are influencing H. glaberrima
regeneration via the dysbiosis of the gut microbiota. Moreover,
because H. glaberrima microbiota is mainly composed of
Firmicutes (mostly Gram-positive bacteria) and Proteobacteria
(mostly Gram-negative bacteria) (Pagán-Jiménez et al., 2019), and
the cocktails targeting mostly the Gram-positive bacteria had the
most detrimental effects over the intestinal regeneration, we suggest
that Firmicutes may have a crucial role in the progression of the
intestinal regeneration. Antibiotics have also been shown to have
long-term effects on holothurian growth and disease resistance. In an
experiment where antibiotics (tetracycline, erythromycin, or
norfloxacin) were administered to disrupt the bacterial
community, some antibiotics increased the growth of sea
cucumbers, yet appear to inhibit the animal immune system
(Zhao et al., 2019).

Furthermore, the role of the microbiota during regeneration
could be addressed using other echinoderms. The crinoids, which
are well known for their potential to regenerate their arms, can also
lose and renew their entire digestive system (Dendy, 1886; Meyer,
1985; Meyer, 1988; Mozzi et al., 2006; Bobrovskaya and Dolmatov,
2014; Kalacheva et al., 2017). These studies describe the fast visceral
regeneration potential in crinoids, such as Antedon mediterranea,
Antedon rosaceus, Himerometra robustipinna and Lamprometra
palmata, through histological and cytological analysis but were
neglected for many years. We propose that echinoderms are
promising models to elucidate if, and how, the regeneration
events in the digestive system are influenced by the gut
microbiota. Moreover, these organisms provide models whose
findings on the whole organ regrowth are not limited solely to
the study of the repair of the luminal epithelium layer of the intestine.

Nevertheless, we acknowledge that these models have some
disadvantages. First, one deficiency for many of the echinoderms
members is the lack of genomic and metagenomic data available.
Second, as they aremarine invertebrates, the structure and function of
their microbiota might be very distinctive, in comparison to humans;
colonized by species that are not observed in terrestrial vertebrates.

CONCLUSION

Microbiota effects on regenerating tissues are just beginning to be
investigated. The initial findings strongly suggest that, indeed,
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bacterial species composition is an important factor in the timing
and effectiveness of the regenerative process. However, most of the
available data is correlative and needs to be backed by functional
studies. These correlative studies on microbial successions and the
regeneration process do not demonstrate a causal effect on the
intestinal regeneration exerted by the gut microbiota. Nonetheless
they do provide some evidence that supports the hypothesis that the
microbiota may be influencing regenerative events.

The challenge for future investigations is to identify the specific
roles of the microbiota and the signaling pathways or physiological
processes by which theymight modulate regeneration. Central to this
issue is the use of appropriatemodel systems in which to decipher the
specifics of the microbe associations. We consider that in vivo
examinations where the use of agents that modulate the
microbiota, such as prebiotic, probiotic or antibiotics, will be
crucial to understand the role of these microorganisms during gut
repair mechanisms. Here, we have described various promising
echinoderm models to decipher the role of the microbiota during
intestinal regeneration, that encompasses the whole organ formation
beyond the luminal epithelium repair and homeostasis. We propose
that this need may be fulfilled in part by the sea cucumber intestinal
regenerationmodel. The fact that the regenerating organ is a structure
present in most metazoans and is the one organ where most
microbiome studies have been made, makes this model
particularly attractive to study host-microbiome interactions. Thus,
we expect that studies with holothurians will provide groundbreaking
knowledge on the field of microbiome-host associations and their
impact on regenerative processes. However, this model also has some
limitations. Among them, the need to improve the molecular tools
available to study the specific functions of certain genes as well as the
present limitations on identifying and characterizing many bacteria
(and other components of the microbiota) that are difficult or
impossible to grow in the laboratory. Nonetheless, we believe that
comparative studies using the sea cucumber, as well as other models,
will be transformative in defining the interactions of host-
microbiome in regenerative processes.
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Tissue regeneration has been in the spotlight of research for its fascinating nature
and potential applications in human diseases. The trait of regenerative capacity occurs
diversely across species and tissue contexts, while it seems to decline over evolution.
Organisms with variable regenerative capacity are usually distinct in phylogeny, anatomy,
and physiology. This phenomenon hinders the feasibility of studying tissue regeneration
by directly comparing regenerative with non-regenerative animals, such as zebrafish
(Danio rerio) and mice (Mus musculus). Medaka (Oryzias latipes) is a fish model
with a complete reference genome and shares a common ancestor with zebrafish
approximately 110–200 million years ago (compared to 650 million years with mice).
Medaka shares similar features with zebrafish, including size, diet, organ system, gross
anatomy, and living environment. However, while zebrafish regenerate almost every
organ upon experimental injury, medaka shows uneven regenerative capacity. Their
common and distinct biological features make them a unique platform for reciprocal
analyses to understand the mechanisms of tissue regeneration. Here we summarize
current knowledge about tissue regeneration in these fish models in terms of injured
tissues, repairing mechanisms, available materials, and established technologies. We
further highlight the concept of inter-species and inter-organ comparisons, which may
reveal mechanistic insights and hint at therapeutic strategies for human diseases.

Keywords: zebrafish, medaka (Oryzias latipes), tissue regeneration, heart, retina, fin, evolution, comparative
genomics

INTRODUCTION: TISSUE REGENERATION IN MODEL
ORGANISMS

Reparative regeneration refers to replacing damaged or lost body parts with new tissue, an injury
response that restores the tissue homeostasis and function in the optimal scenario (Iismaa et al.,
2018). By studying regeneration, scientists can devise biological concepts for tissue repairing
and apply them to traumatic injury and degenerative diseases in humans/patients. The studies
encompass the strategy to stimulate the repair mechanism to replace the damaged tissues and
organs, involve cross-discipline practices, and serves as a bridge between developmental biology
and clinical study. A common way to study regeneration is to introduce experimental injury to the
model animals and observe how they repair the tissue and recover from the injury.
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In the Kingdom Animalia, the loss of regenerative ability
coincides with the evolution of new and complex cell and tissue
types (Brockes et al., 2001; Maginnis, 2006; Bely and Nyberg,
2010; Elchaninov et al., 2021). Anatomically simple organisms,
such as hydra and planarians, can regenerate their entire body
when cut into multiple pieces (Reddien and Alvarado, 2004;
Reddy et al., 2019). Considerable members of early branching
vertebrate lineages (like bony fish and amphibians) can also
regrow various organs upon experimental injuries (Yun, 2015;
Khyeam et al., 2021). In striking contrast, mammals (like mice
and humans), retain a limited regenerative capacity only in some
tissues and organs (Iismaa et al., 2018; Figure 1). The differences
in regeneration capacity solely rely on the cellular source for
replenishing lost or damaged tissue, which may come from one of
three mechanisms, including the proliferation of progenitor/stem
cells, dedifferentiation of mature cells into progenitors, and
transdifferentiation from one cell type to another (Jopling et al.,
2011). Regenerative species usually possess the pool of progenitor
cells or the potential of dedifferentiation and transdifferentiation
upon activating the regenerative program within the injured
tissue. Taking the heart for example, most cardiomyocytes stop
proliferating soon after birth, and there is no stem-like or
progenitor cell population identified in the adult hearts (Bely and
Nyberg, 2010; Steinhauser and Lee, 2011; Mollova et al., 2013;
Bergmann et al., 2015). Instead, mature cardiomyocytes were
stimulated to dedifferentiate, proliferate, and re-differentiate to
replenish the lost tissue upon injury (Eschenhagen et al., 2017).
Over the years, investigations across the animal kingdom have
led us to compile a list of masters in tissue regeneration who also
have comparable organ systems to humans, including zebrafish
(Marques et al., 2019), newts (Laube et al., 2006), and Axolotl
(Cano-Martinez et al., 2010; Simon and Tanaka, 2013; Figure 1).

Since regenerative capacity exists unevenly among species
and their respective organs, an exciting way to uncover the
mechanisms of tissue regeneration is by comparing the repair
processes in animals with differential regenerative capacities.
Such comparisons have been carried out in two ways: “Inter-
species” comparing the repair of the same tissue/organ that is
regenerative in one species (could also be age or living condition)
but non-regenerative in another; Or “inter-organ” comparing
two regenerative tissues within the same species to identify
a central regenerative program (Potts et al., 2021). However,
the regenerative species are usually quite distant in phylogeny,
anatomy, and physiology from those non-regenerative ones,
such as zebrafish and mice. It is thus essential to find more
comparable species to overcome these shortcomings. In search
of such comparative systems that can justify the disadvantages of
comparing fish with mammals, zebrafish and medaka represent a
more simplistic and feasible platform for comparing tissue repair
and regeneration.

Zebrafish and medaka are two commonly used vertebrate
models in biomedical research, given the homology with
mammals and the availability of a wide range of research
tools (Furutani-Seiki and Wittbrodt, 2004). Despite diverged
115–200 Mya, zebrafish and medaka are similar in anatomy,
physiology, and genetics, with many conserved gene regulatory
elements. In addition, zebrafish shares more than 70% of

homologous genes with humans, and conserved signaling
pathways and metabolic networks, making it a valuable model
for biomedical research (Howe et al., 2013). Interestingly, medaka
possesses regenerative capacity in fin (Katogi et al., 2004),
kidney (Watanabe et al., 2009), liver (Van Wettere et al., 2013),
pancreas (Otsuka and Takeda, 2017), lateral line neuromasts
(Seleit et al., 2017b), and gills (Stolper et al., 2019) but is
impaired to regenerate the heart (Ito et al., 2014; Lai et al.,
2017), retina (Lust and Wittbrodt, 2018), brain (Shimizu and
Kawasaki, 2021), and posterior lateral line (pLL) nerve cells
(Seleit et al., 2022). This uneven regenerative capacity across
organs is in sharp contrast with zebrafish, which can regenerate
almost all organs, including the heart (Poss et al., 2002),
retina (Vihtelic and Hyde, 2000; Sherpa et al., 2008), brain
(Kroehne et al., 2011; Marz et al., 2011; Kishimoto et al.,
2012), spinal cord (Becker et al., 1997; Ghosh and Hui, 2018),
notochord (Garcia et al., 2017; Lopez-Baez et al., 2018), fin
(Poss et al., 2003), kidney (Diep et al., 2011), liver (Sadler
et al., 2007), pancreas (Moss et al., 2009), gills (Mierzwa et al.,
2020), and lateral line (Hair cells) (Lush and Piotrowski, 2014;
Cruz et al., 2015). These features make them great models
for studying tissue regeneration by inter-species comparisons.
Even for the inter-organ comparisons, common vs. tissue-specific
regenerative programs could be revealed in zebrafish, while
tissue-specific injury responses relevant to regeneration may
be explored in medaka, which will be further elaborated in
this review.

Here, we highlight the potential of this comparative platform
by summarizing the current knowledge from published work,
available tools and techniques, and elaborate on current
limitations and future outlooks. This platform may provide a new
opportunity for investigating the intrinsic mechanisms of tissue
regeneration at the organism level and in an unbiased manner.
The constraints and triggers of tissue regeneration may further
translate toward novel therapeutics for related human diseases.

EVOLUTION OF THE REGENERATIVE
CAPACITY

Deciphering the underlying mechanisms of tissue regeneration
across phylogeny requires the integrative knowledge of
evolutionary biology since the trait (regeneration) changes over
the course of evolution (Zattara et al., 2019). This phenomenon is
due to the fact that maintaining regenerative capacities requires
selective pressures, in terms of the frequency and severity of
major damages in an extreme living environment (Morgan, 1901;
Lin et al., 2017; Elchaninov et al., 2021). These damages may
compromise the fitness of the organisms, but they are not always
detrimental for survival and propagation as a selective pressure
(Fox and McCoy, 2000; Bernardo and Agosta, 2005). As a result,
a critical phylogenetic trend identified across the animal phyla
reveals declined regenerative capacity instead of preservation
(Bely, 2010; Bely and Nyberg, 2010).

Various theories have been proposed to explain the declined
regenerative capacity, including low damage intensity over the
evolution mentioned above and the changes in adaptive value
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FIGURE 1 | Phylogenetic analysis of tissue regeneration. Phylogenetic tree of animal models tested for regenerative capacities including cnidaria, teleost’s,
amphibians, aves and mammals were generated using TimeTree (TimeTree::The Timescale of Life) (Kumar et al., 2017) and later organized by iTOL
(Letunic and Bork, 2021). Regenerative (green), partial (white), and non-regenerative (blue) organs were depicted in the panels for each category.

of organs (Elchaninov et al., 2021). In addition, the loss of
capacity in myocardial regeneration in adult mammals could be
an evolutionary trade-off related to energy metabolism (Elhelaly
et al., 2016). In a different context, the regenerative capacity
of limbs in amphibians but lost in other tetrapods may result
from the semiautonomous module of limb development, so their
limb may regenerate as a separate organ in adults without the
interactions with other transient structures during development
(Galis et al., 2003). Another interesting observation is that the
declined regenerative capacity seems to inversely correlate with
complex immune systems during development and evolution
(Mescher and Neff, 2005). For example, the development and
maturation of the immune system strongly correlate with the
decline of regenerative capacity during frog metamorphosis
(Robert and Ohta, 2009; Godwin and Rosenthal, 2014) and
mammalian cardiac maturation (Porrello et al., 2011; Vivien
et al., 2016). Thus, the selection pressure of the immune system
may have underlying influences on the regenerative capacity that
reflect at the tissue or organismic levels. However, the immune
system does not always obstruct regeneration. It even acts as a
critical tissue regeneration component as a coordinated innate
immune response is indispensable for regenerating the axolotl
limb and neonatal mouse heart (Godwin et al., 2013; Aurora
et al., 2014). Moreover, the current knowledge indicates the
capacity to regenerate is not only confined to organ-specific or
tissue-specific levels but a coordinated involvement of systemic
responses (Aurora et al., 2014; Lai et al., 2017; Sanz-Morejon
et al., 2019; Bevan et al., 2020).

It is known that the loss/gain of tissue regenerative ability
has evolved independently several times over the course of
evolutionary history (Zattara et al., 2019). Given this, it is of
paramount importance to examine and compare regeneration
in a lineage-specific context (Dwaraka and Voss, 2021). Despite
the availability of systematic reviews on the evolutionary origin
of regeneration, only a handful of studies have addressed the
regenerative potential in a lineage-specific context and have
reconstructed routes of the ancestral states with the organ
of interests (Zattara et al., 2019; Dwaraka and Voss, 2021).
Fortunately, growing research groups are proposing comparative
analyses of tissue regeneration across animal phylogeny.
Comparative phylogenetic studies investigating the regenerative
capacity of diverse animal taxa bring invaluable insights into the
origin and preservation of regeneration throughout evolution.
Novel inferences may be drawn only by comparing a wide range
of organisms covering major branches/lineages of interest.

Such a study was recently reported by Hirose et al. (2019)
who used cardiomyocyte ploidy as an indicator of heart
regeneration and assessed the ploidy of cardiomyocytes in 41
vertebrate species. They found that the diploid cardiomyocyte
frequency inversely correlated with the energy metabolism
process modulated by the thyroid signaling, an evolutionary
trade-off for acquiring endothermy in mammals compared
to fish (Hirose et al., 2019). Evolutionary trade-offs are
the manifestation of loss or gain of a particular functional
trait caused by opposing selections resulting from different
environments at an apparent cost (Agrawal et al., 2010). More
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examples of the trade-off between regenerative capacity and
metabolism can be observed in Mexican cavefish (Stockdale et al.,
2018). Stockdale et al. (2018) reported that the surface- and
cavefish possessed similar levels of cardiomyocyte proliferative
capacity, but the cave-fish showed differential upregulation of
immune and scarring responses with downregulated metabolic
genes compared to their surface-dwelling counterparts. These
switch in metabolic regulation might play an essential role
in the regenerative capacity of the cavefish when it fails to
regenerate its heart and instead forms a fibrotic scar overtime.
Furthermore, this intra-species comparative study nicely depicts
that successful heart regeneration relies on the interplay of
cardiomyocytes (CM) proliferation and scarring, which is absent
in the cave-dwelling species (Stockdale et al., 2018). Moreover,
the current evidence for heart regeneration further suggests
that the loss of mammalian regenerative capacity is a one-
trait evolutionary trade-off for higher energy metabolism in
cardiac output and failure in cardiomyocyte proliferation as
a capacity for heart regeneration (Elhelaly et al., 2016). The
switch in metabolic reprogramming can be further correlated
with cardiomyocyte proliferation observed during zebrafish
heart regeneration switching from oxidative phosphorylation
to glycolysis (Honkoop et al., 2019). These events, in turn,
if activated in mouse hearts by ErbB2 signaling, can induce
cardiomyocyte proliferation and improve functional recovery
post-ischemic injury (Honkoop et al., 2019). Interestingly,
medaka possesses the potential for testing these theories and
makes people wonder the mechanisms underlying their uneven
regenerative capacity amongst different organs, especially when
compared to zebrafish.

ZEBRAFISH AND MEDAKA: POWERFUL
MODELS FOR COMPARATIVE STUDY

Among various model systems used to study regeneration, fish
species are extensively investigated. Fish is a phylogenetically
“inclusive” term that encompasses four major vertebrate lineages:
Sarcopterygii (lobe-finned fish), Actinopterygii (ray-finned fish),
Chondrichthyes (cartilaginous fish), and Agnatha (jawless
fish). Interestingly, these primitive vertebrates exhibit uneven
regenerative capacity among different organs, living conditions,
and between phylogenetically close species, making them perfect
models to reveal how regeneration works and how to preserve
or rehabilitate it in other vertebrates that have lost the capacity.
Among actinopterygian fish, zebrafish are natives of the river
basins in India and a well-established animal model used
extensively for scientific research since the 1980s (Streisinger
et al., 1981, 1986). Over the decades, zebrafish has stood
out as a powerful tool for studying developmental biology,
evolution, human genetics, and diseases. The advantages of the
zebrafish model include a small size for manipulation, short
reproductive cycle, large clutches of embryos, rapid development,
cheap maintenance, comparable organs to mammals, and fully
sequenced genome with well-annotated genes (Gemberling et al.,
2013; Howe et al., 2013; Beffagna, 2019). Most importantly,
zebrafish regenerate almost all organs upon experimental injury

(Marques et al., 2019). On the other hand, medaka species are
small egg-laying freshwater teleost fish home to Asia with native
diversity from Japan, Korea, Taiwan, and China (Hilgers and
Schwarzer, 2019). They live in rice paddy fields, rivers, and creeks
in Japan, thus also named “Japanese Rice fish.” As a resident of the
temperate zone, medaka can tolerate a temperature range from
4 to 40◦C for both embryos and adults in the wild. In particular,
Japanese medaka (Oryzias latipes) is highly tolerant to inbreeding,
ideal for laboratory conditions with 14 h light and 10 h dark
circles for mating conditions, with simple dietary and habitat
requirements (Kirchmaier et al., 2015). They were established as
a genetic model as early as 1975 (Yamamoto, 1975) and were one
of the first model organisms for genetic manipulations (Ozato
et al., 1986). Additionally, medaka is an ideal model organism
owning to short development (7–9 days) and reproduction
cycle (2–3 months), fully sequenced genome (three strains),
and a transparent body throughout the juvenile stage (Ishikawa,
2000; Wittbrodt et al., 2002; Kirchmaier et al., 2015). Although
zebrafish and medaka are distant relatives that got separated
around 110-200 million years ago during evolution (Wittbrodt
et al., 2002), they are similar in size, anatomy, and physiology,
allowing them to be raised in the same laboratory conditions in
terms of feeding, light-dark cycle, water temperature/quality, and
propagation (Furutani-Seiki and Wittbrodt, 2004). In addition to
orthologous gene-sets for genome-wide profiling and reciprocal
analyses, many materials and methods can be applied equally to
both zebrafish and medaka, making them ideal for comparative
studies than more distantly related species (Figure 2).

Inter-Species Comparisons: Cardiac
Regeneration
As one of the most vital organs, mammalian hearts have
a minimal capacity for regeneration upon disease or injury
in the post-natal period, especially for replenishing cardiac
muscle cells (cardiomyocytes, CMs). Instead, the infarcted
hearts undergo fibrotic repair, which in turn deteriorates tissue
contractility and function, eventually leading to heart failure
and organismal death (Kong et al., 2014). In contrast to the
limited regenerative capacity of adult mammals, certain fishes
and amphibians, and even neonatal mice can regenerate their
hearts after injury (Vivien et al., 2016). This is an excellent
example of how the regenerative capacity of hearts exists
unevenly across species and developmental stages, as mammals
possess the regenerative capacity only for a short time window
after birth (Porrello et al., 2011; Haubner et al., 2012, 2016).
These mammalian and non-mammalian models provide unique
opportunities to study the intrinsic capacity and mechanisms
of heart regeneration. Amongst, extensive knowledge was
gained from the zebrafish studies. Since the ground-breaking
discovery of zebrafish heart regeneration by Poss et al. (2002),
researchers have made in-depth investigations to understand
the mechanisms of heart regeneration in zebrafish (Marques
et al., 2019; Jaźwińska and Blanchoud, 2020; Potts et al., 2021).
Briefly, zebrafish hearts mount a robust immune response in the
recruitment of macrophages and neutrophils immediately after
injury (Lai et al., 2017) and fast revascularization that expands
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FIGURE 2 | The comparative analyses of tissue regeneration in zebrafish and medaka. A summary of the regenerative (green) vs. non-regenerative (blue) organs and
the comparisons (mostly inter-species) of tissue regeneration in zebrafish and medaka.

superficially and intraventricularly and serve as the scaffold
for CM repopulation (Marín-Juez et al., 2016, 2019). Almost
concurrently, epicardium activates and expands by proliferation
to cover the injured area and serve as a signaling hub to
stimulate CM de-differentiation and proliferation in the border
zone of the injured area (Kikuchi et al., 2010, 2011a,b; Jopling
et al., 2011; González-Rosa et al., 2012; Cao and Poss, 2018).
Newly formed CMs gradually replace scar tissue coincident
with ECM remodeling (Sanchez-Iranzo et al., 2018) and scar
resolution (Bevan et al., 2020; Simoes et al., 2020), eventually
restoring the morphology and function of the heart. Conserved
processes have been shown in neonatal mouse heart regeneration,
particularly the source of regenerated CMs (Porrello et al., 2011;
Vivien et al., 2016). Furthermore, hints gained from zebrafish
studies have been applied to mice models to accelerate cardiac
repair (Chen et al., 2016; Honkoop et al., 2019). A comparative
study in zebrafish and mouse injured hearts even revealed
microRNA dynamics that may regulate CM proliferation and
cardiac repair (Crippa et al., 2016). However, considering the
taxonomy distance between zebrafish and mice, a comparative
approach may be more feasible for more closely related species
with similar physiology and structure.

Unlike zebrafish, medaka showed impaired heart
regeneration, indicated by a lack of revascularization, low CM
proliferation, and a permanent fibrotic scar in the injured area
after resection (Ito et al., 2014). To understand the differences
in cardiac repair in zebrafish and medaka, Lai and colleagues
performed a global transcriptomic analysis and revealed a
robust immune response and angiogenic revascularization exist
preferentially in zebrafish (Lai et al., 2017). Coincidently, they
observed a reduced macrophage infiltration and prolonged

neutrophil recruitment/retention in medaka hearts compared to
zebrafish. The blunted immune response in medaka encouraged
the investigation of the acute immune response and timely
macrophage recruitment in heart regeneration. Indeed, in a
loss-of-function setting, delayed macrophage recruitment by
clodronate liposome pre-depletion abolished the regenerative
capacity in zebrafish (Lai et al., 2017), which correspond nicely
with findings in neonatal mice (Aurora et al., 2014). These
results support an essential role of macrophage function in
heart regeneration across species and encore the requirement of
the macrophage function in the regeneration of other organs,
including fin, retina, optic tectum, brain, and spinal cord
reviewed elsewhere (Var and Byrd-Jacobs, 2020). They further
identified the immunostimulant poly I:C as one of the upstream
candidates that may trigger the differential transcriptomic
response found between zebrafish and medaka. Indeed, they
further showed that stimulating immune response by poly
I:C administration promotes heart regeneration in medaka
in a gain-of-function setting (Lai et al., 2017). These results
support the strength of comparative analysis using fish models
to gain knowledge conserved across species and identify pro-
regenerative factors. However, it remains unclear how poly I:C
(or other immunostimulants) promote heart regeneration in
medaka and whether the same principle may apply to mammals,
awaiting further investigation.

Inter-Species Comparisons: Retina
Regeneration
The capacity to regenerate retinal neurons after injury also varies
drastically among vertebrate species. While mammalian Müller
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glia (MG) do not spontaneously regenerate lost retinal neurons,
zebrafish MG cells possess a robust capacity to regenerate
all retinal cell types and recover their visual ability (Vihtelic
and Hyde, 2000; Sherpa et al., 2008; Goldman, 2014; Gorsuch
and Hyde, 2014; Lenkowski and Raymond, 2014). Several
pluripotent factors, including ascl1a, lin-28, and sox2, regulate
the dedifferentiation, reprogramming, and proliferation of MG
cells into various retinal cell types during retina regeneration
in zebrafish (Ramachandran et al., 2010a; Gorsuch et al., 2017).
Sox2 is also one of the four Yamanaka factors that induced
pluripotent stem cell status (Takahashi et al., 2007). In addition
to retina, retinal pigment epithelium (RPE) regeneration was
also recently described in zebrafish (Leach et al., 2021). Similar
to heart regeneration, the immune response, particularly the
macrophages and microglia cells, responds to injury and plays
a critical role in retina and RPE regeneration, potentially
associated with phagocytotic debris clearance and cytokine
secretion (Mitchell et al., 2019; Leach et al., 2021).

During retina development, medaka neural stem cells behave
similarly to those in zebrafish (Martinez-Morales et al., 2009;
Centanin et al., 2011, 2014). However, Lust and Wittbrodt
discovered that medaka showed limited regenerative capacity in
the retina. The MG cells proliferate but fail to self-renew and
reprogram, eventually giving rise to only photoreceptor cells
(Lust and Wittbrodt, 2018). Moreover, by comparing medaka
with zebrafish, they identified that medaka MG cells fail to
maintain sox2 expression after injury and demonstrated that
sustained sox2 expression in medaka MGs confers regenerative
response (Lust and Wittbrodt, 2018). Similar to the above-
mentioned reciprocal analyses in heart regeneration, Lust
and Wittbrodt were able to identify the critical factor and
demonstrated the functional relevance of sox2 expression in
promoting retina regeneration.

More recently, Hoang et al. (2020) identified the evolutionarily
conserved and species-specific gene regulatory networks that
control the quiescent, reactive, and proliferative MG transition
after retinal injury in another cross-species comparison between
mice, chick, and zebrafish. They further demonstrated that
deleting the factors maintaining the quiescent state may promote
MG reprogramming into regeneration-competent cells in adult
mice (Hoang et al., 2020).

Inter-Species Comparisons: Central
Nervous System Regeneration
Unlike mammals, zebrafish respond to injury or degeneration
by inducing specific neurogenic programs and constitutive
neurogenesis for tissue regeneration (Diotel et al., 2020).
Learning the regenerative mechanisms occurring in zebrafish
will be invaluable for developing therapeutics for brain injury
and degenerative diseases. In contrast to target-oriented studies,
new knowledge may come from side-by-side and unbiased
comparisons of animal models with divergent regenerative
capacities. Unfortunately, mice brains and zebrafish brains show
distinct features other than regenerative capacity, including the
overall anatomy and neurogenic niches, thus preventing direct
comparisons (Diotel et al., 2020; Labusch et al., 2020). Therefore,

it is relevant to explore the mechanisms of brain regeneration in
more closely related models.

The regenerative capacity of zebrafish central nervous system
(CNS) has been investigated in the optic tectum (Ito et al., 2010;
Shimizu et al., 2018; Lindsey et al., 2019) and telencephalon
(Kroehne et al., 2011; Marz et al., 2011; Kishimoto et al.,
2012). In the adult zebrafish CNS, both MG and the radial glia
(RG) cells are activated to proliferate and differentiate into new
neuronal cells following injury (Raymond et al., 2006; Ito et al.,
2010; Shimizu et al., 2018). These regenerative responses seem
to be induced and facilitated by immune responses (Kyritsis
et al., 2012; Caldwell et al., 2019), while a specific inflammatory
signaling cascade is stimulated by microglia during zebrafish
brain repair (Kanagaraj et al., 2020).

A comparative study of brain regeneration in medaka and
zebrafish has also been reported very recently (Shimizu and
Kawasaki, 2021). Medaka shares a similar brain structure
with zebrafish and neural stem cells (NSCs) niche for brain
development and growth (Adolf et al., 2006; Grandel et al., 2006;
Alunni et al., 2010; Kuroyanagi et al., 2010). Main NSCs exist
in the optic tectum of both zebrafish and medaka, including
the proliferative neuroepithelial-like stem (NE) cells and the
quiescent RG cells (Alunni et al., 2010; Ito et al., 2010; Takeuchi
and Okubo, 2013; Dambroise et al., 2017). However, medaka
could not regenerate their optic tectum after stab injury and
thus leaving a permanent scar (Shimizu and Kawasaki, 2021).
In medaka, RG cells were similarly activated for proliferation
upon tectum injury, but they failed to differentiate into neuron
cells. Unlike the scenario in the retina, sox2 is substantially
expressed in both zebrafish and medaka optic tectum and does
not associate with the differential regenerative ability. Instead,
the expression of pro-regenerative transcriptional factors ascl1a
and oct4 were missing in the medaka. As a result, glial scar-like
structures composed of GFAP+ radial fibers filled the injured
area of the medaka optical tectum. Follow-up studies might be
required to test the functional relevance of the ectopic expression
of ascl1a and oct4 in promoting RG differentiation and optic
tectum regeneration in medaka.

Inter-Species Comparisons: Fin
Regeneration
Among various tissues and organs, appendage regeneration
draws major attention early on in the field as teleost fish,
urodeles, and amphibians all can regenerate their fins, arms, and
legs following amputation (Daponte et al., 2021). Compared to
limbs of urodeles and amphibians, fish fin structure is simpler
and consists of bony fin rays covered by thin epidermal cells
(Grandel and Schulte-Merker, 1998). Nevertheless, limb and
fin are homologous tissue across vertebrate species (Yano and
Tamura, 2013). A forward-genetic screen done in zebrafish
identified a novel and conserved regulator of appendage
patterning. When mutated, zebrafish formed limb-like bones
in fins, suggesting the conservation in skeleton development
and the potential of fin-to-limb transition (Hawkins et al.,
2021). The regenerative capacity of the fish fin was examined as
early as the 1700s to understand appendage regeneration with
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the first reports by French naturalist Broussonet (Broussonet,
1786; Broussonet, 1789). Like the limb regeneration in urodeles
and amphibians, zebrafish repair their caudal fin by blastema-
mediated epimorphic regeneration (Poss et al., 2003). In this
context, blastema originates from dedifferentiated mesenchymal
cells and is the primary source for growing new tissues,
including bone, nerve, and vessel (Poss et al., 2003; Straube
and Tanaka, 2006; Pfefferli and Jazwinska, 2015). Conserved
pathways, including the Wnt/β-catenin pathway, were shown
to regulate appendage regeneration across different vertebrate
species, including zebrafish, Xenopus, and axolotl (Kawakami
et al., 2006; Yokoyama et al., 2007).

Like zebrafish, medaka also regenerates their fin after
amputation via blastema-mediated epimorphic regeneration
(Katogi et al., 2004; Nakatani et al., 2007). It will be interesting to
learn if medaka fin regeneration shares a conserved regenerative
program with zebrafish in a cross-species study. In addition,
inflammation and macrophages play a central role in both
heart and fin regeneration in zebrafish but seem deficient/blunt
in medaka hearts upon injury (Petrie et al., 2014; Lai et al.,
2017). One may wonder whether systemic inflammation and
immune response contribute differently upon fin and heart
injury in medaka, which will be further discussed and await
future investigation.

Overall, all these studies highlight the strength of inter-
species comparisons between zebrafish (regenerative) and
medaka (non-regenerative) organs to identify (and in
some cases also to validate) the potential triggers of tissue
regeneration. It is worth mentioning that other comparisons of
organisms/conditions exhibiting diverse regenerative capacity
have also been reported. For example, Stockdale and colleagues
identified genes fundamental to heart regeneration by comparing
the injury response of regenerative Astyanax mexicanus
surface fish with their non-regenerative counterparts Pachón
cave-dwelling fish (Stockdale et al., 2018). Following such
regenerative traits among other species, researchers have also
explored the evolutionary concept of regeneration amongst
other teleost species (Table 1). In addition, comparing the
transcriptomes and open chromatin landscapes of the cardiac
cells isolated from the regenerative neonatal vs. non-regenerative
adult mice hearts, Wang Z. et al. (2020) revealed the gene
regulatory networks in diverse cardiac cell types and extracellular
mediators for cardiomyocyte proliferation, angiogenesis, and
fibroblast activation. Furthermore, mammals like the African
spiny mouse (Acomys) can regenerate their ear, skin, heart,
and bones in contrast to the house mouse (Mus musculus),
providing more opportunities for cross-species analyses (Seifert
et al., 2012; Matias Santos et al., 2016; Simkin et al., 2017;
Qi et al., 2021).

Comparing organisms with similar regenerative properties
may also identify the conserved regenerative programs. For
example, from an inter-species comparison of zebrafish
and African killifish (Nothobranchius furzeri) following fin
amputation, Wang and colleagues identified the evolutionary
conserved regenerative response elements (RRE) (Wang W.
et al., 2020). Activation of inhba, a gene downstream of the RRE,
is essential for both fin and heart regeneration and requires

TABLE 1 | Fish models and organs for regeneration research.

Species Organs

Zebrafish (Danio rerio) Heart (Poss et al., 2002)
Retina (Vihtelic and Hyde, 2000; Sherpa et al., 2008)
Brain (Kroehne et al., 2011; Marz et al., 2011;
Kishimoto et al., 2012)
Fin (Poss et al., 2003)
Kidney (Diep et al., 2011)
Liver (Sadler et al., 2007)
Pancreas (Moss et al., 2009)
Notochord (Garcia et al., 2017; Lopez-Baez et al.,
2018)
Lateral line (Hair cells) (Lush and Piotrowski, 2014;
Cruz et al., 2015)
Gills (Mierzwa et al., 2020)
Intestine (Schall et al., 2015)
Spinal cord (Becker et al., 1997; Ghosh and Hui,
2018)

Giant Danio (Devario
aequipinnatus)

Heart (Lafontant et al., 2012)
Lateral Line (Mekdara et al., 2018)

Goldfish (Carassius
auratus)

Heart (Grivas et al., 2014)
Retina (Raymond et al., 1988)
Fin (Jh, 1947; Darnet et al., 2019)
Spinal cord (Bernstein, 1964)

Grass carp
(Ctenopharyngodon
idella)

Heart (Long et al., 2019)
Gonads (Underwood et al., 1986)

Medaka (Oryzias
latipes)

Heart (Ito et al., 2014; Lai et al., 2017)
Retina (Lust and Wittbrodt, 2018)
Brain (optic tectum) (Shimizu and Kawasaki, 2021)
Caudal Fin (Katogi et al., 2004)
Kidney (Watanabe et al., 2009)
Liver (Van Wettere et al., 2013)
Pancreas (Otsuka and Takeda, 2017)
Notochord (Seleit et al., 2020)
Lateral Line (Seleit et al., 2017b)
Posterior lateral line (pLL) nerve (Seleit et al., 2022)
Gill (Stolper et al., 2019)

African Killifish
(Nothobranchius furzeri)

Fin (Wendler et al., 2015)
Heart and fin (Wang W. et al., 2020)
Brain (Van Houcke et al., 2021)

Platyfish (Xiphophorus
maculatus)

Fin (Offen et al., 2008)

Atlantic Salmon (Salmo
salar L.)

Heart (Ferguson et al., 2005)
Skin (Sveen et al., 2019)

Mexican cave/surface
fish (Astyanax
mexicanus)

Heart and Fin (Stockdale et al., 2018)

Senegal bichir
(Polypterus senegalus)

Heart (Kikuchi et al., 2011b)
Pectoral Fin (Cuervo et al., 2012)

the binding motifs of activator protein 1 (AP-1) complex. Such
enhancer is also present in mammals, shares Ap-1 binding
motifs, and responds to injury, although it cannot promote
regeneration. These results suggest that RREs might have
been repurposed in regeneration-incompetent animals during
evolution and only promote tissue repair but not regeneration
(Yang and Kang, 2019; Wang W. et al., 2020). Of note, killifish
possess the regenerative capacity in multiple organs, including
the heart (Wang W. et al., 2020), fin (Wendler et al., 2015), and
brain (Van Houcke et al., 2021) while being phylogenetically
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TABLE 2 | Injury models developed in zebrafish and medaka.

Tissue type Injury Type Zebrafish references Medaka references

Heart Resection Poss et al., 2002 Ito et al., 2014

Cryoinjury Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011 Lai et al., 2017

Genetic ablation Cardiomyocytes (Wang J. et al., 2011) Not available

Fin Resection Géraudie et al., 1994; Poleo et al., 2001 Katogi et al., 2004

Cryoinjury Chassot et al., 2016 Not available

Retina Light, Laser Vihtelic and Hyde, 2000; DiCicco et al., 2014 Lust and Wittbrodt, 2018

Stabbing Senut et al., 2004

Chemical Fimbel et al., 2007; Powell et al., 2016 Not available

Brain Stabbing Kroehne et al., 2011; Marz et al., 2011 Shimizu and Kawasaki, 2021

Traumatic Brain Injury Maheras et al., 2018 Not available

Genetic ablation Hypocretin Neurons (Elbaz et al., 2012); Radial glial specific (Shimizu
et al., 2015); dopaminergic neuron-specific (Godoy et al., 2015)

Not available

Spinal Cord Transection Becker et al., 1997 Not available

Bone Genetic ablation Osteoblasts (Singh et al., 2012) Osteoblasts (Willems et al., 2012)

Notochord Laser Goldstein and Fishman, 1998 Seleit et al., 2020

Stabbing Lopez-Baez et al., 2018 Not available

Genetic ablation Vacuolated cells (Garcia et al., 2017) Not available

Lateral Line Chemical Harris et al., 2003 Not available

Laser Ablation Schuck and Smith, 2009; Cruz et al., 2015 Seleit et al., 2017b, 2022

Kidney Chemical Reimschuessel and Williams, 1995 Watanabe et al., 2009

Liver Chemical Cox et al., 2014 Van Wettere et al., 2013

Resection Sadler et al., 2007 Not available

Genetic ablation Hepatocytes (Curado et al., 2007) Not available

Gills Resection Mierzwa et al., 2020 Stolper et al., 2019

Cryoinjury Ramel et al., 2021 Not available

Pancreas Genetic ablation Beta cells (Pisharath et al., 2007) Beta cells (Otsuka and Takeda,
2017)

Intestine Resection Schall et al., 2015 Not available

closer to medaka (Terzibasi et al., 2007), represent an alternative
model for inter-species comparison.

Inter-Organ Comparisons in Medaka and
Zebrafish (Regenerative Programs,
Regulatory Elements, and Systemic
Immune Responses)
In addition to the availability of progenitor/stem cell populations
in each tissue/organ, we wonder how systemic responses,
including immune response, neural innervation, hormonal
regulation, metabolic shift, contribute differently to the respective
injured tissues/organs of the same organism and lead to uneven
regenerative capacity. The problem is especially apparent when
one teleost zebrafish can regenerate organs such as the heart,
retina, and brain, while another teleost medaka cannot. Taking
the heart for example, the blunt immune response seems to be
the major obstacle for medaka to initiate regenerative programs,
but how does the same systemic (immune) response sustain the
regeneration of other organs, for example, the fin? Are there
tissue-specific contributions/responses, for example, residential
immune cells, tissue-specific injury response elements, or even
changes in the epigenomic landscape? These questions may be
best addressed in medaka where the organ-specific regenerative
capacities are uneven and well studied, including the regenerative

fin (Katogi et al., 2004), kidney (Watanabe et al., 2009), liver (Van
Wettere et al., 2013), and pancreas (Otsuka and Takeda, 2017),
and non-regenerative heart (Ito et al., 2014; Lai et al., 2017), retina
(Lust and Wittbrodt, 2018), and brain (Shimizu and Kawasaki,
2021). The potential findings can be cross-species compared and
further validated in zebrafish loss-of-function and medaka gain-
of-function experiments. A similar concept could also apply to
other species. Differential regenerative capacity can be observed
in lower vertebrates where some lizards can replace their tail
but not their limb (Alibardi and Toni, 2005). Even in mice, the
uneven regenerative capacity exists ranging from active (intestine
and skin), partial (liver, pancreas, muscle), to none (CNS, heart,
and most other internal organs) (Iismaa et al., 2018; Figure 1).

Even between two regenerative organs, researchers have
identified common and tissue-specific regeneration responsive
elements/enhancers by inter-organ comparisons. For example,
Kang et al. (2016) have performed such a comparative study
identifying a tissue regeneration enhancer element (TREE) from
zebrafish heart and fin, which locates upstream of lepb gene and
activates following injury. This element could also be activated
in neonatal mouse tissues upon injury and may be engineered
to modulate the regenerative potential of vertebrate organs.
Another study by Pfefferli and Jaźwińska (2017) identified a
3.18 kb regulatory element upstream of ctgfa gene, named as careg
element that drives the regenerative response in both zebrafish
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TABLE 3 | Visualization tools developed in zebrafish and medaka.

Tissue type Cell-type Zebrafish transgenic lines (References) Medaka transgenic lines (References)

Blood vessels Pan-endothelial cells Tg(tie2:EGFP) (Motoike et al., 2000)
Tg(fli1a:EGFP)y1 (Lawson and Weinstein, 2002)

Tg(tie2:GFP) (Nakatani et al., 2008)
Tg(fli1:GFP) (Moriyama et al., 2010)

Arterial- endothelial cells Tg(kdrl:mCherry)is5 (Wang et al., 2010) Tg(kdrl:DsRed2) (TG1252, NBRP)

Lymphatic
vessels

Pan-lymphatic cells Tg(lyve1:DsRed2)nz101 (Okuda et al., 2012)
TgBAC(flt4:Citrine)hu7135 (Gordon et al., 2013)
Tg(mrc1a:egfp)y251 (Jung et al., 2017)

Tg(flt4-EGFP) (Deguchi et al., 2012)

Heart cells Pan- cardiomyocytes Tg(cmlc2:DsRed2-Nuc) (Rottbauer et al., 2002)
Tg(myl7:EGFP)twu26 (Huang et al., 2003)

Cab-Tg(zfmlc2-5.1k:DsRed2-nuc) (Taneda et al.,
2010);
Anti-MyHC (MF20) (Ito et al., 2014)

Dedifferentiating-
cardiomyocytes

Tg(gata4:EGFP)ae1 (Kikuchi et al., 2010)
TgBAC(nppa:mCitrine) (Honkoop et al., 2019)

Not available

Epicardium Tg(wt1b:GFP) (Perner et al., 2007)
Tg(tcf21:nucEGFP)pd41 (Wang J. et al., 2011)

Not available

Endocardium Tg(flt1:YFP)hu4624 (Hogan et al., 2009)
Anti-Raldh2 (Kikuchi et al., 2011b)

Tg(raldh2-GFP) (Ito et al., 2014)

Muscles and
whole body

Skeletal muscles Tg(mylz2:gfp) (Ju et al., 2003) Tg(mylz2:gfp) (Zeng et al., 2005)

Ubiquitous Tg(actc1b:GFP) (Higashijima et al., 1997)
Tg(bactin2:switch) (Bertrand et al., 2010)
Tg(-3.5ubi:EGFP) (Mosimann et al., 2011)

Tg(pOBA-GFP) (Hamada et al., 1998)
Tg(EF-1α-A-GFP) (Kinoshita et al., 2000)
Tg(CMV-EGFP-ITR) (Chou et al., 2001)
Tg(β-actin-EGFP-ITR) (Chou et al., 2001)
Wimbledon (Centanin et al., 2011)
Gaudi Toolkit (Centanin et al., 2014)

Skin Epithelial cells Tg(krt4:nlsEGFP)cy34 (Chen et al., 2011) Tg(krt8:rfp) (Zeng et al., 2005)
Tg(K15:H2B-EGFP) (Seleit et al., 2017a,b)
Tg(K15:H2B-EGFP) and Tg(K15:LifeAct-tRFP)
(Seleit et al., 2022)

Fibroblasts Activated fibroblasts Tg(postnb:citrine)cn6 (Sanchez-Iranzo et al., 2018) Not available

Collagen producing
fibroblasts

Tg(col1a2:loxP-mCherry-NTR)cn11 (Sanchez-Iranzo et al., 2018) Not available

Fibroblasts Tg1(-6.8wt1a:EGFP)li7Tg (Bollig et al., 2009) Not available

Immune cells Macrophages Tg(mpeg1:EGFP)gl22 (Ellett et al., 2011)
Tg(mpeg1.4:mCherry-F)ump2 (Bernut et al., 2014)
Tg(mfap4:tdTomato-CAAX)xt6 (Walton et al., 2015)

Tg(mpeg1:mCherry) (Phan et al., 2020)
Isolectin B4 (Lai et al., 2017)

Mononuclear phagocyte
system

Tg(ptprc:DsRed)sd3 (Bertrand et al., 2008)
Tg(mhc2dab:GFP)sd6 (Wittamer et al., 2011)

Tg(Cxcr3a:GFP) (Aghaallaei et al., 2010)

Pro-inflammatory cells Tg(tnfa:EGFP-F)ump5Tg (Nguyen-Chi et al., 2015)
Tg(irg1:EGFP) (Sanderson et al., 2015)

Not available

Neutrophils TgBAC(mpx:GFP)i114 (Renshaw et al., 2006) Tg(FmpoP::EB3-EGFP/FmpoP::RFP-Lifeact)
(Crespo et al., 2014)
Tg(FmpoP::mCherry) (TG1044, NBRP)

T-cells Tg(lck:lck-EGFP)cz2 (Langenau et al., 2004)
Tg(ikzf1:GFP)fr24 (Bajoghli et al., 2009)

Tg(lck:gfp) (Bajoghli et al., 2015)

T-regulatory cells TgBAC(foxp3a:EGFP) (Hui et al., 2017) Not available

Progenitors and
thymocytes

Tg(rag1:GFP) (Jessen et al., 1999)
Tg(rag2:GFP) (Jessen et al., 2001)

Tg(rag1-egfp) (Li et al., 2007)
Tg(ccr9a:gfp) and Tg(rag2:gfp-pest) (Bajoghli et al.,
2015)

B-cells Tg(Cau.Ighv-ighm:EGFP)sd19 (Page et al., 2013)
Tg(cd79a:GFP) and Tg(cd79b:GFP) (Liu et al., 2017)

Not available

Blood Erythrocyte Tg(gata1:DsRed)sd2 (Traver et al., 2003)
Tg(runx1P1:EGFP) and Tg(runx1P2:EGFP) (Yi Ni Lam et al., 2009)

Tg(fli::GFP;gata1::GFP) (Schaafhausen et al., 2013)

Thrombocytes Tg(CD41:GFP) (Lin et al., 2005) Not available

Eyes Rod cells Tg(XlRho:EGFP)fl1 (Fadool, 2003) Not available

Müller glia cells Tg(gfap:EGFP)nt11 (Thummel et al., 2008) Tg(rx2:H2B-RFP) (Inoue and Wittbrodt, 2011)
Tg(rx2:lifeact-EGFP) and Tg(rx2:H2B-EGFP) (Lust
and Wittbrodt, 2018)

Photoreceptor Tg(-5.5opn1sw1:EGFP)kj9 (Takechi et al., 2003)

Retinal pigment
epithelium (RPE)

Tg(rpe65a:EGFP) (Collery et al., 2016)

(Continued)
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TABLE 3 | (Continued)

Tissue type Cell-type Zebrafish transgenic lines (References) Medaka transgenic lines (References)

CNS Pan-neurons Tg(huC:GFP) (Park et al., 2000) Tg(kif5a:gfp) (Kawasaki et al., 2012)

Radial glial cells Tg(gfap:GFP)mi200−1 (Raymond et al., 2006)
Tg(cyp19a1b:cyp19a1b-GFP) (Tong et al., 2009)

Anti-Gfap immunostaining, Tg(cyp19a1b-GFP)
(Takeuchi and Okubo, 2013)

Neural stem cells Tg(-1.7Cau.Tuba1:GFP) (Goldman et al., 2001) Tg(rx2::H2B-RFP) (Inoue and Wittbrodt, 2011;
Reinhardt et al., 2015)
Tg(wdr12:GFP) (Dambroise et al., 2017)
Tg(cndp::eGFP-caax) (Becker et al., 2021)

Oligodendrocyte Tg(olig2:DsRed2) and Tg(sox10:mRFP) (Kucenas et al., 2008) Not available

Notochord Sheath cells Tg(col9a2:GFPCaaX)pd1151 (Garcia et al., 2017) Tg(desmogon:EGFP) (Seleit et al., 2020)

Vacuolated cells Tg(col8a1a:GFPCaaX) (Garcia et al., 2017)

Intervertebral disk Tg(twhh:gfp) (Du and Dienhart, 2001) Not available

Lateral Line Neuromast Tg(brn3c:GAP43-GFP)s356t (Xiao et al., 2005) Tg(eya1:EGFP), Tg(eya1:mECFP),
Tg(K15:H2B-EGFP), and Tg(K15:H2B-RFP) (Seleit
et al., 2017a,b)
Tg(K15:LifeAct-tRFP) (Seleit et al., 2022)

Fin and Bone Osteoblasts and
precursors

Tg(sp7:EGFP)b1212 (DeLaurier et al., 2010) Tg(osx-mCherry) (Renn and Winkler, 2009)
Tg(col10a1:nlGFP) (Renn et al., 2013)

Osteoclasts TgBAC(ctsk:Citrine) (Bussmann and Schulte-Merker, 2011) Tg(ctsk:mEGFP) (To et al., 2012)
Tg(TRAP:GFP) (Chatani et al., 2011)

Pancreas Pancreatic endocrine
cells

Tg(-6.5pdx1:GFP) (Huang et al., 2001)
Tg(-8.5nkx2.2a:GFP) (Zecchin et al., 2007)
Tg(-4.0ins:GFP) (Huang et al., 2001)

Tg(pdx1-EGFP) (Otsuka et al., 2015)
Tg(insulin-EGFP-NTR) (Otsuka et al., 2015)

Pancreatic exocrine cells Tg(elaA:gfp) (Wan et al., 2006) Tg(ptf1a-mCherry) (Otsuka et al., 2015)

Liver Hepatocytes Tg(-2.8fabp10a:EGFP) (Her et al., 2003)
Tg(-1.7apoa2:GFP) (Wang R. et al., 2011)

Tg(chg-L1.5 kb/GFP-emgb/RFP) (Ueno et al., 2004)

fin and heart via TGFβ/Activin-β signaling pathway. This type
of study paved the way for identifying evolutionarily conserved
RREs, which can also be analyzed in medaka to decipher how
these RREs exist and regulate the regenerative programs in a
tissue-specific manner.

MATERIALS AND METHODS AVAILABLE
FOR COMPARATIVE STUDY IN
ZEBRAFISH AND MEDAKA

Here, we highlight the materials and methods selected from
published studies to accelerate comparative studies in tissue
regeneration using zebrafish and medaka, including the injury
methods, visualization of gene expression and specific cell types,
and functional assays by drug delivery and genetic modifications.
Online resources and new experimental models will also be
summarized in this section.

Injury Models
Various injury models have been established in fish models to
introduce tissue injury and investigate the reparative process. In
addition to the feasibility and reproducibility, these methods were
often established based on the similarity to the human diseases
or trauma conditions to gain translational value (Table 2). The
resection or amputation model is one of the most commonly
used injury models, involving surgical removal of a part of the
tissue for observing the restoration of size, morphology/structure,
and function of the injured tissue. Resection is straightforward,

cheap, and reproducible and has been widely adopted to fin (Poss
et al., 2003; Nakatani et al., 2007) and heart (Poss et al., 2002; Ito
et al., 2014) regeneration studies in both zebrafish and medaka.
However, resection is often accompanied by excessive bleeding
and open wounds, which leads to infection and high mortality.
Also, resection is sometimes infeasible for internal organs or
tissues those unexposed or too small. Similar models include
stabbing and transection, which works by surgically disrupting
the integrity without removing any tissue and are well established
in the retina, brain, and spinal cord regeneration in both zebrafish
(Becker et al., 1997; Marz et al., 2011; Shimizu et al., 2018) and
medaka (Shimizu and Kawasaki, 2021).

Slightly different from resection, researchers adapted the
cauterization method in fish models to mimic the fibrotic repair
in mammalian organs, which is highly associated with the
inflammatory response (Strungs et al., 2013; Polizzotti et al.,
2016). The cauterization technique involves burning or freezing
the target tissue with electric or metal probes and introducing
necrotic and apoptotic cell death. Cryoinjury is popular in heart
regeneration studies in both zebrafish (Gonzalez-Rosa et al., 2011;
Schnabel et al., 2011; Dyck et al., 2020) and medaka (Lai et al.,
2017) as it mimics the myocardial infarction in mammals better
than resection model (Chablais et al., 2011; Darehzereshki et al.,
2015). This technique can also be applied to external organs,
such as the fin (Chassot et al., 2016) and gills (Ramel et al.,
2021). However, cauterization is technically challenging and less
reproducible compared to resection. Also, the wound usually
takes a longer time to recover as the cell debris needs to be cleared
before regeneration occurs (Schnabel et al., 2011). To increase the
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accuracy and reproducibility, cauterization can also be performed
by using high-powered lasers in fish tissues, including the retina
(Conedera et al., 2017; Lust and Wittbrodt, 2018) and skin
(Richardson et al., 2013). The target tissue has to be exposed
or transparent for laser penetration in this case. Overall, most
physical injuries are invasive to cause high mortality and take
practice to be consistent.

Apart from physical injury models, genetic cell ablation
models in fish were established by expressing enzymes that
catabolize cytotoxic products added to the system or induce cell
death directly (Table 2). The former method was developed by
expressing the bacterial enzyme Nitroreductase (NTR), which
alone is not toxic but can catabolize the prodrug metronidazole
(Mtz) to induce cytotoxicity (Lindmark and Müller, 1976). This
system can achieve spatial (tissue-specific expression of NTR)
and temporal control (the timing of adding Mtz), and labeling
the target cells (co-expression with reporter system) at the
same time. NTR/Mtz system has been used to tease out the
functions of specific cell types in a complex process of organ
regeneration in zebrafish, including the heart (Curado et al.,
2007; Wang et al., 2013; Zhang et al., 2013), fin (Petrie et al.,
2014), pancreatic β-cells (Pisharath et al., 2007), bone (Willems
et al., 2012) and RPE regeneration (Hanovice et al., 2019). This
system is also applicable to medaka, demonstrated by accessing
regeneration capacity using NTR/Mtz mediated genetic ablation
of the pancreatic β-cell population (Otsuka and Takeda, 2017),
osteoblasts (Willems et al., 2012), and bone progenitor cells
(Dasyani et al., 2019) in fin regeneration.

The latter genetic ablation tool to study zebrafish development
and regeneration involves diphtheria toxin A (DTA) expression
under a tissue-specific promoter, exampled by crystallin
promoter-driven DTA expression in lens (Kurita et al., 2003),
elastase A promoter-driven DTA expression in exocrine pancreas
(Wan et al., 2006), and myl7 promoter-driven DTA expression
in cardiomyocytes (Wang J. et al., 2011). Though the DTA
approach lacks temporal control for activation, it is highly toxic
for killing the target cells efficiently. In a modified method,
the temporal control can be achieved by expressing the human
diphtheria toxin receptor (DTR) and further activate cytotoxicity
by diphtheria toxin injection (Jimenez et al., 2021). The genetic
ablation models are technically simpler with faster recovery.
These models can be used combined with physical injury to tease
the role of a specific cell type during complex organ regeneration.
For example, Sanchez-Iranzo et al. (2018) depleted fibroblast
cells after cardiac cryoinjury and demonstrated how fibroblasts
contribute to heart regeneration. Overall, most of these injury
models developed in zebrafish may also apply to medaka in
comparative studies of tissue regeneration.

Visualization Tools
One of the best attributes of using zebrafish and medaka
as research models is the tools and techniques available
for visualizing specific cell types and biological processes
in vivo. Here, we summarize the visualization tools that have
been established in fish models, especially in zebrafish and
correspondingly in medaka, with a focus on the transgenic
reporter lines (Table 3) and alternative approches.

Since fluorescence reporter driven by tissue-specific gene
promoter is applicable and efficient in zebrafish and medaka,
many transgenic lines have been generated to study specific
tissues/organs in development and diseases. Here we summarize
tissue-specific reporters described in major tissue regeneration
studies previously mentioned in Table 3. In addition to tissue-
specific reporter lines, researchers can also use antibodies against
cell-specific transcription factors or cytosolic proteins to assess
cellular dynamics in growth, development, and regeneration.
For example, Mef-2 (sc-313), nkx2.5 (GTX128357) or MF20
(Fischman, D.A., DSHB) antibody can be used in combination
with proliferation/cell cycle markers PCNA (GTX124496), Anti-
phospho-Histone H3 (Ser10) (06-670, Merck), and BrdU/EdU
(C10086, ThermoFisher, Eugene, OR, United States) to label
the proliferating CMs (Chablais et al., 2011; Chablais and
Jaźwińska, 2012a). Similarly, transgenic medaka lines have also
been generated to facilitate cardiac research using zebrafish
cmlc2 regulatory elements for myocardial expression (Taneda
et al., 2010). In addition to labeling cardiac tissues, researchers
have successfully developed medaka reporters utilizing zebrafish
skeletal specific mylz2 promoter to label skeletal muscles
(Zeng et al., 2005). Vice versa, medaka mylz2 promoter can
also recapitulate GFP expression in zebrafish (Zeng et al.,
2005). On the same note, medaka β-actin promoter can drive
ubiquitous gene expression in both medaka and zebrafish
(Yoshinari et al., 2012), while zebrafish krt8 promoter can
label both skin and intestinal epithelium in medaka, as almost
identical to zebrafish (Zeng et al., 2005). These examples
showed that the transcriptional regulation of many genes is
highly conserved in both species, with many tissue-specific
transgenes developed to facilitate research, as summarized in
Table 3.

Restoring vasculature and circulation is one of the first steps
during tissue regeneration (Jung and Kleinheinz, 2013). Both
these blood vessels and lymphatic vessels that regulate tissue
homeostasis and immune cell trafficking can be visualized by
reporters and have been used extensively for regenerative studies
in zebrafish (Table 3). To name a few of the most commonly used
reporter lines, tie2 reporter for pan-endothelial cells (Motoike
et al., 2000), fli1a reporter for endothelial and endocardial cells
(Lawson and Weinstein, 2002), kdrl reporter for arterial vessels
(Wang et al., 2010), and lyve1 (Okuda et al., 2012) reporter for
lymphatic vessels in zebrafish. Correspondingly, a wide range
of transgenic reporter strains has been generated in medaka
based on orthologous gene promoters (Table 3). Moreover, one
can also use staining methods to label the vasculature when
transgenic animals are inaccessible. One of the widely adopted
vasculature staining methods involves alkaline phosphatase (AP)
staining, which relies on the endogenous AP activity to convert
NBT/BCIP into purple precipitates in endothelial cells for rapid
visualization in larvae (Childs et al., 2002) and heart (Lai et al.,
2017). In addition, the Fli1 antibody (ab133485) can be used
to mark endothelial cell nuclei in zebrafish by immunostaining
(Bensimon-Brito et al., 2020). Aside from post-fixation staining,
angiography can be achieved by fluorescent dextran injection into
the circulation of larval (Hoeppner et al., 2015; Takanezawa et al.,
2021) and adult fish (Pugach et al., 2009).
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Immune response, especially inflammatory cell infiltration
and resolution, is a critical component of tissue regeneration to
prevent infection, clear damaged tissue, maintain tissue integrity,
and sometimes even is associated with the fibrotic response and
cell proliferation (Julier et al., 2017). On top of the tremendous
capacity in regeneration, zebrafish possess both innate and
adaptive immunity comparable to mammals (Trede et al., 2004),
making it a powerful model to study the role of immune response
in tissue repair and regeneration (Var and Byrd-Jacobs, 2020).
Inflammatory cells, including neutrophils and macrophages, are
among the first responders recruited to the injured tissue by
chemokines and damage-associated molecular patterns (DAMPs)
(McDonald et al., 2010; Soehnlein and Lindbom, 2010). Some
of the zebrafish reporter lines have been used to visualize these
innate immune cells, including fluorescent genes expression
driven by neutrophil-specific mpx promoter (Renshaw et al.,
2006) and macrophages specific mpeg1.1/mpeg1.4 (Ellett et al.,
2011) and mfap4 (Walton et al., 2015) promoters. Taking
advantage of the transparent tissue at the larval stage, zebrafish
have been extensively used for studying the dynamic and function
of these inflammatory cells in tissue repair/regeneration (Li
et al., 2012). Apart from the innate immune system, some
adaptive immune cell reporters were also established in zebrafish
(Table 3). Materials for zebrafish immune research have also been
previously reviewed (Martins et al., 2019). The immune system in
medaka is less studied compared to zebrafish. Still, some immune
cell reporters have been generated in medaka based on zebrafish
orthologous genes (Table 3), including neutrophil-specific mpo
reporter (alias to mpx) (Grabher et al., 2007; Crespo et al., 2014),
macrophages specific mpeg1.1 reporter (Phan et al., 2020), and
pan mononuclear phagocytes cxcr3.2 reporter (Aghaallaei et al.,
2010). For the adaptive immune cells, medaka gained interest
for studying T-cell development where Tg lines were developed
respectively (Bajoghli et al., 2019). Given the importance of
immune response in tissue repair/regeneration and the amount
of knowledge gained in zebrafish, it is pretty evident that
corresponding transgenic reporter lines in medaka await future
development for comparative studies. Specifically, it would be
interesting to learn more about the critical roles of immune cells
that plays similarly or differently in these two model systems.

Due to the limited resource of antibodies against fish proteins
and reporters for labeling immune cells, other approaches can
be applied to label and even isolate immune cells. For example,
isolectin B4 (IB4) and liposome-uptake may label macrophage
and other phagocytes in both zebrafish and medaka. In a
comparative study, IB4 labels mainly macrophages in zebrafish
and medaka and show colocalized signals with zebrafish mpeg1
reporter signals (Lai et al., 2017). On the other hand, DiI
liposomes can label the phagocytes efficiently in both zebrafish
and medaka based on their properties of macrophage ablation
when loaded with clodronate (Lai et al., 2017). Despite in limited
numbers, some antibodies work in both fish models in labeling
the immune cells, including Lcp1 (GTX124420) (Redd et al.,
2006), Lyz (GTX132379) for leukocytes, Spi/Pu.1 for myeloid
cells (GTX128266), Mpx (GTX128379) for neutrophils (Lai et al.,
2017), Mpeg1 (GTX54246) for macrophages (Simoes et al., 2020),
and anti-4C4 for microglia (Becker and Becker, 2001).

Here, we have tabulated the most widely used fish reporter
and transgenic lines in Table 3. More transgenic lines
that label different tissues can be easily looked up in the
Zebrafish Information Network (ZFIN1) and accessed from
the Zebrafish International Resource Center (ZIRC2) and the
European Zebrafish Resource Center (EZRC3), or the NBRP
Medaka website4. Overall, common regulatory elements between
zebrafish and medaka support that the activation of zebrafish-
specific factors can be well recapitulated in the medaka and
vice-versa. This evidence further highlights the conserved gene-
regulatory networks between zebrafish and medaka, making
them excellent models to perform comparative studies in
tissue regeneration.

Genetic Manipulations in Zebrafish and
Medaka
Taking advantage of being model organisms and a broad
research community, zebrafish and medaka are well-equipped
with tools for genetic manipulations for generating animal
models for specific cell ablations, visualization, and functional
manipulations introduced previously. Here, we summarize
these toolsets established in zebrafish and medaka (Table 4)
to investigate the cellular and molecular mechanisms of
tissue regeneration.

Genetic manipulation in forward genetic screening has
been established in fish models early on (Driever et al.,
1996; Wienholds et al., 2003). As a standard method, ENU
(ethylnitrosourea) treatment introduced point mutations via
base alkylation that give rise to single base mutations (often
called ENU mutants) in zebrafish (Driever et al., 1996) and
medaka (Loosli et al., 2000; Furutani-Seiki et al., 2004).
Lacking efficient methods for targeted gene mutagenesis used
to be a weak spot of zebrafish reverse genetics, but was
recently overcome by the invention of zinc-finger nucleases
(ZFN) (Doyon et al., 2008), transcription activator-like effector
nucleases (TALENs) (Huang et al., 2011; Bedell et al., 2012), and
the Clustered, Regularly Interspaced, Short Palindromic Repeat
(CRISPR)/CRISPR-associated 9 (Cas9) technology (Hruscha
et al., 2013; Hwang et al., 2013). CRISPR became the favorable
genetic manipulation strategy given its ease to generate and
assemble, and application in almost all eukaryotic cells. In
addition to gene knockout/mutagenesis, CRISPR technology was
further modified for generating knock-in/transgenic zebrafish
carrying reporter/functional genes under endogenous gene
regulation (Kimura et al., 2014). Like zebrafish, genome editing
using TALEN (Ansai et al., 2013, 2014) and CRISPR/Cas9
(Ansai and Kinoshita, 2014) have been established in medaka.
CRISPR/Cas9 mediated gene knock-in via NHEJ was used to
generate transgenic and mutant medaka with a high germline
transmission rate (Watakabe et al., 2018). In addition, the
knock-in method using CRISPR was also applied to generate
conditional knockout zebrafish by targeted insertion of loxP sites

1https://zfin.org/
2https://zebrafish.org/home/guide.php
3https://www.ezrc.kit.edu/
4https://shigen.nig.ac.jp/medaka/
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TABLE 4 | Genetic manipulation tools in zebrafish and medaka.

Tools Zebrafish
(References)

Medaka (References)

ENU (ethylnitrosourea)
mutagenesis

Driever et al., 1996 Loosli et al., 2000;
Furutani-Seiki et al.,
2004

ENU tiling Moens et al., 2008 Taniguchi et al., 2006

ENU screens Kettleborough et al.,
2013

Furutani-Seiki et al.,
2004

ZFN (zinc-finger
nucleases)

Meng et al., 2008 Ansai et al., 2012

TALENs (transcription
activator-like effector
nucleases)

Huang et al., 2011;
Sander et al., 2011

Ansai et al., 2013, 2014

CRISPR/Cas9: NHEJ Hruscha et al., 2013;
Hwang et al., 2013

Ansai and Kinoshita,
2014

CRISPR/Cas9: HDR Kimura et al., 2014 Murakami et al., 2017

Tol2 transposon system Kawakami and Shima,
1999

Koga et al., 2002;
Kawakami, 2007

TgBAC cloning Suster et al., 2011 Nakamura et al., 2008

I-SceI meganuclease Grabher et al., 2004 Thermes et al., 2002;
Grabher and Wittbrodt,
2007

Frog Prince Miskey et al., 2003 Sano et al., 2009

Ac/Ds system Ng and Gong, 2011;
Froschauer et al., 2012

Emelyanov et al., 2006

Sleeping Beauty Davidson et al., 2003 Grabher et al., 2003

PhiC31 Mosimann et al., 2013 Kirchmaier et al., 2013

Morpholinos Nasevicius and Ekker,
2000

Carl et al., 2002

Toolkits for
transactivation

GENEWELD toolbox
(Wierson et al., 2020)

Gaudi toolbox
(Centanin et al., 2014)

Cre/loxP system Thummel et al., 2005;
Le et al., 2007

Okuyama et al., 2013

Gal4/UAS Asakawa and
Kawakami, 2008

Grabher and Wittbrodt,
2004

Tet system Knopf et al., 2010 Hosoya et al., 2021

Mtz/NTR ablation Curado et al., 2007 Willems et al., 2012

DTA ablation Kurita et al., 2003 Not available

siRNA mediated
transient knockdown

Xiao et al., 2018 Not available

Viral mediated
transduction

Gulías et al., 2019 Suehiro et al., 2010

(Burg et al., 2018). Instead of NHEJ mediated knock-in which
is error-prone, Wierson et al. (2020) have further developed
knock-in method based on homology mediated end joining
(HMEJ) repair for a more efficient and precise genome editing
in zebrafish known as the GENEWELD method. Likewise,
homology-directed repair (HDR) mediated knock-in strategies
were also feasible in medaka (Murakami et al., 2017).

This concurrent development of technologies in zebrafish
and medaka highlights the reciprocal nature of exchanging
tools and methods between these model systems, facilitating the
advancement of scientific research. Besides mutagenesis, genetic
manipulation via stable transgenesis was first demonstrated in
medaka (Ozato et al., 1986). Later, Kawakami and Shima (1999)
identified the Tol2 transposon system in Medaka and adapted

this system in zebrafish for transgenesis which revolutionized
the field. To better recapitulate the endogenous gene expression
patterns, insertion of BAC constructs by Tol2 transposase has
been widely used in generating zebrafish reporter lines (Suster
et al., 2011). Despite the fact that Tol2 was originally identified
in medaka, it is more efficient in zebrafish (Kawakami, 2007).
Therefore, another method for insertional transgenesis was
developed in fish models using I-SceI meganuclease and greatly
facilitated transgenesis in medaka (Thermes et al., 2002; Grabher
and Wittbrodt, 2008).

As applications, spatial (e.g., specific tissue) and temporal
regulation of ectopic gene expression can be achieved by
combining transgenic lines generated by the above-mentioned
methods (Tables 4, 5). For example, the Cre/lox system is
widely used to perform reverse genetics, ectopic gene expression,
and lineage tracing experiments in multicellular organisms,
including zebrafish (Felker and Mosimann, 2016). To achieve
spatial-temporal control, the Cre recombinase gene is fused
with a human estrogen receptor (ER) domain and expressed
under tissue-specific promoter, resulting in recombination of lox
sequences in specific tissue upon estrogen stimulation (Metzger
et al., 1995; Feil et al., 1996). Since then, there have been growing
numbers of tissue-specific Cre lines generated in zebrafish
(Jungke et al., 2013, 2015). Within the scope of tissue repair
and regeneration, we have summarized a list of Cre driver and
switch lines applied in previously described studies (Table 5).
Additionally, robust co-expression of multiple genes following
switch cassette can be accomplished by placing polycistronic
ORFs separated by short viral 2A peptides (Provost et al., 2007).
In contrast to zebrafish, there is way fewer medaka Cre/lox
transgenic lines that we found and summarized with respect to
the comprehensive list in zebrafish with available databases like
CreZoo (Jungke et al., 2013, 2015). Fortunately, the advances
of CRISPR technology allow genetic manipulation in both fish
models and generate powerful tools for fate mapping and
functional experiments (Liu et al., 2019). Overall, our review
encompasses a portion of tools and strategies commonly used in
zebrafish and medaka, which were extensively reviewed elsewhere
for medaka (Kirchmaier et al., 2015) and zebrafish (Sassen and
Köster, 2015), respectively.

Delivery of Pharmaceutical Reagents
Since zebrafish and medaka are routinely used for drug screening
and validations, developing various routes of pharmaceutic
administration is essential (Table 6). As these fish are tiny
compared to mice, the development of administration methods
requires further optimization to mimic the delivery route in mice.

Intraperitoneal (IP) injection was one of the first delivery
methods introduced to deliver reagents in adult zebrafish and
is adapted from veterinary practice in bigger fishes (Kinkel
et al., 2010). The injection is performed using a 31G needle
with a small injection volume (usually < 10–15 µl) into the
abdominal cavity posterior to the pelvic girdle and midline to
the pelvic fins in zebrafish (Kinkel et al., 2010). The reagents
administrated by IP injection will distribute majorly to the spleen
and liver within 72 h and later into the circulation, making
it a favorable method for studying biochemical modulation in

Frontiers in Ecology and Evolution | www.frontiersin.org 13 February 2022 | Volume 10 | Article 78381894

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-783818 January 26, 2022 Time: 12:23 # 14

Chowdhury et al. Comparative Regeneration Study in Fish

TABLE 5 | The Cre drivers and switch lines for studying tissue regeneration.

Tissue type Zebrafish transgenic
lines (References)

Medaka transgenic
lines (References)

Cardiomyocytes Tg(myl7:creERT2) (Kikuchi
et al., 2010)
Tg(gata4:creERT2) (Kikuchi
et al., 2011a)

Not available

Skeletal muscles Tg(cry:mCherry;-
1.9mylz2:CreERT2)
(Mukherjee and Liao, 2018)

Tg(myl2::nlsCreCherry)
(TG938, NBRP)

Endothelial cells Tg(fli1a:CreERT2)cn9

(Sanchez-Iranzo et al.,
2018)

Not available

Epicardial cells Tg(tcf21:CreERT2)pd42Tg

(Kikuchi et al., 2011a)
Not available

Neuronal cells Tg(Cau.tuba1a:CreERT2,
Cau.tuba1a:CFP)mi19/+

(Ramachandran et al.,
2010b)

Tg(rx2::CreERT2)
(Reinhardt et al., 2015)
Tg(K15:Ert2-Cre) (Seleit
et al., 2017b)
Tg(cndp::CreERT2)
(Becker et al., 2021)

Macrophages Tg(mpeg:Cre)fh506

(Roh-Johnson et al., 2017)
Tg(mfap4:iCre:p2A-
tdTomato)xt8 (Walton et al.,
2015)

Not available

Fibroblast and
collagen producing
cells

Tg(periostin:CreERT2)cn7

and Tg(wt1a:CreERT2)cn10

(Sanchez-Iranzo et al.,
2018)

Not available

Bone Tg(Ola.Sp7:CreERT2-P2A-
mCherry)tud8 (Knopf et al.,
2011)

Not available

Heat-shock
(temporal)

Tg(hsp70l:mCherry,
Cre-ERT2)tud104 (Hans
et al., 2011)

GaudíHspCRE.A (Centanin
et al., 2014)

Pan-cells switch
type

(ubi:Switch) and
Tg(-3.5ubb:CreErT2,
myl7:EGFP)cz1702

(Mosimann et al., 2011)
Tg(bactin2:loxp-DsRed-
STOP-loxp-EGFP) (Kikuchi
et al., 2010)

GaudiRSG toolkit
(Centanin et al., 2014)
Tg(Olactb:loxP-dsR2-
loxP-EGFP) (Yoshinari
et al., 2012)

Switch ablation
line

Tg(bactin2:loxP-mCherry-
STOP-loxP-DTA176)pd36

(Wang J. et al., 2011)

Not available

zebrafish over multiple injections or an extended period (Ruyra
et al., 2014). IP is widely used for systemic administration
of drugs, small-molecule inhibitors, nanoparticles, reagents in
regeneration studies, including clodronate liposomes for ablating
macrophages (de Preux Charles et al., 2016), poly I:C for
immune-stimulation in medaka (Lai et al., 2017), mTOR-
inhibitor rapamycin for autophagy inhibition (Chavez et al.,
2020), IWR-1-endo for Wnt inhibition (Chen et al., 2009; Zhao
et al., 2019), and tamoxifen for Cre-mediated recombination
(Hans et al., 2009).

On the other hand, intravenous (IV) injection is effective
for drug delivery in mice but has been technically challenging
for zebrafish, due to the small vessel diameter and poor
vasculature visibility. To improve vessel visibility, transparent

casper fishes can be injected intravenously through their cardinal
vein described in cancer research in zebrafish (Benjamin and
Hynes, 2017). As alternative methods for direct access to the
circulation, the intra-cardiac injection has been tested but showed
high mortality (White et al., 2008), while the retro-orbital (RO)
injection is suitable for delivering both reagents and cells into the
blood circulation (Pugach et al., 2009; Simoes et al., 2020).

For more tissue/organ-localized delivery methods, intra-
tissue injections may be applied. For example, intrathoracic
(IT) injections were developed in zebrafish to test the effects
of exogenous factors on adult heart regeneration, including
nanoparticles encapsulated siRNAs (Xiao et al., 2018; Bise and
Jazwinska, 2019). Cerebroventricular microinjection (CVMI) was
also developed to deliver reagents to the adult zebrafish brain
(Kizil and Brand, 2011). Intravitreal injections for the targeted
delivery to the vitreous space of the retina (Fimbel et al., 2007)
and intraspinal injection to the spinal cord were also developed
in zebrafish (Wehner et al., 2018).

In contrast to invasive methods, which sometimes lead to
tissue damage and mortality, a straightforward and convenient
way for pharmaceutic delivery is immersion/incubation.
Although immersion/incubation can be applied to both larvae
and adults, it is more costly for incubating adults due to a
large amount of reagent needed to reach the same dose. The
biodistribution from immersion varies among reagents and
different stages. In adults, the reagent is mainly intake through
gills and ingestion, then absorbed/digested in the intestine and
liver, which resembles oral uptake in the mice model (Ruyra et al.,
2014). Examples of incubation experiments include tamoxifen
treatment for Cre activation and Erbb2 inhibitor AG1478 in heart
regeneration of both zebrafish larvae and adults (de Koning et al.,
2015; Gemberling et al., 2015). Incubation of Alk5/4 inhibitor
SB431542 has also been used in adult fin (Jaźwińska et al., 2007)
and heart (Chablais and Jaźwińska, 2012b) to understand the
dynamics of fibrosis in tissue regeneration.

Overall, based on the size and anatomic similarities between
zebrafish and medaka, most of these delivery methods (Table 6)
can be adapted in medaka and are regularly used in our laboratory
as well as in other studies (Maekawa et al., 2016; Lai et al., 2017;
Marín-Juez et al., 2019).

Genomics Resources for Zebrafish and
Medaka
Due to the interest in exploring cellular and molecular
mechanisms throughout the last few decades, both zebrafish
(∼1,412 Mb) (Howe et al., 2013) and medaka genome
(∼800 Mb) (Kasahara et al., 2007; Kobayashi and Takeda,
2008) have been sequenced and are publicly available in the
databases, including Ensembl for zebrafish5 (see footnote 1)
and medaka6 (Table 7). Like zebrafish, medaka has emerged
as one of the most popular and influential animal models to
investigate development and disease. At the genomic level, the
regenerative capacity of zebrafish might rely on gene regulatory
networks, which might be repressed in other non-regenerative

5http://asia.ensembl.org/Danio_rerio/Info/Index
6https://asia.ensembl.org/Oryzias_latipes/Info/Annotation
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TABLE 6 | Tutorials/protocols for injury and drug delivery for zebrafish and medaka.

Description Website References

Dissection of different organs from the
Adult Zebrafish

Dissection of Organs from the Adult Zebrafish | Protocol (jove.com) Gupta and Mullins, 2010

Dissection of the Adult Zebrafish Kidney Dissection of the Adult Zebrafish Kidney | Protocol (jove.com) Gerlach et al., 2011

Induction of myocardial infarction in
adult zebrafish using cryoinjury

Induction of Myocardial Infarction in Adult Zebrafish Using Cryoinjury | Protocol
(jove.com)

Chablais and Jaźwińska,
2012a

Brain injury model by stabbing in Adult
Zebrafish

Stab Wound Injury of the Zebrafish Adult Telencephalon: A Method to Investigate
Vertebrate Brain Neurogenesis and Regeneration | Protocol (jove.com)

Schmidt et al., 2014

Spinal cord injury by transection in
larval zebrafish

Spinal Cord Transection in the Larval Zebrafish | Protocol (jove.com)
Zebrafish In Situ Spinal Cord Preparation for Electrophysiological Recordings from
Spinal Sensory and Motor Neurons | Protocol (jove.com)

Briona and Dorsky, 2014;
Moreno et al., 2017

Laser-induced retinal injury model in
zebrafish

Müller Glia Cell Activation in a Laser-induced Retinal Degeneration and
Regeneration Model in Zebrafish | Protocol (jove.com)

Conedera et al., 2017

Examining muscle regeneration in
zebrafish models of muscle disease

Examining Muscle Regeneration in Zebrafish Models of Muscle Disease | Protocol
(jove.com)

Au - Montandon et al.,
2021

Hepatocyte-specific ablation in
zebrafish to study biliary-driven liver
regeneration

Hepatocyte-specific Ablation in Zebrafish to Study Biliary-driven Liver Regeneration
| Protocol (jove.com)

Choi et al., 2015

Intraperitoneal injection in zebrafish Intraperitoneal Injection: A Method of Solution Delivery into the Abdominal Cavity of
an Adult Zebrafish | Protocol (jove.com)

Kinkel et al., 2010

Intrathoracic injection for the study of
adult zebrafish heart

Intrathoracic Injection for the Study of Adult Zebrafish Heart | Protocol (jove.com) Bise and Jazwinska, 2019

Retro-orbital injection in adult zebrafish Retro-orbital Injection in Adult Zebrafish | Protocol (jove.com) Pugach et al., 2009

Nanoparticle-mediated siRNA
gene-silencing in adult zebrafish heart

Nanoparticle-mediated siRNA Gene-silencing in Adult Zebrafish Heart | Protocol
(jove.com)

Xiao et al., 2018

CRISPR/Cas9-generated gene
knockouts in zebrafish

Efficient Production and Identification of CRISPR/Cas9-generated Gene Knockouts
in the Model System Danio rerio | Protocol (jove.com)

Sorlien et al., 2018

Imaging blood vessels and lymphatic
vessels in the zebrafish

Methods in Cell Biology | The Zebrafish - Cellular and Developmental Biology, Part A
Cellular Biology | ScienceDirect.com by Elsevier

Jung et al., 2016

Microinjection of medaka embryos for
use as a model genetic organism

Microinjection of Medaka Embryos for use as a Model Genetic Organism | Protocol
(jove.com)

Porazinski et al., 2010b

Dechorionation of medaka embryos
and cell transplantation for the
generation of chimeras

Dechorionation of Medaka Embryos and Cell Transplantation for the Generation of
Chimeras | Protocol (jove.com)

Porazinski et al., 2010a

Medaka: Biology, Management, and
Experimental protocols

Volume 1 and 2
(https://onlinelibrary.wiley.com/doi/book/10.1002/9781119575399#)

Kinoshita et al., 2009;
Murata et al., 2019

animal models (Yang and Kang, 2019). Early findings in
zebrafish suggest epigenetic modifications ranging from histone
modifications to initiation of enhancer-induced activation of
regenerative programs (Kang et al., 2016; Pfefferli and Jaźwińska,
2017). Growing evidence support the compatibility of zebrafish
and medaka for comparative transcriptomic analyses (Tena
et al., 2014; Lai et al., 2017). Moreover, with the advances
of epigenetic profiling, medaka has also been explored for
epigenetic changes associated with embryogenesis, development,
and evolution (Nakamura et al., 2014; Tena et al., 2014;
Ichikawa et al., 2017; Marletaz et al., 2018; Uesaka et al.,
2019; Li et al., 2020). These properties may bring medaka as
a new teleost model in epigenetics for comparative studies in
tissue regeneration.

Hybrid/Chimera Fish and Cell
Transplantations
Among various teleost fishes that come in different shapes and
sizes, zebrafish and medaka have a similar developmental process

overall. However, medaka shows a slower pace and hatch at 9 days
compared to 3 days in zebrafish. Considering the similarities and
differences between zebrafish and medaka, inter-species blastula
transplantation was explored to study the genetic developmental
timing during organogenesis (Hong et al., 2012; Fuhrmann
et al., 2020). Generating chimeric organisms named “Zebraka” or
“Medrafish” involves cell transplantation at the blastula stage and
ectopic formation of chimeric organs like retina from zebrafish
donor cells in the medaka host. This approach helps researchers
determine the transcriptional dynamics of retinal organogenesis
and further state the existence of organ-intrinsic mechanisms
independent of the development pace of the host (Fuhrmann
et al., 2020). It will be intriguing to consider the differential
regenerative capacity of each organ in these hybrid animals.
For example, if the heart was contributed by zebrafish donor
cells and grows in medaka, would it still be regenerative (and
why)? Hybrid animals may help researchers dissect the intrinsic
and extrinsic properties of tissue regeneration, and zebrafish
and medaka chimeras may provide a unique opportunity for
such study.
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TABLE 7 | Resources for zebrafish and medaka research.

Fish Resource Description Website and references

Zebrafish The Zebrafish Information Network (ZFIN) Central database of zebrafish
resources, studies and protocols

http://zfin.org/ (Ruzicka et al., 2019)

Ensembl: Danio rerio Genome assembly, GRCz11 http://asia.ensembl.org/Danio_rerio/Info/Index

zfRegeneration Dataset for zebrafish associated
regeneration studies

http://www.zfregeneration.org/ (Nieto-Arellano and
Sanchez-Iranzo, 2019)

CreZoo Database of Zebrafish Cre driver lines Zebrafish CreZoo (Jungke et al., 2013)

Zebrafish International Resource Center Zebrafish stock center, United States https://zebrafish.org/home/guide.php

European Zebrafish Resource Center
(EZRC)

Zebrafish stock center, KIT-Europe https://www.ezrc.kit.edu/index.php

The Taiwan Zebrafish Core Facility (TZCF) Core facility for Zebrafish stock http://www.tzcf-tzenh.org/ (You et al., 2016)

NBRP-Zebrafish Japan stock center for zebrafish
resource

https://shigen.nig.ac.jp/zebra/index_en.html

China Zebrafish Resource Center (CZRC) Zebrafish resources, developing new
lines and technology

http://en.zfish.cn/

Medaka NBRP medaka Central repository and achieve for
medaka resources

https://shigen.nig.ac.jp/medaka/\penalty-\@M (Sasado
et al., 2010)

NBRP strains Repository for strains and transgenics https://shigen.nig.ac.jp/medaka/strain/strainTop.jsp

Ensembl: Japanese medaka HdrR Gene assembly and gene annotation
(ASM223467v1)

http://asia.ensembl.org/Oryzias_latipes/Info/Index

NBRP genome tools Genome Mapping http://viewer.shigen.info/medakavw/mapview/

MEPD Gene expression data by in situ
hybridization

http://mepd.cos.uni-heidelberg.de/mepd/ (Alonso-Barba
et al., 2016)

mODP OMICs data and epigenetic
modification database

http:
//tulab.genetics.ac.cn/modp/#/Browser?species=medaka
(Li et al., 2020)

Both Models CCTop CRISPR/Cas9 design tool https://cctop.cos.uni-heidelberg.de:8043/index.html
(Stemmer et al., 2015)

CRISPRscan CRISPR/Cas9 design tool https://www.crisprscan.org/ (Moreno-Mateos et al., 2015)

Similar ideas have been exploited in the intra-species
blastula transplantation in embryonic and adoptive transfer
in adult zebrafish to determine the cellular contribution of
specific biological processes (cell-autonomous vs. non-cell-
autonomous actions). The concept was recently adopted in
a heart regeneration study where macrophages were isolated
from zebrafish larvae donors and adoptively transferred into
adult hosts. Larval macrophages were found to infiltrate the
injured hearts and contribute to scar formation by directly
secreting collagens in adults (Simoes et al., 2020). Similar
strategies may pave the way for future research, in which
zebrafish donor cells might be transferred in medaka host
or vice-versa and determine the cellular contributions in
tissue regeneration.

LIMITATIONS, FUTURE DIRECTIONS,
AND CONCLUDING REMARKS

In this review, we illustrated the concept of comparative
study in tissue regeneration and highlighted the examples
in zebrafish and medaka models. Zebrafish and medaka
are phylogenetically close model organisms compared to
animals from different phyla across the animal kingdom
yet possess a distinct tissue regeneration capacity. Various
tools and techniques commonly used in zebrafish and

medaka were summarized here, supporting the unique
strength of conducting comparative tissue regeneration
research. Nevertheless, we cannot ignore some technical
challenges and conceptual oversight that must be
addressed or overcome.

On a technical aspect, orthologous gene annotation and
identification are critical for inter-species comparisons. The
Zebrafish genome has been well annotated and referenced
due to a broad research interest with orthologous genes
identified and translatable to the mammalian system (Howe
et al., 2013). However, the medaka genome is less annotated
than zebrafish. The limitation may sometimes be overcome by
mapping the medaka genome against zebrafish to identify
the orthologous genes. Though this might not be the
optimal approach for genome annotation, it is currently
the most feasible method to translate genetic information
to the zebrafish and the mammalian context. Using such a
method, Lai et al. (2017) have identified more than 15,000
orthologous genes across zebrafish and medaka in a comparative
transcriptomic analysis.

On a conceptual aspect, it is still unclear how the trait
of regeneration evolved along with all the other physiological
and anatomical differences among species under the pressure
of natural selection. Following the same logic, the similarities
and differences between zebrafish and medaka might not
necessarily associate with their regenerative capacity, which
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confounds the causal relationship between candidate factors
and tissue regeneration. In addition, the concept of zebrafish
and medaka comparison is based on the existence of
conserved mechanisms underly tissue regeneration between
these organisms, which might not be accurate, and the same
blindside also exists for other inter-species comparisons.
In light of this, potential factors identified from the
comparative analyses must be further examined in both gain-
of-function and loss-of-function experiments to determine
their exact role in tissue regeneration. Comparative studies
in the heart and retina provide nice examples of such
practice (Lai et al., 2017; Lust and Wittbrodt, 2018). To
gain translational opportunities, candidate factors (biological
processes/signaling pathways) should be further tested
to regulate regenerative capacity in mammals. Overall,
the comparative approach in different models may gain
basic knowledge in tissue regeneration and hint at new
therapeutic strategies.

Since the pioneer studies in zebrafish tissue regeneration,
broad interests have been invested in the regenerative program
and other mechanistic insights underlying various tissue
regeneration, hoping that the knowledge will hint or translate
into therapeutics in regenerative medicine. Although the medaka
has only begun to enter the stage of regenerative biology, their
similar characteristics to zebrafish and abundant resources as a
model animal draw more and more attention for inter-species
and inter-organ comparisons in tissue regeneration and await
further exploration.
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Brain Regeneration Resembles Brain
Cancer at Its Early Wound Healing
Stage and Diverges From Cancer
Later at Its Proliferation and
Differentiation Stages
Yeliz Demirci 1,2,3, Guillaume Heger4, Esra Katkat1,2, Irene Papatheodorou5, Alvis Brazma5

and Gunes Ozhan1,2*
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Sanger Institute, Hinxton, United Kingdom, 4École Centrale de Nantes, Nantes, France, 5European Molecular Biology
Laboratory–European Bioinformatics Institute (EMBL-EBI), Cambridge, United Kingdom

Gliomas are the most frequent type of brain cancers and characterized by continuous
proliferation, inflammation, angiogenesis, invasion and dedifferentiation, which are also
among the initiator and sustaining factors of brain regeneration during restoration of tissue
integrity and function. Thus, brain regeneration and brain cancer should share more
molecular mechanisms at early stages of regeneration where cell proliferation dominates.
However, the mechanisms could diverge later when the regenerative response terminates,
while cancer cells sustain proliferation. To test this hypothesis, we exploited the adult
zebrafish that, in contrast to the mammals, can efficiently regenerate the brain in response
to injury. By comparing transcriptome profiles of the regenerating zebrafish telencephalon
at its three different stages, i.e., 1 day post-lesion (dpl)-early wound healing stage, 3 dpl-
early proliferative stage and 14 dpl-differentiation stage, to those of two brain cancers,
i.e., low-grade glioma (LGG) and glioblastoma (GBM), we reveal the common and distinct
molecular mechanisms of brain regeneration and brain cancer. While the transcriptomes of
1 dpl and 3 dpl harbor unique gene modules and gene expression profiles that are more
divergent from the control, the transcriptome of 14 dpl converges to that of the control.
Next, by functional analysis of the transcriptomes of brain regeneration stages to LGG and
GBM, we reveal the common and distinct molecular pathways in regeneration and cancer.
1 dpl and LGG and GBM resemble with regard to signaling pathways related to
metabolism and neurogenesis, while 3 dpl and LGG and GBM share pathways that
control cell proliferation and differentiation. On the other hand, 14 dpl and LGG and GBM
converge with respect to developmental and morphogenetic processes. Finally, our global
comparison of gene expression profiles of three brain regeneration stages, LGG and GBM
exhibit that 1 dpl is the most similar stage to LGG and GBMwhile 14 dpl is the most distant
stage to both brain cancers. Therefore, early convergence and later divergence of brain
regeneration and brain cancer constitutes a key starting point in comparative
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understanding of cellular and molecular events between the two phenomena and
development of relevant targeted therapies for brain cancers.

Keywords: wound healing, proliferation, differentiation, zebrafish, low-grade glioma (LGG), glioblastoma,
comparative transcriptome analysis

INTRODUCTION

Despite decades of research, primary brain tumors are still the
most difficult-to-treat and deadliest types of cancer. They can
occur due to the continual uncontrolled proliferation of brain
cells including neurons and glial cells. About 240,000 cases of
brain and nervous system-related cancers are diagnosed
worldwide every year (Boffetta et al., 2014). Among these,
gliomas, arising from glial tissue, are the most frequently
occurring type of tumors in the central nervous system (CNS)
and responsible for 80% of all malignant primary brain and CNS
cancers (Schwartzbaum et al., 2006; Agnihotri et al., 2013;
Ostrom et al., 2013; Boffetta et al., 2014; Messali et al., 2014;
Hanif et al., 2017). Gliomas are classified into grade I to IV by
WHO according to their histopathological and
immunohistochemical similarities to the putative cell of origin.
Whereas grade I gliomas are less aggressive and slow-growing,
grades II to IV are more aggressive, malignant and invasive (Louis
et al., 2016; Hanif et al., 2017; Louis et al., 2021). Grade IV
gliomas, also known as glioblastoma (GBM), are the most
aggressive diffuse forms of all gliomas and account for more
than 50% of adults diagnosed with glioma (Louis et al., 2016;
Tamimi and Juweid, 2017; Louis et al., 2021). Genetic and
environmental factors including age, gender, ethnicity,
inherited susceptibility, immune factors and prior radiation
have been associated with the risk of developing glioma
(Bondy et al., 2008; Prasad and Haas-Kogan, 2009; Ostrom
et al., 2013; Tamimi and Juweid, 2017; Ladomersky et al.,
2019). While some types of gliomas such as pilocytic
astrocytoma are more prevalent in children and young adults,
the incidence of GBM increases with advancing age (Merchant
et al., 2010; Das and Kumar, 2017; Jones et al., 2017; Ladomersky
et al., 2019). In addition to common mutations in the genes
isocitrate dehydrogenase (IDH) 1 and 2, and telomerase reverse
transcriptase (TERT), progression of glioma has been associated
with alterations in various pathways that are crucial to today’s
treatments for glioma/glioblastoma (Idilli et al., 2017): 1)
alterations in the PI3K-PTEN-Akt-mTOR signaling pathway
regulated by epidermal growth factor (EGF) and its receptor
EGFR (Zoncu et al., 2011; Li et al., 2016), 2) mutations in the p53
pathway that promote excessive cell cycle progression and
prevent apoptosis (Ohgaki and Kleihues, 2007; Viotti et al.,
2014; Speidel, 2015), 3) mutations in NF1, BRAF, RAF1, MEK,
PDGFR and RTK genes that affect RAS/MAPK signaling
pathways (Venkatesan et al., 2016; Nasser and Mehdipour,
2018) and 4) changes in the genes regulating cell cycle and
cell growth such as retinoblastoma protein (pRB), cyclin-
dependent kinase 4 (cdk4) and cyclin-dependent kinase
inhibitor 2A (cdkn2A) (Mao et al., 2012; Idilli et al., 2017;
Nasser and Mehdipour, 2018).

Despite the modern therapies, curing brain tumors is still a
considerable challenge due to the tumor heterogeneity, presence
of blood-brain barrier (BBB) andmissing pieces in the underlying
molecular mechanisms. Among these tumors, GBM remains one
of the deadliest cancer types, having a very poor prognosis with a
median survival of about 15 months from the diagnosis and a 5-
year survival rate of only 5% in adults (Ohka et al., 2012;
Fernandes et al., 2017; Tamimi and Juweid, 2017; Wang et al.,
2021). GBM treatment consists of a complex multidisciplinary
approach including maximal surgical resection followed by
radiation therapy and chemotherapy. After resection, applying
radiotherapy together with temozolomide (TMZ) is the most
effective combinatorial treatment that has been shown to extend
survival (Stupp et al., 2005; Fernandes et al., 2017). Combinations
of conventional therapies and new approaches targeting several
molecular events, such as triggering of apoptosis and suppression
of angiogenesis, can improve the prognosis of patients with GBM
(Fernandes et al., 2017; Tamimi and Juweid, 2017). Nevertheless,
for over 4 decades, the outcomes of GBM treatment have
remained stable, necessitating rapid development of new
therapeutic approaches.

Cancer and regeneration have been historically linked as both
processes are triggered with the same biological phenomenon,
i.e. cell proliferation. Historically, cell proliferation had first
been proposed as a mechanistic link between development,
regeneration and cancer by Waddington in the early 1930s
(Waddington 1935; Stern, 2000). Due to the cellular
similarities between tumor stroma and granulation tissue,
which forms at the wound site, cancers have long been
described as wounds that do not heal (Haddow, 1972;
Dvorak, 1986; Schafer and Werner, 2008). A proper
regeneration process is terminated in a controlled manner so
that the regenerating tissue does not transform into a mass of
cells that undergo uncontrolled proliferation. If regeneration
cannot be processed or terminated properly, the tissue might -as
in the case of cancer-undertake continuous proliferation due to
chronic injury, hypoxia and inflammation and cannot re-
establish tissue integrity (Dvorak, 1986; Coussens and Werb,
2002; Beachy et al., 2004; Gurtner et al., 2008; Schafer and
Werner, 2008; Oviedo and Beane, 2009; Verkhratsky and Butt,
2013). In contrast to the limited ability of the human brain to
regenerate, the non-mammalian vertebrate zebrafish can
regenerate the CNS throughout its life (Grandel et al., 2006;
Diotel et al., 2020). This ability of the adult zebrafish brain is
maintained by the existence of stem/progenitor cells that can
continuously proliferate and a permissive environment for
neurogenesis (Kizil et al., 2012b). While mammalian adult
neurogenesis is restricted to only two regions of the
forebrain, i.e., the subventricular zone (SVZ) of the lateral
ventricles in the telencephalon and the subgranular zone
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(SGZ) of the dentate gyrus in the hippocampus, zebrafish has
sixteen distinct proliferative niches located in the ventricular
zone and deeper in the brain parenchyma with self-renewing
neural progenitors (Kriegstein and Alvarez-Buylla, 2009;
Bonfanti and Peretto, 2011; Kaslin et al., 2017; Zambusi and
Ninkovic, 2020). Thus, this high regenerative capacity of the
zebrafish brain constitutes a unique platform to compare the
transcriptome of a healing brain at its different stages with that
of continuously growing/metastasizing brain tumors. To
address this striking issue, we have first set out to identify
the genes that are differentially expressed in the adult
zebrafish telencephalon at the following three stages of brain
regeneration in response to stab wound injury: the early wound
healing stage at 1 day post-lesion (dpl), the early proliferative
stage at 3 dpl and the late differentiation stage at 14 dpl. We have
identified 6,123, 4,662 and 1954 differentially expressed genes
(DEGs) at 1, 3 and 14 dpl, respectively. A vast majority of the
DEGs identified at all three stages were upregulated. Using Gene
Ontology (GO) term and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses, we have identified that
neurogenesis-related genes were prominent among DEGs at 1
dpl. While 3 dpl was marked by the genes related to immune
response, cell proliferation and apoptosis, genes with key roles
in neuronal differentiation and the Notch pathway were
abundant among DEGs at 14 dpl. Weighted gene co-
expression network analysis (WGCNA) of three regeneration
stages revealed twelve distinct co-expression modules, nine of
which were specific to a particular stage. Moreover, gene
modules and gene expression profiles at 1 dpl and 3 dpl were
unique, while those at 14 dpl are rather similar to the control
group. Next, we have compared the whole transcriptomes of the
regenerating brain at the three stages to those of the human
adult brain tumors low-grade glioma (LGG) and glioblastoma
(GBM). The early wound healing stage was similar to brain
cancer with respect to activation of metabolic responses and
neurogenesis-related signaling pathways. The early proliferative
stage and brain cancers shared DEGs related to cell
proliferation. The differentiation stage was similar to cancer
with respect to activation of developmental and morphogenetic
processes. Finally, our comparative transcriptomics and
functional analyses of the genes that are differentially
expressed in at least one stage of brain regeneration and
shared with at least one type of brain cancer have revealed
that the stage that most resembled the brain cancer was the early
wound healing stage (1 dpl) and that the similarity decreased at
the later stages of brain regeneration. Overall, by revealing the
stage-dependent similarities and discrepancies between brain
regeneration and brain cancer, our study paves the way to test
the potential of specific molecular mechanisms of regeneration
to stop cancer.

MATERIALS AND METHODS

Stab Wound Assay and Sample Collection
Stab injury was performed in 6–10 month-old wild-type (wt) AB
zebrafish as previously described (Kroehne et al., 2011; Baumgart

et al., 2012). Before generating a lesion, fish were anaesthetized
with 0.02% (w/v) of tricaine methanesulphonate (Supelco, PA,
United States) (Schmidt et al., 2014). Stab wound injury was
generated by inserting a 30-gauge needle through the left nostril
up to the caudal end of the telencephalon (Figure 1A). Following
injury, the fishwere transferred into a tank of freshwater. At 1, 3 or 14
dpl of stab injury, zebrafish were re-anaesthetized with 0.02% (w/v)
of tricaine solution and euthanized by submersion in ice water for
5min (Schmidt et al., 2014). After extracting thewhole telencephalon
tissue, lesioned (left) hemispheres were dissected and collected
individually in RNAprotect tissue reagent (Qiagen, Germany) to
prevent RNA degradation. The left hemispheres of healthy zebrafish
telencephalons were used as control samples. All stab lesions were
performed on the same day, and fishwere sacrificed at corresponding
time points from that moment (1, 3 or 14 dpl). Control fish were
sacrificed on the day of the stab lesion. Experiments were carried out
in quadruplets for each group. Zebrafish were raised and handled in
accordance with the guidelines of the Izmir Biomedicine and
Genome Center’s Animal Care and Use Committee. Animal
experiments were inspected and approved by the Animal
Experiments Local Ethics Committee of Izmir Biomedicine and
Genome Center (IBG-AELEC).

RNA Isolation and cDNA Preparation
Following removal of RNAprotect, 700 µL of Qiazol reagent
(Qiagen, Germany) was added on the brain tissues and the
tissues were homogenized by using a sterile disposable pestle.
Total RNAwas isolated using the RNeasy PlusMicro Kit (Qiagen,
Germany) according to the manufacturer’s instructions and
quantified with a NanoDrop 2000 spectrophotometer (Thermo
Scientific, MA, United States). RNA integrity and quality was
measured by using an Agilent RNA 6000 Pico kit in a 2,100
Bioanalyzer (Agilent Technologies, CA, United States) following
the manufacturer’s instructions.

Library Construction and RNA Sequencing
(RNA-Seq)
The samples with an RNA Integrity Number (RIN) ≥ 8 were
selected for RNA sequencing (RNA-seq). RNA quality was further
tested by performing quantitative reverse transcription PCR (RT-
PCR)with a primer pair producing an 812-bp product for zebrafish
beta actin 1 (actb1) as a housekeeping gene. To work with equal
amounts, RNA samples were adjusted to 100 ng. Samples that
passed the quality control steps were sent to the Genomics Core
Facility (GeneCore, EMBL Heidelberg, Germany) for library
preparation and RNA-seq. Libraries were prepared with an
Illumina TruSeq RNA Library Preparation Kit v2 (Illumina, San
Diego, CA, United States) according to the manufacturer’s
instructions. 500 ng of cDNA was used for each reaction. A
paired-end, strand-specific sequencing platform was used on an
Illumina NextSeq 500 (Illumina, CA, United States) with a read
length of 75 bp.

Quantitative Polymerase Chain Reaction
To validate the differentially expressed genes obtained via RNA-
seq analysis within the original RNA samples, RNA was
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converted to cDNA by using the ProtoScript II First Strand cDNA
Synthesis kit (New England Biolabs, MA, United States). qPCR
was performed in triplicates by using GoTaq qPCR Master Mix
(Promega, WI, United States) in an Applied Biosystems 7,500
Fast Real-Time PCR machine (Thermo Fisher Scientific, MA,
United States). Expression values of each sample were normalized
to Danio rerio ribosomal protein L13a (rpl13a). The efficiency of
each primer pair was assessed by using the standard curve assay
according to the relevant program of the machine. Standard curve
with CT values were generated by using the ABI software and a
correlation coefficient (R2) was calculated for each primer pair.
Primer pairs with the R2 values equal to or greater than 0.99 and
an efficiency falling in the acceptable range (90–110%) were used
in the qPCR reactions. Data were analyzed with the GraphPad
Prism 8 software (Graphpad Software Inc., CA, United States).
The values are indicated as mean ± SEM (Standard Error of
Mean) of triplicates. Primer sequences for the tested zebrafish
genes are provided in Supplementary Table S1.

Transcriptomic Analyses of Zebrafish Brain
Regeneration and Human Brain Cancers
Read quality control of each zebrafish brain RNA-seq sample was
initially performed by using the FastQC tool (Andrews, 2010).
The reads were aligned to the zebrafish reference genome

GRCz11 (danRer11) using HISAT2 (version 2.1.0) (Kim et al.,
2015). After mapping, transcripts were counted with HTSeq 0.6.0
tool by using the annotation file Danio_rerio.GRCz11.93. gtf
obtained from the Ensembl (Anders et al., 2015).
Normalization and transformation (vst) of the read counts, as
well as differential expression analysis, were performed by using
DESeq2 package (version 1.28.1) of Bioconductor (Love et al.,
2014). Principal component analysis (PCA) and sample-to-
sample distance analysis were conducted to check data and
plots were visualized by using ggplot2 (version 3.3.2) and
pheatmap package (version 1.0.12) (Kolde, 2012; Wickham,
2016) (Figures 1B,C). To find differentially expressed genes
(DEGs), Wald tests were performed on DESeq2 for the
following comparisons: 1) 1 dpl lesioned hemisphere vs.
control, 2) 3 dpl lesioned hemisphere vs. control, and 3) 14
dpl lesioned hemisphere vs. control. Secondly, to analyze human
brain cancer data, a count matrix was generated using the count
data of low-grade glioma (LGG) and glioblastoma (GBM)
samples downloaded from The Cancer Genome Atlas (TCGA).
To identify DEGs, the samples of TCGA-LGG and/or TCGA-
GBM projects were compared with the normal tissue samples
(control) of the same project. Genes were tested for differential
expression using a Wald test with DESeq2 for the following
comparisons: 1) TCGA-LGG vs. control and 2) TCGA-GBM vs.
control. For all comparisons, genes were marked as upregulated

FIGURE 1 | Sample preparation from three different stages of zebrafish brain regeneration and initial analyses of the transcriptome data. (A)Generation of the stab
lesion and preparation of the RNA samples from lesioned hemispheres at 1, 3 and 14 dpl. Transcriptomes of the regenerating brain were compared to those of human
adult LGG and GBM. (B) Principal component analysis (PCA) of three brain regeneration stages and their controls. Different colors of circle, square or rectangle dots
represent the four groups of samples. Four or five dots with the same color refer to the biological replicates of a sample group. Four sample groups were well
clustered among their replicates and well separated from other sample groups. (C) Sample-to-sample distance heatmap generated by using normalized counts for
overall gene expression patterns for three stages of brain regeneration and control brain samples generated by the DESeq2 package. Different colors of dots represent
the four groups of samples. (D) UpSet plot shows the comparison of DEG sets between regeneration stages. Total number of DEGs as Up or Down and time points are
shown on x and y axes, respectively. Green bars represent the genes unique to a time point, blue bars the intersection of genes between two different time points and red
bars the intersection of genes between three different time points. Black dots connected by lines correspond to the time point and Up/Down state. Numbers of
overlapping genes are shown above each bar. dpl: days post-lesion, ctrl: control, LGG: low-grade glioma, GBM: glioblastoma, Up: upregulated, Down: downregulated.
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for the fold change >1.5 and downregulated for the fold change
<0.67 (= 1/1.5) and for Benjamini–Hochberg adjusted p-value
(FDR) < 0.05, which will thereafter be referred to as “FC > 1.5 in
either directions”.

Weighted Gene Co-Expression Network
Analysis
We ranWGCNA on a filtered and transformed expression matrix
of the zebrafish brain regeneration dataset. Raw counts were
transformed using the variance-stabilizing transformation (vst)
of the R package DESeq2 (Love et al., 2014) as recommended by
the WGCNA manual (Langfelder and Horvath, 2008). Genes
with less than 10 counts in more than 90% of the samples were
filtered for subsequent analysis. After this filtering, 22,853 genes
were fed to WGCNA for the regeneration dataset. Network was
constructed using unsigned co-expression similarities between
genes. As opposed to signed co-expression, unsigned co-
expression conserves similarity between highly correlated
genes, even in the case of negative correlation. Unsigned co-
expression similarity between two genes i and j is defined as the
absolute value of their sample correlation: si,j � |cor(xi, xj)|. A
soft threshold (also called power) of 9 was picked due to the
sample size (n = 18) accepted as small according in order to
construct a co-expression network. The soft threshold β expresses
the way the co-expression similarity translates into an adjacency
weight in the network: ai,j � sβi,j. The higher the soft threshold,
the further weak co-expressions are pushed towards 0, although
without being made equal to 0, i.e., soft thresholding. For
zebrafish brain regeneration data, a power of 9 was chosen by
default, due to the sample size (n = 18) accepted as small
according to the WGCNA manual (Langfelder and Horvath,
2008). A weighted co-expression network was constructed
using these parameters. Gene modules were then delineated
from the clustering using the dynamic hybrid tree cut
algorithm with a deep split parameter of 2 and a minimum
cluster size of 100. In other words, modules are defined by
pruning the hierarchical clustering dendrogram and grouping
the genes that fall in the same branch together. Depending on the
parameters, WGCNA merges modules that show similar
patterns.

Collection of Brain Cancer Samples’ Data
from The Cancer Genome Atlas
RNA-seq data of adult human GBM and LGG samples were
obtained from the TCGA data portal (National Cancer
Institute, 2020). TCGA defines LGG as tumors of grades II and
III based on standards set by the World Health Organization
(WHO). The “Level 3” gene expression data for all TCGA-LGG
(529 LGG samples and 4 control samples) and TCGA-GBM (165
GBM samples and 5 control samples) samples were downloaded
from the TCGA database.

Ortholog Conversion
To compare the events measured in the zebrafish and human
models, a table of unambiguous orthologous genes was generated

between Homo sapiens and Danio rerio by using BioMart
annotations (Smedley et al., 2009). The orthology table
obtained from BioMart was first filtered to keep only the pairs
of genes indicated with high confidence or with similarities in
genes names. The resulting table was further filtered to resolve
ambiguities so that each zebrafish gene is assigned a unique
human ortholog. For a given zebrafish gene that does not have a
human ortholog with the same gene name, a unique human
ortholog is selected by ranking the orthology metrics with the
following order of priority: gene order conservation score, whole
genome alignment coverage, percentage of identity of zebrafish
gene to human gene, percentage of identity of human gene to
zebrafish gene. Finally, to reduce the number of human genes
matched to multiple zebrafish genes, only high confidence pairs
were retained (Supplementary Table S7).

Functional Annotation
The lists of significantly altered genes acquired from individual
comparisons were used as inputs of functional analyses for the
database for Annotation, Visualization and Integrated Discovery
(DAVID version 6.8) (Huang da et al., 2009). When comparing
stages of zebrafish brain regeneration and human cancers, lists of
shared or exclusive genes were built using human orthologs of
zebrafish genes (Supplementary Table S7). For comparisons
within the zebrafish model, the original gene identifiers were
used. For functional enrichment, the ease score, a modified one-
tailed Fisher’s exact test, was used to determine the enriched Gene
Ontology (GO) terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways by means of a user-defined gene list
for each annotated DAVID GO term and KEGG pathway.
Functional enrichment was performed according to biological
domains of GO terms with respect to three aspects: biological
process (BP), molecular function (MF), and cellular component
(CC). Gene lists obtained from the AmiGO database (Carbon
et al., 2009) and manually curated as related to the selected
functions (Figure 2A) were plotted using the R package
pheatmap (version 1.0.12) (Kolde, 2012). Gene lists related to
the selected KEGG pathways were obtained from the KEGG
database and plotted using the GOplot package (Walter et al.,
2015). Significantly enriched GO terms and KEGG pathways
were plotted using the package ggplot2 (Wickham, 2016).

RESULTS

Transcriptome Profiling of Brain
Regeneration During Early Wound Healing,
Proliferation and Differentiation Stages
Brain regeneration has been analyzed at the transcriptional level
in the zebrafish traumatic brain injury model at 5 dpl (Gourain
et al., 2021). Moreover, we have recently conducted a comparative
transcriptomic profiling of the regenerating zebrafish
telencephalon at two early stages of regeneration (Demirci
et al., 2020). However, there exists no study that compares the
gene expression profiles at the early and late stages of
regeneration. Thus, we set out to unravel the dynamic
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FIGURE 2 | Transcriptome profiling and functional annotation of the telencephalon during early wound healing (1 dpl), early proliferative (3 dpl) and differentiation (14
dpl) stages of zebrafish brain regeneration. (A) Heatmaps of log2 fold changes of selected genes across three stages of brain regeneration. Each column represents a
time point and each row shows a single gene. The scale bar shows red for Up, blue for Down, yellow for weak regulation (FC < 1.5 in either direction) or statistically non-
significant (Benjamini–Hochberg adjusted p-value (FDR) > 0.1). (B–D) GO-BP terms enriched at 1 dpl (B), 3 dpl (C) and 14 dpl (D) by using all DEGs. DAVID was

(Continued )
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alterations in gene expression that occur from the early wound
healing stage (1 dpl), through the proliferative stage (3 dpl) to the
late differentiation stage (14 dpl) of brain regeneration (Kroehne
et al., 2011; Lindsey et al., 2017; Demirci et al., 2020). To this
purpose, we dissected the lesioned (left) hemispheres of the
injured zebrafish brain at 1, 3 and 14 dpl, and compared with
the equivalent hemispheres of the uninjured control brains. PCA
showed clear separation of the samples between control and
regeneration stages, which clustered in distinct zones of the
principal plane of variance (Figure 1B). The sample-to-sample
distance heatmap further supported that the samples exactly
matched the main ramifications of the hierarchical clustering
(Figure 1C). Among the regeneration stages, samples of 14 dpl
positioned most closely to the control samples in both analyses,
suggesting that the transcriptome of the late differentiation stage
converged to that of the control. Next, we performed differential
gene expression analysis. We have detected 6,123 genes (3,330
upregulated [Up] and 2,793 downregulated [Down]), 4,662 genes
(3,678 Up, 984 Down) and 1954 genes (1,330 Up, 624 Down) that
were differentially expressed in response to injury at 1, 3 and 14
dpl, respectively (Supplementary Figures S1A,C). Differential
expression at all stages was asymmetrical in favor of Up genes,
with 1 dpl having the highest number of DEGs (Supplementary
Table S2). 3,983 DEGs (1,642 Up, 2,341 Down) were unique to 1
dpl (Figure 1D). Heatmaps of selected genes undertaking specific
roles during regeneration showed that the Down group at 1 dpl
consisted of several neurogenesis-related genes such as neurod2,
olig1, notch3, foxo3a, amigo1 and a large number of semaphorin
genes, encoding for a family of secreted and membrane proteins
involved in axonal growth (Supplementary Table S2,
Figure 2A). Interestingly, several neural stem/progenitor cell
markers including gfap, nes and s100b were Up, as a sign of
reactive neurogenesis (Supplementary Table S2, Figure 2A). At
3 dpl, 1796 DEGs (1,398 Up, 398 Down) were unique (Figure 1D)
and mostly consisted of genes related to regulation of apoptosis,
cell cycle and cell proliferation (Supplementary Table S2,
Figure 2A). Genes related to immune response, chemotaxis
and angiogenesis as well as markers of neurogenesis such as
gfap, s100b, fabp7a, neurod4, olig4 and gliwere prominently Up at
3 dpl (Supplementary Table S2, Figure 2A). At 14 dpl, the
number of unique DEGs decreased dramatically to 373 (208 Up,
165 Down) (Figure 1D), including the Up neuronal differentiation
genes gli1, foxd3, her4.2, otpb, fzd1 and fzd4 (Supplementary Table
S2, Figure 2A). Strikingly, several members of Notch signaling
including notch1a, notch1b, notch2, notchl, her15.1, dla, dlb, dlc,
dld, jag1a, and jag1b, were Up at 14 dpl while being Down at 1 dpl
(Supplementary Table S2), in accordance with the key roles of
Notch signaling in regulation of neuronal differentiation (Imayoshi
and Kageyama, 2011).

To investigate the function of the DEGs, we performed GO
term enrichment analysis for all three regeneration stages
(Supplementary Table S3, Figures 2B–D). At 1 dpl,
biosynthetic processes, immune system development and
regulation of nervous system development were in the top
50 GO-BP terms (Supplementary Table S3, Figure 2B).
KEGG pathways at 1 dpl were also enriched mainly in
biosynthetic metabolic pathways as well as several signaling
pathways such as mTOR and MAPK (Supplementary Table
S4, Supplementary Figure S2). At 3 dpl, top 50 GO-BP terms
were enriched mainly in cell cycle, activation of immune response
and apoptosis (Supplementary Table S3, Figure 2C). KEGG
pathways were likewise enriched in cell cycle, apoptosis, cytokine
activation, apoptosis-related p53 signaling and immune
response-related JAK-STAT pathway (Supplementary Table
S4, Supplementary Figure S2). At 14 dpl, most prominent
GO-BP terms were related to organ morphogenesis,
neurogenesis, CNS development and vasculogenesis as well as
Wnt and Notch signaling pathways (Supplementary Table S3,
Figure 2D), which were also enriched in the KEGG pathways
(Supplementary Table S4, Supplementary Figure S2). To
validate differential gene expression, we selected DEGs that are
related to neurogenesis and regulated differently at 1, 3 and 14
dpl. bdnf, encoding for a neurotrophic factor, was strongly and
selectively Down at 3 dpl and 14 dpl, while the synaptic vesicle
protein encoding syt2a and ephrin receptor gene epha6 were
Down at all three stages (Figure 2E). On the other hand,
regeneration-related capgb was Up at all stages, whereas the
glial marker gfap was selectively Up at 1 dpl and 3 dpl
(Figure 2E). These results were collectively compatible with
the RNA-seq results (Supplementary Table S2).

Gene Co-Expression Network Analysis
Reveals Divergence from Control in Early
Stages of Brain Regeneration and
Convergence to Control at Late Stages
Next, to explore the co-expression relationship between different
gene sets, we performed weighted gene co-expression network
analysis (WGCNA) on 1, 3 and 14 dpl samples and identified
twelve distinct groups of co-expressed genes, the so-called
modules (Supplementary Figure S3, Supplementary Table
S5). Expression of the genes clustered in nine modules (M1-
M5 and M7-M10) showed a stage-specific component
(Figure 3A, Supplementary Figure S3B), i.e., the genes in
these modules revealed expression patterns that distinguished
one stage of regeneration from the others, indicating a grouped
response peaking at that particular stage. Notably, GO term
enrichment analyses performed by using the genes clustered in

FIGURE 2 | used to show the most significantly enriched GO-BP terms. All DEGs (1 dpl: 6,123, 3 dpl: 4,662, 14 dpl: 1954) were used for the analyses. The heatmap
scale shows log10 of the ease p-values for the most significantly enriched GO terms. (E) Relative expression levels of genes that are Down or Up at different stages of
regeneration. bdnf is Down at 3 dpl and 14 dpl, while syt2a and epha6 are Down at all stages. capgb is Up at all stages, while gfap is Up at 1 dpl and 3 dpl. Statistical
significance was evaluated using unpaired t-test. *p < 0.05, **p < 0.01 and ***p < 0.001. ns: non-significant. Error bars represent ±standard error of mean (SEM, n = 3).
Up: upregulated, Down: downregulated, dpl: days post-lesion, DAVID: database for Annotation, Visualization and Integrated Discovery, GO: Gene Ontology, BP:
Biological Process.
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these nine modules showed a similar pattern with that performed
by using the DEGs for each stage in BP category (Figure 3B,
Supplementary Table S6). For example, genes enriched in M1
(turquoise) and M3 (brown) showed an expression pattern specific
to 1 dpl (Figure 3A). GO terms of these two modules were
associated with translation and ribosome biogenesis, similar to
GO-BP terms obtained from analysis of all DEGs at 1 dpl
(compare Figure 3B to Figure 2B). Genes enriched in M5
(green) and M10 (purple) likewise showed a pattern specific to 3
dpl (Figure 3A) and had GO terms enriched in immune response
and cell cycle that are compatible with the GO-BP terms generated
from all DEGs at 3 dpl (compare Figure 3B to Figure 2C). Genes
that were affected at both 1 dpl and 3 dpl were enriched inM2 (blue)
andM7 (black) (Figure 3A) and consisted of GO terms related with
immune response, cell cycle and apoptosis, which were significantly
enriched in GO terms and KEGG pathways performed with genes
differentially expressed at one of these stages (compare Figure 3B to
Figures 2B,C and Supplementary Figure S2). Interestingly, there
was no module specific to 14 dpl, which mostly displayed modules
similar to control. Moreover, clustering of regeneration-related GO-
BP terms enriched at all three stages further supports that biological
events occurring during adult brain regeneration display stage-
specific patterns (Supplementary Figure S4).

To understand the changes in gene expression profiles during
adult brain regeneration at a global level, we drew heatmap plots
using all DEGs (9,136 genes, Supplementary Table S7) identified

at three stages by using variance-stabilized counts normalized as
z-scores for all samples (Supplementary Figure S5). Control
samples showed the lowest variability. Samples of 1 dpl and 3 dpl
displayed a high variability, probably due to activation of intense
regeneration events such as reactive proliferation, which can vary
significantly between individuals. In contrast, the variability
decreased in samples of 14 dpl and gene expression patterns
became similar to the control, most likely because neuronal
circuits are partially re-established at this stage (Kroehne et al.,
2011). These data collectively indicate that while 1 dpl and 3 dpl
were unique with respect to their gene modules and gene
expression profiles, 14 dpl is rather similar to the control
group, suggesting that gene expression patterns in later stages
of regeneration converge to those of the uninjured state.

The Early Wound Healing Stage of Brain
Regeneration is More Similar to
Glioblastoma than to Low-Grade Glioma in
Terms of Activation of Metabolic and
Neurogenic Pathways
Due to the growing evidence that bridge the mechanisms of
regeneration and cancer, we hypothesize that regeneration and
cancer must share some molecular mechanisms at the early stages
of regeneration where proliferation is the prominent event.
However, the mechanisms must diverge later when the

FIGURE 3 |Network analysis of zebrafish brain regeneration at three stages reveals stage-specificmodules. (A)Heatmap representing relative expression (z-score)
of genes that are enriched in each module for the three stages of the adult zebrafish brain regeneration. Each row represents a sample, and each column shows a single
gene. Red and green shades show high or low relative expressions, respectively. (B)DAVID was used to show themost significantly enriched GO-BP terms based on the
transcriptional changes of each significant module and their associated enrichment p-values for Top 10 GO-BP terms. The heatmap scale shows log10 of the ease
p-values for the most significantly enriched GO terms. dpl: days post-lesion, ctrl: control.
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FIGURE 4 | Early wound healing stage (1 dpl) of brain regeneration is similar to brain cancer with respect to induction of metabolism- and neurogenesis-related
signaling responses. (A, B) Venn diagrams showing the number of upregulated (Up) or downregulated (Down) DEGs and the overlap between 1 dpl (turquoise) and (A)
LGG (pink) and (B) GBM (blue). (C, D) Heatmaps show the expression of genes shared between 1 dpl (turquoise) and (C) LGG (pink) and (D) GBM (blue). Each column
represents a condition (1 dpl, LGG or GBM) and each row shows a single gene. The scale bar shows log2 fold changes from high to low regulation, represented by a
color gradient from red to purple, respectively. (E, F)DAVID was used to show themost significantly enriched GO-BP (top 50), CC (top 5), andMF (top 5) terms based on
transcriptional changes in comparison of 1 dpl with (E) LGG and (F) GBM by using human identifiers of shared DEGs. The heatmap scale shows log10 of the ease
p-values for the most significantly enriched GO terms. dpl: days post-lesion, DAVID: database for Annotation, Visualization and Integrated Discovery, GO: Gene
Ontology, BP: Biological Process, MF: Molecular Function, CC: Cellular Component, dpl: days post lesion, LGG: low-grade glioma, GBM: glioblastoma.
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FIGURE 5 | Early proliferative stage (3 dpl) of brain regeneration resembles brain cancer with regard to activation of cell proliferation. (A,B) Venn diagrams showing
the number of upregulated (Up) or downregulated (Down) DEGs and the overlap between 3 dpl (yellow) and (A) LGG (pink) and (B)GBM (blue). (C,D)Heatmaps showing
the expression of genes shared between 3 dpl (yellow) and (C) LGG (pink) and (D) GBM (blue). Each column represents a condition (3 dpl, LGG or GBM) and each row
shows a single gene. The scale bar shows log2 fold changes from high to low regulation, represented by a color gradient from red to purple, respectively. (E,F)
DAVID was used to show the most significantly enriched GO-BP (top 50), CC (top 5), and MF (top 5) terms based on transcriptional changes in comparison of 3 dpl with
(E) LGG and (F)GBM by using human identifiers of shared DEGs. The heatmap scale shows log10 of the ease p-values for the most significantly enriched GO terms. dpl:
days post-lesion, DAVID: database for Annotation, Visualization and Integrated Discovery, GO: Gene Ontology, BP: Biological Process, MF: Molecular Function, CC:
Cellular Component, dpl: days post lesion, LGG: low-grade glioma, GBM: glioblastoma.
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FIGURE 6 | Differentiation stage (14 dpl) of brain regeneration and brain cancer share mechanisms related to developmental and morphogenetic processes. (A,B)
Venn diagrams showing the number of upregulated (Up) or downregulated (Down) DEGs and the overlap between 14 dpl (purple) and (A) LGG (pink) and (B)GBM (blue).
(C,D) Heatmaps showing the expression of genes shared between 14 dpl (purple), and (C) LGG (pink), and (D)GBM (blue). Each column represents a condition (14 dpl,
LGG or GBM) and each row shows a single gene. The scale bar shows their log2 fold changes from high to low regulation, represented by a color gradient from red
to purple, respectively. (E,F) DAVID was used to show themost significantly enriched GO-BP (top 50), CC (top 5), andMF (top 5) terms based on transcriptional changes
in comparison of 14 dpl with (E) LGG and (F) GBM by using human identifiers of shared DEGs. The heatmap scale shows log10 of the ease p-values for the most
significantly enriched GO terms. dpl: days post-lesion, DAVID: database for Annotation, Visualization and Integrated Discovery, GO: Gene Ontology, BP: Biological
Process, MF: Molecular Function, CC: Cellular Component, dpl: days post lesion, LGG: low-grade glioma, GBM: glioblastoma.
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regenerative response terminates precisely, while cancer cells
keep proliferating. To test whether this hypothesis holds true
for the brain, we set out to compare the transcriptome of the
regenerating adult brain to that of the brain with cancer. As a first
step, we compared LGG/GBM samples from TCGA with normal
tissue to identify the DEGs. Expression of 7,992 genes (4,036 Up,
3,956 Down) and 15,469 genes (8,451 Up, 7,018 Down) were
significantly altered in LGG and GBM, respectively
(Supplementary Figures S6A,B, Supplementary Table S2).

To investigate the shared genes between early wound healing
stage of brain regeneration with LGG and GBM, we intersected
unique human orthologs of DEGs at 1 dpl with the DEGs in LGG
and GBM. Out of the 6,123 genes that were differentially expressed
at 1 dpl, 1,610 genes were shared with LGG and 1,246 of themwere
altered in the same direction, i.e., both Up or both Down
(Figure 4A, Supplementary Table S7). Among shared genes,
tp53, gfap, and pcna were Up, while neurod2, braf, kras, pten
and akt3 were Down (Figure 4C, Supplementary Table S7).
Interestingly, 4,513 genes (2,609 Up, 1904 Down) were unique
to 1 dpl. Between 1 dpl and GBM, the number of shared genes
increased to 2,380, 2056 of which were regulated in the same
direction and included majority of the genes shared between 1 dpl
and LGG (Figures 4B,D; Supplementary Table S7). Here, 3,743
genes (2,211 Up, 1,532 Down) were unique to 1 dpl (Figure 4B).
Thus, early wound healing stage of regeneration is more similar to
GBM than to LGG at the transcriptional level, most likely due to
the high number and variation of DEGs detected in GBM.

Next, we performed functional annotation of shared genes by
using human gene identifiers (Figures 4E,F, Supplementary
Figure S7A; Supplementary Tables S7–S9). 39 terms were
shared between top 50 GO-BP terms enriched in the
comparisons of shared DEGs in 1 dpl-LGG and 1 dpl-GBM
(Figures 4E,F, Supplementary Table S8). These terms included
various processes related to protein metabolism and
neurogenesis. Furthermore, KEGG pathway enrichment of
shared DEGs showed that various neurogenesis-related
pathways including mTOR, ErbB, MAPK and oxytocin
signaling as well several synapse and axonal pathways were
shared between 1 dpl and LGG (Supplementary Figure S7A,
Supplementary Table S9). Strikingly, glioma was enriched in
shared DEGs of 1 dpl with both LGG and GBM (Supplementary
Figure S7A, Supplementary Table S9). To identify KEGG
pathways that were specific to the very early stage of brain
regeneration, we exploited the DEGs unique to 1 dpl with
respect to LGG or GBM. Among the unique top 30 KEGG
pathways, apoptosis and the JAK-STAT signaling pathway
were prominent (Supplementary Figure S7B, Supplementary
Table S10). In summary, our results indicate that the early wound

FIGURE 7 | Early wound healing stage of brain regeneration is more
similar to LGG and GBM than the proliferation and differentiation stages. (A,B)
GOChord plots show log2 fold changes of the genes annotated in selected
KEGG pathways (A) “Glioma” and “Pathways in cancer” and (B) “Wnt”,
“p53”, “Jak-STAT”, “Notch” and “Apoptosis” for three stages of the zebrafish
brain regeneration and two types of human brain cancers. The genes are

(Continued )

FIGURE 7 | linked to their assigned pathways by ribbons and ordered
according to their log2 fold change values from high to low regulation,
represented by a color gradient from blue to red, respectively. log2 fold
changes are shown from the outer to the inner annulus in the following order:
1, 3, 14 dpl, LGG and GBM. An asterisk was appended to human genes
associated as orthologs to several zebrafish genes in the list. dpl: days post-
lesion, LGG: low-grade glioma, GBM: glioblastoma.
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healing stage of brain regeneration is similar to brain cancer with
respect to induction of metabolism- and neurogenesis-related
signaling responses and different from cancer mainly via
induction of apoptosis during early regeneration.

The Early Proliferative Stage of Brain
Regeneration is Similar to Low-Grade
Glioma/Glioblastoma with Respect to
Active Proliferation
Next, to reveal the shared genes between the early proliferative
stage of brain regeneration and brain cancer, we overlapped human
orthologs of DEGs at 3 dpl with the DEGs in LGG and GBM. 952
out of 4,662 DEGs determined at 3 dpl were shared with LGG and
796 out of 952 were Up/Down in both 3 dpl and LGG (Figure 5A,
Supplementary Table S7). Shared genes involved the proliferation
and glial markers mki67, pcna, several mcm genes and gfap, which
were all Up (Figure 5C, Supplementary Table S7). The percentage
of unique genes at 3 dpl were greater than that at 1 dpl and reached
a total number of 3,710 (2,939 Up, 771 Down) (Figure 5A). When
compared to GBM, 1,513 DEGs were shared with 3 dpl and 1,288
of them were altered in the same direction (Figure 5B,
Supplementary Table S7). Among the shared Up genes were
many proliferative and cancer-related genes such as angpt1, vim,
brca2, pcna, mcm2, and mki67 (Figure 5D). Here, we found 3,149
DEGs (2,484Up, 665 Down) that were unique to 3 dpl (Figure 5B).

Functional annotations of shared DEGs revealed that 31 terms
out of the top 50 GO-BP terms were mutual between 3 dpl-LGG and
3 dpl-GBM (Figures 5E,F, Supplementary Figure S7A,
Supplementary Tables S8, S9). The mutual GO-BP terms
contained a number of proliferation-related ones such as various
mitotic cell cycle processes, nuclear division processes and DNA
replication. GO terms were supported by the KEGG pathway
enrichment analysis, which showed that shared DEGs were
enriched in various pathways related to proliferation and DNA
repair as well as p53, MAPK and calcium signaling pathways
(Figure 7B, Supplementary Table S9). Here, several cancer-
related pathways were enriched in shared DEGs of 3 dpl with
both LGG and GBM (Figure 7A, Supplementary Table S9).
Next, we determined the KEGG pathways that are specific to the
early proliferative stage of brain regeneration and found that DEGs
unique to 3 dpl were enriched in immune response-related processes
and apoptosis, p53, Toll-like receptor and JAK-STAT signaling
pathways, within the top 30 KEGG pathways (Supplementary
Figure S7B, Supplementary Table S10). These data suggest that
the early proliferative stage of brain regeneration resembles brain
cancermainly by promotion of cell proliferation, while differing from
cancer by the active immune response and apoptosis.

Developmental and Morphogenetic
Signaling Pathways are Commonly
ActivatedDuring theDifferentiation Stage of
Brain Regeneration and Low-Grade Glioma/
Glioblastoma
Next, to compare the differentiation stage of adult brain
regeneration with brain cancer, we intersected human

orthologs of DEGs at 14 dpl with the DEGs in LGG and
GBM. Among 1954 DEGs detected at 14 dpl, 380 were shared
with LGG and 319 of the shared DEGs were regulated similarly at
14 dpl and LGG (Figure 6A, Supplementary Table S7). Shared
DEGs contained several mcm genes and differentiation-related
genes (Figure 6C, Supplementary Table S7). 1,574 genes (1,073
Up, 501 Down) were unique to 14 dpl (Figure 6A). 14 dpl and
GBM shared 629 genes, 504 of which were regulated in the same
direction and mostly overlapped with those shared between 14
dpl and LGG (Figures 6B,D; Supplementary Table S7). 1,325
genes (901 Up, 424 Down) were unique to 14 dpl when compared
to GBM (Figure 6B).

Our functional annotation of genes shared between the
differentiation stage of brain regeneration and brain cancer
demonstrated that 31 of the top 50 GO-BP terms were shared
between 14 dpl-LGG and 14 dpl-GBM (Figures 6E,F, S7A,
Supplementary Tables S8, S9). A number of GO-BP terms
related to development and morphogenesis including nervous
system development, neuron differentiation and angiogenesis
were remarkable. Moreover, Notch, Wnt, Hippo and calcium
signaling pathways were enriched in the top 30 KEGG pathways
(Supplementary Figure S7A). Interestingly, several cancer-
related pathways were enriched in DEGs between 14 dpl and
LGG/GBM (Supplementary Figure S7A, Supplementary Table
S9). The Wnt signaling pathway was also enriched in the KEGG
pathways that are unique to 14 dpl with respect to LGG/GBM
along with p53 and Toll-like receptor signaling (Supplementary
Figure S7B, Supplementary Table S10). Thus, signaling
pathways that control certain developmental and
morphogenetic processes are commonly activated during the
differentiation stage of brain regeneration and brain cancer.

The Early Wound Healing Stage of Brain
Regeneration is More Similar to Low-Grade
Glioma and Glioblastoma than the
Proliferation and Differentiation Stages
While individual comparisons of the regenerative stages to LGG
and GBM are informative about particular similarities of these
stages to gliomas, a global comparison is necessary to reveal
which stage of brain regeneration is most comparable to brain
cancer. To this purpose, we drew heatmaps of log2 fold changes of
the 3,615 genes that are differentially expressed in at least one
stage of brain regeneration and shared with at least one type of
brain cancer (Supplementary Figure S8). The genes obtained
from the KEGG database included a substantial number of genes
involved in glioma, pathways in cancer, as well as Wnt, p53, JAK-
STAT Notch, apoptosis, RAS, MAPK, mTOR and PI3K-Akt
signaling pathways (Figures 7A,B, Supplementary Figure S9).
To compare the changes in gene expression associated with these
selected pathways in three regenerative stages and two brain
cancers, we intersected the genes annotated in these pathways
with the DEG sets. Strikingly, the majority of the DEGs of the
early wound healing stage showed an expression pattern that is
similar to the both human brain cancers, but mostly to GBM
(Figures 7A,B, Supplementary Figure S9). In general, if a gene is
Up at 1 dpl, it is generally Up in LGG/GBM and if a gene is Down
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at 1 dpl, it is likewise Down in LGG/GBM (Supplementary
Figure S8). The number of significantly altered genes was
highest at 1 dpl and decreased at 3 dpl and 14 dpl for all
pathways. While most Wnt signaling-related genes were Down
or absent across DEG sets, p53 signaling-related genes were
mainly Up or absent across DEG sets (Figure 7B).
Interestingly, the expression of several genes in the KEGG
pathway “pathways in cancer”, such as ptk2, kit, lpar1, notch1,
rasgrp4, ifngr1, ptch1, apaf1 and dll1, and Wnt pathway-related
genes, such as wif1, rspo3, nkd2, sfrp1, smad3, wnt7a, wnt7b and
axin1, showed opposite expression patterns between brain
regeneration and brain cancers, suggesting that these genes
may play key roles in preventing the cells from undergoing
carcinogenesis (Figures 7A,B). In conclusion, among the three
stages of brain regeneration, the early wound healing stage was
the most similar one to the brain cancers LGG and GBM with
respect to their transcriptomes, while the similarity decreased as
regeneration proceeded to the proliferation and differentiation
stages.

DISCUSSION

Despite the studies investigating the common and distinct
molecular mechanisms underlying regeneration and cancer,
how brain regeneration and brain cancer compare with each
other at the level of gene expression has been overlooked. This
study has two novel aspects. First, it unravels the gene expression
profiles of the regenerating adult zebrafish telencephalon at two
early (1 dpl and 3 dpl) and one relatively late (14 dpl) stage of
regeneration: 1 dpl as the early wound healing stage, 3 dpl as the
early proliferative stage and 14 dpl as the differentiation stage.
Second, this study is the first that compares gene expression
profiles of the three different stages of adult brain regeneration

with two different brain cancers: low-grade glioma (LGG) and
glioblastoma (GBM). Based on our detailed analyses, we have
drawn the following conclusions: 1) the total number of DEGs at
1 dpl are higher than those at 3 dpl and 14 dpl. 65, 38.5 and 19% of
the total DEGs are unique to 1, 3 and 14 dpl, respectively. 2) The
more distinctive expression pattern of 1 dpl, and to a lesser extent
3 dpl, is further supported by the unique gene modules that are
detected within the transcriptomes of 1 dpl and 3 dpl and by the
gene expression profiles that are more divergent from the control.
In contrast, the transcriptome of 14 dpl is rather similar to the
control group and converges to the transcriptome of the
uninjured brain. 3) 1 dpl of brain regeneration is similar to
LGG/GBM with respect to activation of metabolism- and
neurogenesis-related signaling pathways and different from
cancer in the way of activating apoptosis (Figure 8). 4) 3 dpl
and LGG/GBM are similar with regard to elevated cell
proliferation and differentiation (Figure 8). 5) 14 dpl
resembles LGG/GBM because of induced developmental and
morphogenetic processes (Figure 8). 6) 1 dpl is more similar
to LGG/GBM than 3 dpl and 14 dpl are. Thus, brain regeneration
and brain cancer appear to share higher number of molecular
mechanisms in the early stages of regeneration, while the
similarity decreases at its later stages.

The Immune Response is Induced Early
After Injury and Starts to Decline After the
Proliferative Stage
Tissue damage triggers a cascade of early regenerative processes
including initiation of wound closure and activation of immune
response that is necessary for clearance of tissue debris and
deposition of extracellular matrix (Marques et al., 2019).
Because of bleeding and inflammation, the lesion site is
infiltrated by platelets and immune cells, which are controlled
by numerous signaling molecules (Krafts, 2010; Kroehne et al.,
2011; Marques et al., 2019). For example, a variety of cells
including fibroblasts, macrophages and monocytes, which are
primed by mesenchymal stem/stromal cells, are essential for
regeneration and activated by the platelet-derived growth
factors (PDGFs) to enhance proliferation, chemotaxis and gene
expression (Pierce et al., 1991; Andrae et al., 2008; Krafts, 2010).
PDGFs have also been shown to be important for myelin
regeneration in CNS by stimulating proliferation,
differentiation and survival of the cells in the oligodendroglial
lineage (Webster, 1997; Watzlawik et al., 2013). Our data showed
significant upregulation of PDGF and PDGF receptor (PDGFR)
genes such as pdgfba selectively at 3 dpl, pdgfd and pdgfaa at 1 dpl
and 3 dpl, and pdgfrl, pdgfra and pdgfrb at 3 dpl and 14 dpl. In
addition to the growth factors, cytokines secreted by cells of the
immune system act as immunomodulators to regulate the acute
inflammatory response that is necessary for functional
regeneration of the zebrafish CNS after injury (Krafts, 2010;
Kyritsis et al., 2012; Elsaeidi et al., 2014; Fuller-Carter et al.,
2015; Tsarouchas et al., 2018). We found several anti-
inflammatory cytokines and their receptors including il6st,
il11a, il11b, il13, il21, il21r.1 and il34 to be significantly
upregulated at the two early stages (1 dpl and 3 dpl) of brain

FIGURE 8 | Summary of the shared cellular mechanisms between brain
regeneration at three different stages of regeneration and brain cancer.
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regeneration. Moreover, the signature cytokines, including
il12rb2, il7r, ifng1 and stat4 (3 dpl) and il13 and irf1b (1 dpl
and 3 dpl), for T helper1 (Th1) cell subset are upregulated at the
early stages of regeneration (Hamalainen et al., 2001; Duhen et al.,
2014; Raphael et al., 2015). Th2 signature cytokines such as il4 (1
dpl) and il13 (1 dpl and 3 dpl) were likewise upregulated at the
early stages and ifngr1l was downregulated at 14 dpl. These
findings suggest that both Th1- and Th2-mediated immune
responses are activated mainly at the early stages of brain
regeneration. Moreover chemokines, a specific type of
cytokines, and their receptors play key roles in the activation
and infiltration of the immune cells to the injury site in CNS
(Jaerve and Muller, 2012). Chemokines have been shown to
control immune and progenitor cell homeostasis and thereby
regeneration in several zebrafish tissues (Kizil et al., 2012a; Xu
et al., 2014; Bussmann and Raz, 2015; Iribarne, 2021). Notably, a
number of chemokine and chemokine receptor genes including
cxcl20, cxcl11.5, ccl39.2, cxcl11.6, ccl19a.1 and ccl36.1 were
upregulated at 3 dpl and almost vanished at 14 dpl of brain
regeneration. Another group of signaling molecules consists of
the members of the tumor necrosis factor superfamily (TNFSF)
that are expressed mainly by the immune cells and act as
cytokines to regulate neuroinflammation and autoimmunity in
the CNS (Sonar and Lal, 2015; Fresegna et al., 2020). Several
TNFSF and its corresponding TNFSF receptor superfamily
(TNFRSF) genes, such as tnfb, tnfsf10, tnfsf12, tnfsf13b,
tnfrsf9a and tnfrsf1a, were significantly upregulated during
early regeneration, especially at 3 dpl. The number of altered
TNFSF and TNFRSF genes reduced dramatically at 14 dpl.
Overall, the parallel activation of PDGFs, cytokines,
chemokines and TNF-related factors at the early wound
healing stage, their peaking at the proliferative stage and their
depletion at the differentiation stage suggest that the immune
response is induced early after injury, remains strongly active
during establishment of a proliferative response in regeneration
and dampens as tissue differentiation starts.

Activation of Apoptosis Is Regulated in
Parallel to Proliferation
Apoptosis is another prominent event that is activated in the early
phases of brain regeneration for effective wound healing (Wilson
et al., 2007; Guerin et al., 2021). Apoptosis has been shown to be
activated twice during early regeneration processes in different
organisms. For example, Hydra and Planaria appear to have the
first peak of apoptosis very early after bisection and the second
peak at 3 days after the injury (Chera et al., 2009; Pellettieri et al.,
2010; Beane et al., 2013). The adult zebrafish fin regeneration
follows a similar route in activation of apoptosis at 12 h post-
amputation (hpa) and 72 hpa (Gauron et al., 2013). However, in
the Xenopus tail regeneration, apoptosis is absent during wound
healing, activated at 12 hpa and remains active until 48 hpa
(Tseng et al., 2007). We noted a significant upregulation of the
apoptosis-related genes tp53, apaf1, caspa, casp7 and baxb at both
early regenerative stages, 1 dpl and 3 dpl. Strikingly, the number
of apoptosis-related genes doubled at 3 dpl. Apoptosis is
considered to have a critical role in resolving inflammation by

converting the immune response in early stages of tissue repair
into a wound healing response (Brown et al., 1997; Wu and Chen,
2014). Besides, multiple studies have proposed that apoptosis can
stimulate proliferation within the regenerating tissues of Hydra,
Planaria,Xenopus and zebrafish (Gargioli and Slack, 2004; Jopling
et al., 2010; Morata et al., 2011; Diwanji and Bergmann, 2018; Kha
et al., 2018; Stocum, 2019; Guerin et al., 2021). Mainly at 3 dpl, we
observed strong activation of apoptosis-related gene expression
with a concomitant elevation of cell proliferation. Thus, the
capability of the zebrafish telencephalon to convert an early
inflammatory reaction into a healing capacity could be
reinforced by the parallel elevation in expression level of genes
associated with apoptosis at the early wound healing and
proliferation stages (Demirci et al., 2020).

Angiogenic Activity and Proliferation During
Brain Regeneration
Angiogenic sprouting into the wound site has been revealed as
another essential event of the regeneration process and observed
15 h after injury during heart regeneration in zebrafish (Marin-
Juez et al., 2016). Vascular endothelial growth factor Aa (vegfaa),
which is actively involved in angiogenesis, vasculogenesis and
endothelial cell growth, is upregulated during heart regeneration
of zebrafish (Marin-Juez et al., 2016). Our results revealed
upregulation of vegfaa specifically at 1 dpl, suggesting that
injury triggers a rapid angiogenic sprouting at early brain
regeneration. While angiogenesis was strongly promoted at 1
dpl, a massive rise in the number of angiogenesis-related genes
was detected at 3 dpl. Angiopoietin-1 (angpt1) has been shown
essential to mouse vasculature during response to injury
(Jeansson et al., 2011). We found that angpt1 was upregulated
at 3 dpl and 14 dpl. Angiogenesis has been demonstrated to be
activated within 4–7 days after cerebral ischemia and contribute
to neuronal remodeling and functional recovery via first
providing guidance to the sprouting axons through VEGF
signaling and second enhancing proliferation, migration and
differentiation of neural stem/progenitor cells (Wang et al.,
2007; Ruan et al., 2015; Kanazawa et al., 2017; Hatakeyama
et al., 2020). Thus, early activation and continued maintenance
of angiogenesis during brain regeneration imply a similar role for
angiogenesis in the repair of traumatic brain injury.

Adult zebrafish brain regeneration is achieved by injury-
induced proliferation of the radial glial cells (RGCs) that gives
rise to new neurons (Ghosh and Hui, 2016). RGCs express the
glial fibrillary acidic protein (Gfap), an intermediate filament
marker of the mammalian astrocytes (Jurisch-Yaksi et al.,
2020). Moreover, proliferating cell nuclear antigen (Pcna), a
cell proliferation marker, is released by actively dividing RGCs
as an indicator of constitutive neurogenesis (Zacchetti et al.,
2003). We identified a remarkable increase in the expression of
gfap and pcna during both early stages of regeneration.
Besides, s100b and fabp7a, enriched in quiescent RGC
genes, as well as mki67 (only at 1 dpl) and mcm2, markers
of dividing cells, were upregulated at the early stages of brain
regeneration (Zhang and Jiao, 2015; Kaslin et al., 2017; Lange
et al., 2020).
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Brain Regeneration Resembles Brain
Cancer at its Earlier Stages and Diverges
from Cancer with Regard to Opposite
Regulation of Key Cancer-Related Genes
There is growing evidence that associates regeneration with
cancer. For example, melanomas have been demonstrated to
express genes that have important functions in development of
the melanocyte lineage and regeneration of the melanocytes,
strongly suggesting that human cancers share features with
both development and tissue regeneration (White and Zon,
2008). A previous study in zebrafish has likewise revealed that
40% of the genes that were upregulated during blastema
formation in regeneration of the caudal fin are also
overexpressed in human melanoma (Hagedorn et al., 2016).
However, the underlying mechanistic connection between
regeneration and cancer has not been analyzed so far at the
molecular level as regard to comparative analysis of the
transcriptomes of regenerating brain and brain cancer. The
comparison of the three stages of brain regeneration (1, 3 and
14 dpl) with two different brain cancers (LGG and GBM) showed
that the number of shared and unique DEGs were the highest in
the comparison of 1 dpl with GBM. This is most likely a
consequence of the total DEG numbers being highest at 1 dpl
and in GBM. Furthermore, the global comparison of the three
regeneration stages with two cancers revealed that 1 dpl was the
most similar regenerative stage to both LGG and GBM. The
DEGs shared between 1 dpl and LGG/GBM were enriched in the
KEGG pathway “glioma”. The majority of the genes in this
pathway were regulated in the same direction (both Up or
both Down) at 1 dpl and LGG/GBM. For example, Camk2
genes have been found to be strongly downregulated in GBM
compared to the normal brain tissue (Johansson et al., 2005;
Xiong et al., 2019; He and Li, 2021). Shc3 and kras are likewise
downregulated in primary cultures and patient samples of GBM,
while shc1, gadd45a and tgfbr2 are strongly upregulated (Magrassi
et al., 2005; Lymbouridou et al., 2009; Guo et al., 2018; Hirakata
et al., 2021). Moreover, the tumor suppressors pten and tp53 are
frequently mutated and non-functional in GBM (Benitez et al.,
2017; Zhang et al., 2018). Strikingly, the expression of those genes
did not change significantly at 3 dpl, nor at 14 dpl. This means
that while these genes are essential for the early initiation of a
regenerative response upon injury, they need to be suppressed
later for the regeneration to be terminated precisely and prevent
the transformation of a normal cell into a cancer cell. Thus, the
fact that expression of glioma-related genes is similarly regulated
exclusively in the early stages of regeneration but not in later
stages mark them as drug-targetable candidates for GBM
treatment.

Among the shared genes between brain regeneration and brain
cancer, a wide range of genes that are related with apoptosis,
proliferation, angiogenesis and invasion and have been associated
with glioma showed opposite directions of expression regulation.
For example, the transcription factor SRY-related HMG-box 7
(Sox7), which acts as a tumor suppressor, has been found to be
downregulated in a variety of cancers including GBM and its
downregulation has been associated with poor prognosis (Katoh,

2002; Stovall et al., 2013; Liu et al., 2014; Zhao et al., 2016; Oh
et al., 2017; Kim et al., 2018). Similarly, apoptosis protease-
activating factor-1 (Apaf1), a key molecule in the apoptotic
pathways, is downregulated in different cancer types (Soengas
et al., 2006; Tanase et al., 2015). In accordance with these findings,
we observed downregulation of both sox7 and apaf1 in LGG/
GBM. However, they were both upregulated at 1 dpl and apaf1
also at 3 dpl of brain regeneration. In contrast, Hypoxia inducible
factor 1 (HIF-1), a key regulator of hypoxia, has been
demonstrated to promote the migratory and invasive behavior
of glioma cells as well as to induce angiogenesis by regulating the
expression of VEGF, PDGFs and PDGFRs (Mendez et al., 2010;
Peng et al., 2021). The cell cycle regulator cyclin-dependent
kinase 6 (Cdk6) is also known to be significantly upregulated
in glioma cells, and its elevated expression correlates with the
grades of glioma malignancy and glioma resistance to
chemotherapy (Lu et al., 2018). While expression of both hif-1
and cdk6 increased in both LGG and GBM, we found them to
have decreased in at least one stage of brain regeneration. A recent
study showed that overexpression of Annexin A2 (Anxa2)
increased the expression of Glypican 1 (Gpc1) via c-Myc,
creating a positive feedback loop that enhances proliferation of
glioma cells (Li et al., 2021). Anxa2 expression increased during
early regeneration and GBM. Interestingly, while being
upregulated in GBM, gpc1 expression was strongly
downregulated at 1 dpl, proposing that the feedback loop
activated by Gpc1 in cancer cannot be activated during
regeneration. Altogether, these findings strongly suggest that
while early brain regeneration is more similar to brain cancer
than late regeneration, it also diverges from cancer due to
important differences with regard to opposite regulation of key
genes related to cancer progression and activation of signaling
mechanisms that prevent carcinogenesis.

Glioblastoma stem-like cells (GSCs) are a highly tumorigenic cell
group in GBMs and mediate cancer progression, resistance to
traditional treatment and recurrence of glioma (Hemmati et al.,
2003; Singh et al., 2004; Bao et al., 2006; Gilbert and Ross, 2009; Zhou
et al., 2009; Chen et al., 2012). The sustainability of GSCs and
progression of glioma rely on the gene that encodes for the Enhancer
of Zeste 2 Polycomb Repressive Complex 2 Subunit (EZH2) (Suvà
et al., 2009). The transcription factor Signal Transducer and
Activator of Transcription 3 (STAT3) is also a key player for
propagation and sustainability of multipotency in GSCs
(Rahaman et al., 2002; Sherry et al., 2009). EZH2-STAT3
interaction has been shown in GSCs by knockdown of EZH2
using shRNA that causes reduced expression of STAT3 by
decreasing H3K27 trimethylation (Kim et al., 2013). EZH2 is also
necessary for proliferation of progenitor cells in hippocampal and
cortical neurogenesis inmice (Pereira et al., 2010; Zhang et al., 2014).
We found that ezh2 and stat3were remarkably elevated during early
brain regeneration and LGG/GBM. This suggests that the stem cell
characteristics are maintained during early regeneration until cues
that direct differentiation are received later.

Semaphorins act as guidance cues during axonal development,
and control proliferation, migration and differentiation of
neurons during nervous system during development as well as
maintenance and function of neuronal circuitries in adult
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neurogenesis (Carulli et al., 2021). A wide spectrum of roles have
been defined for various Semaphorin molecules from
regenerative reinnervation to the control of adult neuronal
plasticity. For example, Sema3g is necessary for establishment
of neural circuit stability and cognitive functions (Tan et al.,
2019). On the other hand, glioma patients who expressed lower
levels of Sema3g showed shortened survival (Karayan-Tapon
et al., 2008). We observed a parallel pattern in our analysis
where sema3gb was upregulated at 3 dpl and 14 dpl while
being downregulated in GBM. Interestingly, a large number of
semaphorin genes were exclusively downregulated at 1 dpl and
were not altered at later stages. Several semaphorins including
Sema3a, Sema3f, Sema3g and Sema6a have been reported to exert
tumor growth-inhibiting activities while several others such as
Sema4d and Sema6d have been associated with tumor-promoting
functions in various cancer types (Law and Lee, 2012; Angelucci
et al., 2019). Thus, detailed functional analyses for individual
semaphorins are essential to compare their roles in brain
regeneration and brain cancer.

CONCLUSION AND FUTURE DIRECTIONS

In conclusion, our comparative analyses of the transcriptomes of
the regenerating zebrafish brain at three different regenerative
stages with those of two different brain cancers reveal the
common and distinctive mechanisms that operate during
regeneration and cancer of the brain. Characterization of
cellular signals that ensure timely cessation of proliferation, a
key step of regeneration, at the correct and controlled termination
of regeneration might indeed be exceptionally helpful to identify
candidate signals that can stop abnormal proliferative responses
to chronic injury or inflammation, stop tumor growth and,
perhaps, even direct tumor cells to a regeneration-like route.
At this point, the zebrafish represents an excellent model with its
organs that show high homology to those of mammals, regenerate
and can be induced to develop cancer. Future studies that
compare regeneration and cancer using their zebrafish models
will not only contribute to our understanding of differential
mechanisms of both phenomena but also open new avenues in
development of novel anti-cancer therapies. Moreover, an elegant
work has presented a comprehensive approach for the DNA
methylation-based classification of central nervous system
tumors (Capper et al., 2018). Thus, we believe that
identification of the genome-wide DNA methylation profiles of
the regenerating zebrafish brain and comparison of these cohorts
to the human brain tumor classifiers will reinforce our
understanding of regulation of brain regeneration mechanisms.
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The Onset of Whole-Body
Regeneration in Botryllus schlosseri:
Morphological and Molecular
Characterization
Lorenzo Ricci1,2, Bastien Salmon1, Caroline Olivier1, Rita Andreoni-Pham1,2,
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Colonial tunicates are the only chordates that regularly regenerate a fully functional whole
body as part of their asexual life cycle, starting from specific epithelia and/or mesenchymal
cells. In addition, in some species, whole-body regeneration (WBR) can also be triggered
by extensive injuries, which deplete most of their tissues and organs and leave behind only
small fragments of their body. In this manuscript, we characterized the onset of WBR in
Botryllus schlosseri, one colonial tunicate long used as a laboratory model. We first
analyzed the transcriptomic response to a WBR-triggering injury. Then, through
morphological characterization, in vivo observations via time-lapse, vital dyes, and cell
transplant assays, we started to reconstruct the dynamics of the cells triggering
regeneration, highlighting an interplay between mesenchymal and epithelial cells. The
dynamics described here suggest that WBR in B. schlosseri is initiated by extravascular
tissue fragments derived from the injured individuals rather than particular populations of
blood-borne cells, as has been described in closely related species. The morphological
and molecular datasets here reported provide the background for future mechanistic
studies of the WBR ontogenesis in B. schlosseri and allow to compare it with other
regenerative processes occurring in other tunicate species and possibly independently
evolved.

Keywords: tunicate, ascidian, evo devo, stem cell, wound healing, Styelidae, non embryonic development,
dedifferentiation

INTRODUCTION

Within the lifespan of a metazoan, sub-lethal damages or loss of body parts can occur frequently as a
consequence of predation, competition, pathogens infections, or simply by accident. Animals cope
with such traumatic events by developing a wide range of strategies, such as the synthesis of
protective structure, scar formation, or various degrees of regeneration (Vorontsova and Liosner,
1961; Sinigaglia et al., 2022). The most extreme examples of regeneration occur when the entire
functional body is restored from only minute fragments of the original organism, a bona fide
ontogenesis generally referred to as whole-body regeneration (WBR). WBR has been described in
many animal species belonging to different non-vertebrate taxa (Sinigaglia et al., 2022), and it is often
correlated with the capacity of such organisms to reproduce asexually, i.e., a cyclical form of body

Edited by:
Alessandro Minelli,

University of Padua, Italy

Reviewed by:
Sebastian Shimeld,

University of Oxford, United Kingdom
Jonathan P. Rast,

Emory University, United States

*Correspondence:
Stefano Tiozzo

stefano.tiozzo@imev-mer.fr

†These authors share last authorship

Specialty section:
This article was submitted to

Evolutionary Developmental Biology,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 26 December 2021
Accepted: 19 January 2022

Published: 14 February 2022

Citation:
Ricci L, Salmon B, Olivier C,

Andreoni-Pham R, Chaurasia A, Alié A
and Tiozzo S (2022) The Onset of

Whole-Body Regeneration in Botryllus
schlosseri: Morphological and

Molecular Characterization.
Front. Cell Dev. Biol. 10:843775.
doi: 10.3389/fcell.2022.843775

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 8437751

ORIGINAL RESEARCH
published: 14 February 2022

doi: 10.3389/fcell.2022.843775

130

http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.843775&domain=pdf&date_stamp=2022-02-14
https://www.frontiersin.org/articles/10.3389/fcell.2022.843775/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.843775/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.843775/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.843775/full
http://creativecommons.org/licenses/by/4.0/
mailto:stefano.tiozzo@imev-mer.fr
https://doi.org/10.3389/fcell.2022.843775
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.843775


regeneration that suggests possible co-options of cellular and
molecular mechanisms between the injury-triggered and the
physiological WBRs (Martinez et al., 2005; Sánchez Alvarado
and Yamanaka, 2014; Sinigaglia et al., 2022).

Colonial species of tunicates, the sister group of vertebrates,
acquired the capacity to undergo WBR as part of their asexual
life-cycle and also as a response to extreme injury, they are
therefore promising models to compare these two forms of
non-embryonic development, study their mechanisms and
infer their evolution (Alié et al., 2020). During tunicate
asexual reproduction, adult individuals called zooids
regenerate cyclically the entire body through a non-embryonic
developmental process generally called propagative budding
(Nakauchi, 1982), ultimately leading to the formation of
colonies of genetically identical individuals. The way the
propagative budding processes unfold differs from one species
to another, starting from different and often non-homologous
cells and tissues, but often converging into a common stage of
two concentric hollow vesicles, each of them formed of a
monolayer epithelium, reviewed in Alié et al., 2020. From this
phylotypic asexual stage of double-vesicle, the process of
organogenesis begins, eventually leading to a bauplan that is
shared by the whole subphylum (Alié et al., 2020). In many
tunicates, the capacity of WBR is not only a characteristic of their
life-cycle, but it can also be triggered in response to extensive
injury (Tiozzo et al., 2008a), in which case the WBR process is
referred to as survival budding (Nakauchi, 1982).

Both propagative and survival buddings have been studied
mainly in the subfamily of Botryllinae (Brunetti, 2009)
(Supplementary Figure S1), a widespread group of colonial
tunicates composed of small zooids (<0.5 cm) embedded in a
common soft extracellular matrix, the tunic, and connected by an
extracorporeal network of the epidermal derived vessels (Manni
et al., 2007; Tiozzo et al., 2008c). Throughout the vasculature,
different types of mesenchymal cells, the hemocytes, circulate
through the colony propelled by zooids’ hearts and by the
peristaltic movement of ampullae, the blind tips of the
circulatory vessels (Supplementary Movie S1). Botryllids
include several species of the genera Botryllus and Botrylloides,
which undergo WBR via two modes of budding: peribranchial
budding, a form of propagative budding that arises from a
multipotent epithelium (Manni et al., 2014; Ricci et al., 2016b;
Alié et al., 2020), and vascular budding (VB) that, depending on
the species, can be propagative or triggered by injury (Oka and
Watanabe, 1957; Oka and Watanabe, 1959; Milkman, 1967;
Satoh, 1994) (Supplementary Figure S1). For instance, in
Botryllus primigenus VB occurs routinely in a propagative
fashion, while in other botryllids, such as Botrylloides violaceus
(Brown et al., 2009) and Botrylloides leachi (Rinkevich et al.,
2007), VB occurs upon the exogenous removal of the existing
zooids. It has then been suggested that the source of cells forming
both propagative and survival vascular buds is a population of
hemocytes that aggregate in the vascular network. Recently,
Kassmer and collaborators (Kassmer et al., 2020) identified a
population of Integrin-alpha-6-positive (Ia6+) hemocytes as
candidate stem cells responsible for induced VB in the species
Botrylloides diegensis. Ia6+ hemocytes, which constantly divide in

healthy colonies, also express genes associated with pluripotency.
The latter findings strongly suggest that the presence of
permanent population/s of circulating stem cells may be at the
bases of WBR via vascular budding in botryllid tunicates.

The species Botryllus schlosseri has been widely used in the last
several decades as a laboratory model for developmental biology,
immunology, and regenerative biology (Manni et al., 2007; Kürn
et al., 2011; Voskoboynik and Weissman, 2014; Gasparini et al.,
2015; Munday et al., 2015; Kassmer et al., 2016; Manni et al.,
2019). In B. schlosseri, VB occurs purely in response to injury, and
it can be triggered in laboratory conditions by depleting the
colony of the adult zooids and their peribranchial buds via
microsurgery (Milkman, 1967; Sabbadin et al., 1975;
Supplementary Figures S2A–S2B). While asexual propagation
through peribranchial budding has been increasingly
characterized these past years (Tiozzo et al., 2005; Manni
et al., 2014; Di Maio et al., 2015; Ricci et al., 2016a; Ricci
et al., 2016b; Pruenster et al., 2018; Prünster et al., 2019), only
a few studies have addressed VB in this species (Milkman, 1967;
Sabbadin et al., 1975; Voskoboynik et al., 2007; Ricci et al., 2016a;
Nourizadeh et al., 2021). The cell populations and the tissues
involved in the onset of B. schlosseri VB are still not well defined,
and the morphogenetic events that lead to the regeneration of a
functional adult zooid are poorly described. In this manuscript,
we follow the dynamic of WBR upon injury in the laboratory
model Botryllus schlosseri. We focus on the early stages of the
process and characterize the transcriptome profile of the initial
response of the whole colony to extensive injury; we describe the
cytological and histological structures at the onset of the
presumptive vascular bud and test the contribution of
mesenchymal cells and vascular epithelia. The correlated
observations suggest that WBR is initiated by extravascular
tissue fragments derived from the injured zooids or buds,
rather than a particular population of hemocytes as occurring
in other closely related species.

MATERIALS AND METHODS

Animal Culturing and Surgical Procedure
Colonies of Botryllus schlosseri were raised on glass slides in a
marine-culture system as described previously (Langenbacher
et al., 2015). Colonies used for WBR induction experiments
were transferred to an 18°C incubator in small containers
(<1 L) in a closed system with filtered seawater (FSW) and
bubblers, with a day/night cycle of 10 h/14 h and no feeding.
The water was completely replaced every 2 days. Colonies of B.
schlosseri at stage D (Lauzon et al., 2002) were dissected with
microsurgery tools and syringe needles (30G, Terumo, SG2-3013)
under a stereomicroscope. After the removal of all zooids and
peribranchial buds, animals were cleaned and allowed to
regenerate in FSW. Water was replaced every 2 days and
vascular bud detection was performed by daily observations
under a stereomicroscope allowing a 120X magnification. For
fluorescent in situ hybridization (FISH) experiments, dissected
colonies were fragmented into small pieces before fixation to
facilitate the penetration of solutions (Prünster et al., 2019).
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Video Acquisition and Processing
Regenerating colonies were placed in a room at 18°C in a petri
dish filled with 150 ml of FSW. Photographs for time-lapse videos
were taken every 5 min for up to 8 days post-injury using a Canon
EOS 6D Mark II equipped with a 100 mm macro objective.
Videos were assembled using Avidemux 2.7.8 (http://www/
avidemux.org). The digital magnification of Supplementary
Movies S3–9 were focused on the area of the colony where
WBRs occurred or were expected.

Immunohistochemistry
Whole B. schlosseri systems and regenerating colonies were
anesthetized in natural seawater and MS222 0,3% (Sigma-
Aldrich, #E10505-25G) and processed as previously described
(Ricci et al., 2016a). Nuclei were counterstained by incubation at
room temperature with 1 μg/ml Hoechst 33342 in PBS for 2h,
then mounted in glycerol after quick washes in PBS. Confocal
images were acquired with a Leica TCS SP5, SP8, or Stellaris
microscope. Primary antibodies include: polyclonal, mouse anti-
integrin-alpha 6 (DSHB, P2C62C4) diluted 1:10 in PBS;
polyclonal, rabbit anti-phospho Histone H3 (Ser10), (Merk
Millipore #06-570) diluted 1:1,000 in PBS; monoclonal, mouse
anti acetylated tubulin (Sigma-Aldrich #T6793), diluted 1:1,000
in PBS; monoclonal, mouse anti tyrosinated tubulin, (Sigma-
Aldrich #T90028), 1:1,000; monoclonal, mouse anti-gamma
tubulin (Sigma-Aldrich, # T6557) 1:500; polyclonal rabbit anti-
PKCξ C-20 (Santa-Cruz Biotechnology inc., #sc-216) 1:1,000;
anti-phospho-tyrosine, 4G10® Platinum, (Merck Millipore, #05-
1,050X) 1:500.

Transmission Electron Microscopy
Samples for ultra-thin sectioning were fixed with a 3% solution of
glutaraldehyde in sodium cacodylate buffer (pH 7.3), post-fixed
with osmium tetroxide (OsO4) 1% in cacodylate buffer,
dehydrated using acetone, and embedded in epoxy resin. An
UltracutE Reichert ultramicrotome was used for the ultra-thin
sections (60–80 nm), which were contrasted with uranyl acetate
and lead citrate and observed under a transmission electron
microscope TEM JEM 1400 JEOL coupled with a MORADA
SIS camera (Olympus).

Whole-Mount in situ Hybridization
Antisense mRNA probes were designed within the coding region
of each gene (Supplementary Figure S3) FISH was carried out as
previously described (Ricci et al., 2016a). DIG-probe detection
was performed with bench-made FITC-Tyramide and TRITC-
Tyramide by 3 h incubation.

In vivo Cells and Tissue Labeling and
Imaging
Colonies were grown in Willco-dishes (Willco-Dish®, 50 × 7 ×
0.17 mm). Once reached stage D (Lauzon et al., 2002) the colonies
were injected with 1–2 µl per system of lipophilic dye FM® 4-64
Dye, (Life Technologies, #T-13320), diluted 1: 100 in PBS and
with BSA Alexa Fluor® 488 conjugate, (Life Technologies,
#A13100) at a concentration of 1 mg/ml, according to

published parameters (Braden et al., 2014). Following
injection, colonies were left to recover 3 hrs in FSW, then
dissected to induce WBR, and left to regenerate in FSW. After
vascular bud detection, the colony was observed with a confocal
Leica TCS SP5 microscope vesicle.

Fusion-Chimera Assay and Genotyping Via
Microsatellite
To trigger fusion, two isogenic and histocompatible colonies were
selected from the clones present in the marine culture of LBDV
(e.g., clone CB and DA) and sub-cloned side-by-side in the same
glass slide. The colonies were allowed to grow until they fuse.
Following fusion, hemocytes cells from both genotypes were
immediately mixed in the plasma and circulated freely in the
whole vascular system of the chimera. Around 48 h after fusion,
the couple of colonies were separated, and, as soon as they
reached stage D, WBR was induced as previously described
(Supplementary Figure S2C). For micro-satellite sequencing,
after fusion of allogeneic colonies, clear landmarks were
established to delineate the vascular system of each colony by
scratching the glass slide with a diamond pen and taking
photographs of the colony prior and daily after fusion.
Dissected colonies were left to regenerate until they produced
a vascular bud that underwent organogenesis. Large vascular
buds were dissected with microsurgery tools and syringe needles
(30G, Terumo, SG2-3013) under a stereomicroscope. Stomach
epithelium was isolated with thin forceps and repetitively washed
in clean FSW to avoid blood cell contamination. Then, genomic
DNA was extracted from the stomach tissue, using the
NucleoSpin® Tissue XS kit for genomic DNA (Mascherey-
Nagel, #740901.50) and eluted in 10 µl of elution buffer.
Following elution, samples were stored at −20°C. Tissues from
both fused colonies were collected separately before fusion and
their genomic DNA was collected with the same procedure as
used for vascular buds. Couples of forward and reverse primers
complementary to a Botryllus non-coding genomic locus
designed to amplify microsatellites sequences BS1 and PB49
were used (Stoner and Weissman, 1996; Ben-Shlomo et al.,
2008). For each microsatellite locus, a 5′ tag made of a
universal oligo was added to the forward primer. The
sequence of this universal primer was used to design another
forward primer, with a 6-FAM™ fluorescent tag at its 5′ end (Life
Technologies). Three primers PCR amplification were performed
using the Qiagen Multiplex PCR kit (206143) in a final volume of
20 μl, at the concentration of 0.01 µM of forward primer and
0.2 µM of each reverse and 6-FAM forward primer. 1 µl of gDNA
was added to the reaction as a template. The cycling program was
as follows: denaturation, 95°C, 15 min; amplification,(94°C, 30 s;
60°C, 90 s; 72°C, 60 s)x40; 60°C, 30 min for the BS1 locus. For the
PB49 locus, the program was modified as follows: denaturation,
95°C, 15 min; amplification, (94°C, 30 s; 65°C, 1 min; 72°C, 1 min)
x3 then (94°C, 30 s; 63°C, 1 min; 72°C, 1 min)x17 and (94°C, 30 s;
57°C, 1 min; 72°C, 1 min)x20; 60°C, 30 min. The success of the
PCR was validated by electrophoresis on a 1.7%, agarose gel
before genotyping. Genotyping was performed by the Plateforme
Génome Transcriptome de Bordeaux, Site de Pierroton—INRA.
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Three primers PCR products were diluted in formamide to avoid
excessive fluorescence, with a dilution factor of 50 or 100,
according to the sample. They were subsequently analyzed
with an ABI3730 analyzer, in parallel with LIZ-600 and LIZ-
1200 size standards. Fragments sizes were then analyzed with the
Peak Scanner™ Software v2.0 (Applied Biosystems).

RNA Extraction and Transcriptome
Sequencing and Differential Expression
Analyses
An isogenic strain of Botryllus schlosseri was tested for its ability
to regenerate and produce vascular buds in an average time of
2–3 days. Twelve subclones of comparable size from this strain
were separated with a razor blade and allowed to grow separately
on individual glass slides. When colonies reached stage D
(Lauzon et al., 2002), they were dissected with microsurgery
tools and syringe needles (30G, Terumo, SG2-3013) under a
stereomicroscope. After removal of all zooids and buds, animals
were cleaned and either conditioned for further RNA extraction
or allowed to regenerate in Filtered seawater (FSW) in small
containers (<1 L) placed in an incubator at 19°C. When allowed
to regenerate, colonies were left 6, 18, or 24 h post-injury (hpi) in
FSW before preparing for RNA extraction. The regenerating
colony was detached from the glass slide with a razor blade
and then transferred to a tube and flash frozen before storage at

−80°C and later RNA extraction. For each time point, three
replicates were made, bringing the total number of samples to
twelve (Figure 1A).

Extraction of total RNA was performed the same day in a
single round, for the twelve samples, using the NucleoSpin® RNA
XS Mascherey-Nagel kit (#740902.50). First, 500 μl of lysis buffer
from the kit was added to the 1.5 ml tubes containing the samples.
The latter was subsequently ground manually in the tube, using a
plastic, RNAse free micropestle. All further steps were performed
according to the user manual section for RNA extraction from
animal tissue. For each sample, total RNA was eluted in 12 µm of
nuclease-free water and stored at −80°C until sequencing.

Library preparation and sequencing were performed at the
USC Epigenomic Center (Los Angeles, CA, United States)
according to the Illumina HiSeq 2500 protocol. Approximately
70 M PE reads were sequenced for each of the twelve samples.

Transcriptome assembly and differential expression analysis
were performed as follows. Step 1: removing of contaminating
ribosomal RNA using SortmeRNA v2.1 (Kopylova et al., 2012);
Step 2: cleaning, clipping, and filtering reads using Trimmomatic
v0.30 (Bolger et al., 2014); Step 3: transcriptome assembly from
the remaining reads, using Trinity v2.11.0 (Grabherr et al., 2011)
with default parameters; Step 4: Recover the best ORF per contig
using TransDecoder v5.5.0, using a minimum protein length of
90 amino-acids (-m parameter); Step 5: Reduce spurious
redundancy by collapsing similar transcripts using cd-hit-est

FIGURE 1 | Transcriptomic profile of early steps of WBR in B. schlosseri. (A) Scheme showing the experiment design for transcriptome characterization of early
WBR steps inB. schlosseri. In addition to the harvested colonies, additional clones were allowed to regenerate for 65 hpi to certify theWBR ability of the clone. (B)Graph
showing the number of contigs differentially expressed between each condition. (C) The eleven clusters of expression profile and the number of contigs in each cluster
(D) Chosen examples of functional categories statistically enriched across the eleven clusters, extracted from Supplementary Table S1. GO-CC, Gene
Ontology—Cell Compartment; GO-BP, Gene Ontology—Biological Process; GO-MF, Gene Ontology—Molecular Function.
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v4.6 with default parameters (Fu et al., 2012); Step 6: Mapping the
sequencing reads on the obtained transcriptome using Kallisto
v0.43.1 using default parameters (Bray et al., 2016); Step 7:
Identifying Differentially Expressed Genes using DeSeq2 (Love
et al., 2014) through the iDEP v0.93 platform, following a
between-sample normalization of expression values given by
Kallisto to ensure a homogeneous distribution of expression
data across samples (see Supplementary Table S1).

Genes being differentially expressed between at least two
conditions (e-value < 0.05 and Fold-change >1) have been
clustered by expression profile using Clust v1.12.0 (Abu-
Jamous and Kelly, 2018) using raw ESTs (Kallisto output) as
input data. Then contigs were named after their best tblastn hit
against the human uniProt_proteome_UP000005640. Functional
enrichment for each cluster was investigated using DAVID
Bioinformatics Resources 6.8, using the whole transcriptome
(from Step 5 above) as a reference dataset.

RESULTS

Wound Healing Response and Vascular
Remodeling Precede Injury Activated
Whole-Body Regeneration
To describe the transcriptomic response to extensive colony
injury, colonies of Botryllus schlosseri were allowed to
regenerate for 0, 6, 18 and 24 h post-injury (hpi) respectively
(see Material and Methods, Figure 1A). Approximately 147
million reads were cleaned and assembled into 157,306 contigs
(N50 = 707 nuc.) from which 32,561 open reading frames were
retained for downstream analyses (Supplementary Data S1).
Gene expression level across the four time-points was
measured by mapping reads to the 32,561 contigs, leading to
the identification of 6,007 contigs having a differential expression
(adjusted p-value < 0.05 and Log2 Fold-change > 1) between at
least two conditions (Supplementary Table S1; Figure 1B). Most
of the variation in gene expression arises between 0, 6 and 18/
24 hpi, while 18 hpi and 24 hpi have similar molecular profiles
(Figure 1B). The 6,007 contigs were grouped into eleven clusters
based on their expression profiles (Figure 1C). Clusters 0, 1 and
10 correspond to a general increase in expression upon surgery;
clusters 5, 6, and 7 to a general decrease, while the other clusters
show more complex profiles (Figure 1C). Taken together these
results show a drastic transcriptomic response to injury in the first
18 h of WBR in Botryllus.

Functional enrichment of the retrieved clusters
(Supplementary Table S1; Figure 1D) reflects the active role
played by the circulatory system in injury response and WBR
initiation, in line with the important vascular remodeling
observed after zooid ablation (Supplementary Movie S2).
Indeed, seven clusters are enriched in genes of the
complement and coagulation cascade (Figure 1D), a
mammalian proteolytic cascade in blood plasma acting as a
defense mechanism against pathogens. More specifically,
clusters 0, 1, 2 and 10 comprise orthologues of the
complement components C3/C5—the core proteins of the

complement cascade - as well as transcripts similar to MASP
and Ficolins that activate the complement through the lectin
pathway (Supplementary Table S1; Supplementary Figure S4,
Supplementary Data S2). Clusters 5, 6 and 7 contain genes
involved in coagulation (e.g., orthologue or Coagulation factor
XIII B chain) and platelet activation (e.g., selectin-like genes). The
enrichment of Fibrinogen (FBG) domain-containing genes
(clusters 0, 1, 10) and of ECM components (all clusters)
(Figure 1D) suggests a link between blood clotting and
vascular remodeling by modulation of the physical interactions
between vascular epithelium and extracellular matrix. Putative
regulators of angiogenesis (the formation of new vessels from pre-
existing ones) are numerous in clusters 0 and/or 1
(Supplementary Table S1), including transcripts similar to
tenascins and angiopoietins, as well as orthologues of the
Angiopoietin receptor (TIE1/2) and the transcription factors
ETS1 and Sox7/17/18 (Supplementary Data S2). In mammals,
ETS-1 controls endothelial cell migration and invasion (Iwasaka
et al., 1996), while Sox17 promotes angiogenesis and endothelium
regeneration (Liu et al., 2019). Finally, Botryllus schlosseri Gata-b,
the orthologue of Gata1/2/3 that we previously found expressed
in vascular buds (Ricci et al., 2016a), also belongs to cluster 0. In
mammals, Gata-2 is central to maintaining endothelial cell
identity (Kanki et al., 2011).

Functional enrichment analysis also revealed an expression
increase of the NF-kappa B signaling pathway, involved in
mammalian immunity and cell survival (Oeckinghaus et al.,
2011), as well as a drop in the expression of translation-
related genes, especially of ribosomal protein-coding genes
(Supplementary Table S1). The biological significance of the
latter is still unclear, but it may be linked to the translational
response to stress (Advani and Ivanov, 2019).

Whole-Body Regeneration Origins From
Extravascular Tissues That Migrate Into the
Vasculature
To track the origin of WBR, we filmed with a high-resolution
camera the entire colonies of B. schlosseri upon microsurgery (n =
9 colonies) and allowed them to regenerate until the
morphogenesis of new zooids. The analyses of the digitally
magnified areas of budding showed that, in the tunic near the
dissection area, relatively small (50–70 µm) fragments of tissues
start to move towards the vasculature, get surrounded by the
latter, and eventually develop into a new zooid (white circles in
Supplementary Movies S3–5). Such tissue fragments are not
present in the tunic of undissected colonies suggesting that they
may be debris of zooids or peribranchial buds, left behind after
dissection. To better understand the dynamic of WBR, we
followed in vivo the migrating tissues within the tunic until
they got in contact with the vasculature. Then, we fixed and
examined the details of the tissue interactions (Figure 2). From
the observation of n = 11 putativeWBR onsets from four different
colonies, we detected the presence inside the tunic of double
monolayered vesicles approaching (Figures 2A–E’’;
Supplementary Movie S6) and fusing to (Figures 2F–Q’’;
Supplementary Movies S7–8) the vasculature. We also
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FIGURE 2 | Dynamic of the migration of extravascular tissues into the vascular network. (A–C) Screenshots from Supplementary Movie S6 show tissue left-over
getting in close contact to the vasculature from (A) 0 h post-injury (hpi) to (B) 10 hpi and (C) 22 hpi. (D–E’’)Microscopic view of the areas squared in (C). (D) Transmitted
light with DIC filter, the double monolayer vesicle can be seen in the tunic. (E) Hoechst staining. (E9) Acetylated tubulin counter-staining. (E’’) Composite. (F–I)
Screenshots from SupplementaryMovie S7 showing tissue left-over fusing with the vasculature at the double vesicle stage, from (F) 0 hpi to (G) 5 hpi, (H) 10 hpi,
and (I) 22 hpi. (J–K’’)Microscopic view of the areas squared in (I). (J) Transmitted light with DIC filter, the double monolayer vesicle can be seen in the tunic. (K)Hoechst
staining. (K-9) Acetylated tubulin counter-staining. (K’’) Composite, the insert is a magnification of the region of fusion. (L–O) Screenshots from Supplementary Movie

(Continued )
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reported more complex epithelial structures already fused to the
vasculature (n = 1) (Figures 2R-U’’’, Supplementary Movie S9).
The presence of such intravascular structures has never been
observed in undissected colonies during their asexual growth
(data not shown).

The localization of potential sites of vascular budding was also
monitored a posteriori, i.e. by direct detection of clusters of cells
in dissected colonies without the tracking via the corresponding

movie. By screening different genotypes the first visible signs of
putativeWBR (n = 41 different colonies) were detected between 2
and 5 days after surgery (Supplementary Table S2). Also in these
screening, we observed different scenarios: the WBR onset was
often positioned on the side of the colony facing the surgery
(internal side of the system), either in a protrusion of the
peripheral vessel (Supplementary Figure 5A) or inside an
ampullae (in 40 of the 41 colonies) (Supplementary Figure

FIGURE 2 | S8 showing tissue left-over fusing with the vasculature at the double vesicle stage, from (L) 0 hpi to (M) 7 hpi, (N) 20 hpi, and (O) 40 hpi. (J–K’’)Microscopic
view of the areas squared in (O). (P) Transmitted light, the double monolayer vesicle can be seen engulfed by the vasculature. (Q) Hoechst staining. (Q9) Acetylated
tubulin counter-staining. (Q’’) Composite. (R–T) Screenshots from Supplementary Movie S9 showing tissue left-over fusing with the vasculature from (R) 0 hpi to (S)
19 hpi and (T) 22 hpi. (U–U’’)Microscopic view of the areas squared in (T). (U) Hoechst staining. (U9) Acetylated tubulin counter-staining. (U’’’)Orthogonal projections
of the confocal stack show the histological continuity between the bud epithelium and the vascular wall. White arrowheads: tissue left-over, red arrowheads: ampullae
fusing with the bud, yellow arrowheads: fusion between bud and vascular epithelium, asterisk: neighboring ampulla.

FIGURE 3 | Morphology of small (<40 μ) intravascular cell clusters. (A–G) Confocal images of intravascular cell clusters observed 72 h post-surgery. The white
dotted line points out the epithelia of the vasculature, while the yellow dotted lines highlighted the intravascular cell clusters. Cell nuclei are stained with Hoescht (blue); in
(A,B,E) anti-tyrosinated tubulin (green) outlines the cell bodies; in (C,D,F,G) anti-PKCξ (red) shows the apicobasal cell polarity and anti-gamma tubulin (green) suggest
the presence of cilia. Iv, inner vesicle, lu, lumen. Scale bar 10 μ. (H–K) TEM imaging shows the ultra-structure of the vascular epithelium and the intravascular cell
clusters. (H)Overview of an intravascular vesicle lining on the vessel wall; scale bar 20 μ. (I) detail of the epithelial cells of the vascular bud, showingmonociliated cells (I,
scale bar: 1 μ) and tight junction (J, scale bar: 1 μ) on the apical side (directed towards the bud lumen). (K) Detail of the intracellular cluster and the vessel epithelia.
Note the thickening of the basal laminas between vessel epithelial cells and vascular bud cells (arrowheads), scale bar: 1 μ. Blu, bud lumen; Vlu, vessel lumen; Ci,
cilia; Be, bud epithelium; TJ, tight-junction.
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S5B). In some cases, up to a dozen of hollow vesicles were
observed in a single regenerating colony (Supplementary
Figure S5C) with several of them being present in the same
ampulla or vessel outgrowth (Supplementary Figures S5D–E).
The presence of more complex epithelial structures was also
detected (Supplementary Figure 5F).

Reconstruction of the Early Ontogenesis of
the Intravascular Bud Onset
To better describe the morphology of the onset of WBR upon
injury, as well as to infer the ontogeny of the process, we further
described over a hundred (n = 109) proliferating intravascular cell
clusters detected within the first 3 days after microsurgery. We
coupled previously reported observations (Ricci et al., 2016a) with
a higher number of observations and more accurate anatomical
descriptions and attempted to assess the dynamics of the vascular
bud development. The simplest intravascular structure detected
upon microsurgery, and absent in undissected colonies, is a
cluster of cells tightly associated with the vascular
endothelium. These clusters of between 3 and 8 cells (n = 9,
size ranging from 12 to 19 μm, average size = 16.1 +/−2.5 µm,
Figures 3A,B) were found close to the vascular epithelium and
proliferated (Figure 3B). Immunostaining revealed in the cells of
such cluster a consistent localization of gamma-tubulin and
PKCξ, suggesting that cells within the cluster have an
apicobasal polarity (Parker et al., 2013) (Figures 3C,D). The
size and the number of cells drew us to consider this intravascular

structure a putative initial stage of WBR via vascular budding.
The detection, very close to the vascular epithelia, of bigger
spherical cell clusters (from 6 to 20 cells, n = 28; size ranging
from 12 to 28 μm, average size = 16.8 +/− 4.3 µm) without a
visible lumen, suggest a possible successive stage (Figures 3E,F).
In larger vascular buds (n = 16; size ranging from 23 to 37 μm,
average size = 29.6 +/− 4.3 µm), a lumen was detected in the
center of the vesicle. These buds consisted of a spherical, hollow,
monolayered epithelium. The apical localization of PKCξ, and the
presence of cilia in the vascular bud cells, showed an
epithelialization and cell polarization in the vascular buds
(Figures 3G,H). The cells of the bud are monociliated, with
their apical side facing the bud lumen and associated with tight
junctions (Figures 3I,J), and the basal side facing the vessel
lumen (Figure 3K). Mesenchymal cells, i.e., hemocytes, are
detectable inside the vesicle.

Polarization of the whole vesicle could be observed in the
majority of vascular buds of slightly bigger size (n= 37, size
ranging from 23 to 55 μm, average size = 41.2 +/− 7.4 µm)
(Figures 4A–C). In these buds, the side of the bud epithelium in
close contact with the vascular endothelium (proximal side)
exhibited big, cuboidal cells, with nuclei positioned on the side
of the basal membrane. On the opposite side of the bud (distal
side), facing the vessel lumen, cells appeared flattened, slightly
bigger than their nuclei (Figures 4A–C). We also detected a
polarized expression of Wnt2 (Figure 4D), which is also a
marker of polarization in the peribranchial bud (Di Maio et al.,
2015).

FIGURE 4 |Morphology of intravascular double vesicles.1 (A) The putative vascular bud grows in the protrusion of an ampulla and (B) it closely interacts with the
vascular epithelia, the cells in contact with the vascular epithelia are thicker than the most distal cells. Cell shape is labeled with anti-tyrosinated tubulin (green) and
proliferating cells are labeled with anti phospho HH3 (red). (C) Anti-PKCξ (red) shows the apicobasal cell polarity and anti-gamma tubulin (green) shows the presence of
cilia. (D) The polarization of the intravascular vesicle is also highlighted by the transient localization of Wnt2 (green). (E–F) Bigger vesicle within the lumen
mesenchymal cells, anti-tyrosinated tubulin (green), anti-pan-tyrosine kinase (red). (G)Details of a mesenchymal cell interacting with the epithelia of the vesicle. Cell nuclei
are counterstained with Hoescht (blue). Amp, ampullae; ves, vessel; lu, lumen; iv, inner vesicle; ci, cilia. Scale bar, 10 μ.
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Vesicles with even bigger size, yet without clear polarization
were also found (n= 19; size ranging from 45 to 91 μm, average
size = 62.6 +/− 13.5 µm) (Figure 4E). In these latter structures,
mesenchymal cells are recurrently present inside the lumen.
The position of some mesenchymal cells and their surface
activity suggest a dynamic interaction with the vesicle
(Figures 4G,H).

Inconstant Morphogenesis Following the
Double-Vesicle Stage
After the recurrent scenarios described above, larger vascular
buds detected over 3 days post dissections exhibited
epithelial folds and compartmentalization of inner cavities,
similarly to morphogenesis of peribranchial buds (Manni
et al., 2014), although with a greater diversity of
configurations of shapes, as suggested by Voskoboynik
et al. (2007). While growing, the epithelium of the
vascular buds takes the shape of the surrounding vessels
and ampullae, resulting in buds distributed in different
vascular compartments with completely aberrant forms
when compared to blastogenic buds of the same size,
including double-axis, situs inversus, or hyperplasias
(Supplementary Figure S6).

Epithelia of the Vessels do not Contribute to
the Vascular Budding Early Ontogenesis
To test the possible contribution of the vascular epithelia to the
bud onset we took advantage of previous studies that showed the
affinity of B. schlosseri vascular epithelia for BSA (Braden et al.,
2014; Rodriguez et al., 2017; Rodriguez et al., 2018). First, to
confirm the specificity of BSA to epithelial versus mesenchymal
cells, uninjured colonies were injected with fluorescent-
conjugated BSA and counterstained with Hoechst (nuclei) and
FRM4-64 (cell walls). Within the first 48h, the presence of BSA is
almost exclusively detected in vacuoles inside epithelial cells
(98.62% ± 2.38, n= 10, (Supplementary Figure S7). After
triggering WBR in 12 colonies, 40 VB onsets have been
examined at different stages. In none of the vesicles the BSA
signal has been detected (Figure 5). In 12 cases, BSA was detected
in a cell that bridges the epithelial of the vessel with the inner
vesicle (Supplementary Figure S8).

In Chimeric Colonies, Regenerating Zooids
Preserve the Genotype of the Surrounding
Tissues
To assess whether VB onset is originating from circulating
mesenchymal cells, an approach based on allorecognition and

FIGURE 5 | In vivo labeling of vasculature epithelium and intravascular vesicles with BSA and FMR4-64 Confocal images of vascular buds after injection of BSA and
FM4-64. Green: BSA Alexa Fluor 488 conjugate; red: FM4-64. (A–A’’) Confocal images of a spherical-shaped cluster of cells detected within 3 days after microsurgery.
The vasculature is labeled with FITC-conjugated BSA (green). (B–B ’’) Confocal images of a polarized vesicle detected within 3 days after microsurgery. The vasculature
is labeled with FITC-conjugated BSA (green), the cell membranes are labeled with FM4-64 (red). Scale bar= 10 μ.
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chimerism abilities of Botryllus schlosseri has been used
(McKitrick and De Tomaso, 2010) (See Materials. and
Methods). When two individual B. schlosseri colonies come
into close contact, the ampullae reach out from each
individual and come into contact. If the two colonies are
histocompatible, the ampullae will fuse and form a single
chimeric colony with a common vasculature. Yet, only
hemocytes move from one original colony to the other, while
the epithelia of vasculature remain separated (Braden et al., 2014;
Taketa and De Tomaso, 2015).

After fusion, WBR was induced by depleting zooids and buds
from the entire chimeric colony, and the regenerating zooids

developed in separate regions of the vasculature. A total of 36
fusion experiments were performed and 7 of them produced
vascular buds. Once they transformed into adult zooids, the
gDNA was extracted from their stomachs. Then their
genotype was assessed by analyzing four microsatellite loci and
compared to the genotypes of the parental colonies
(Supplementary Figures S2C, S9, S10). For the microsatellite
BS811, we found alleles clearly different between the parental
colonies (size 249 bp for colony A and 229 bp for colony B), and
in six out of seven cases, the alleles amplified in the vascular buds
corresponded to the genotype of the colony in which they originated
(Figure 6). These results suggest a local vascular origin ofWBR or a
preferential association between hemocytes and cells of the vascular
system of the same genotype. For the microsatellite PB41 and PB49,
the results showed a presence of both genotypes. Yet, prevalent
amplicon corresponded also to the genotype of the colony
harboring the vascular buds.

Hemocytes and Hemoblasts Proliferating
Activity is Stable Throughout the Vascular
Budding Onset
To provide an overview of the dynamic of cell proliferation after
the induction WBR, a time course of their mitotic activity was
measured in the early phase of regeneration. While the
distribution of mitotic cells appeared scattered through the
whole colony all along the time course, since the VB has been
detected within ampullae rather than along the vessels, the
number of mitotic cells was counted within ampullae of
identical volumes at 5 different time points upon injury. By
analyzing 89 ampullae of approximately identical volume
(1,27p106 ± 0,06p106 microns3) from 11 different colonies the
mitotic activity was detected mainly among circulating
hemocytes and it remains stable with a feeble increment at
72 h post-injury (Figure 7 A-C).

In the closely related species Botrylloides diegensis, WBR has
been reported to originate from a population of undifferentiated
hemocytes, the hemoblasts, which behave like stem cells
(Kassmer et al., 2020). Therefore, to explore the behavior of
hemoblasts during the early stages of B.schlosseri WBR we used
the putative hemoblast marker Integrin alpha 6 (Ia6) (Kassmer
et al., 2020), assay the presence of Ia6+ and analyzed their
dynamics via immunohistochemistry and in situ hybridization.
With both techniques, we detected the presence of Ia6+. Yet,
unlike what has been reported in B.diegensis, Ia6+ cells are rare
and their number is stable throughout the onset of WBR,
decreasing significatively only at 72 h post-injury (Figures 7
C–F, Supplementary Figure S11). Similar to B. diegensis, the
majority of Ia6+ cells are proliferating (Figure 7C).

DISCUSSION

Among the different taxa that acquired WBR, the interest in
tunicates regenerative abilities emerged due to their phylogenetic
position as the sister group of vertebrates, and also because their
regenerative capabilities are plastic within the sub-phylum,

FIGURE 6 | Representative chromatogram for the microsatellites
BS811. (A–C) Diagrams showing the size of the BS811 microsatellite locus
amplified by PCR. The horizontal axis indicates the size in nucleotides and the
vertical axis indicates the intensity of the fluorescence detected in the
PCR product. The size is calculated with the default settings of the Peak
Scanner software for the referenced standard size used in this experiment,
LIZ600 (blue peaks = fluorescence of PCR products; orange peaks =
standard size markers). Size of the fluorescence peak detected in the PCR
carried out with the gDNA of colonies 1 (A) and 2 (B), collected before the
fusion, and (C) with the gDNA obtained from the stomach of a vascular bud,
developed in the colony vascular system 2. The size is given in nucleotides.
The peak at less than 100 bp could indicate other alleles for the same locus,
but since the size of this microsatellite is normally between 200 and 300 bp, it
is most likely a non-specific amplification product.
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i.e., many species regenerate the whole body via asexual budding
or upon extensive injury, others have more restrained
regenerative potential (Alié et al., 2020; Nydam et al., 2021).
Tunicates of the group of Botryllinae and in particular Botryllus
schlosseri have been used for several decades as experimental
laboratory models (Manni et al., 2019). The present study
discloses previously undescribed dynamics of the phenomenon
of injury triggered whole-body regeneration in B. schlosseri, and it
adds anatomical and molecular elements that serve as a basis for
further mechanistic studies in B. schlosseri as well as to compare
regenerative processes among closely related chordate species.

Transcriptomic Response to Injury
Suggests a Role of Angiogenesis and
Complement Activation in Whole-Body
Regeneration
Regardless of the extent and the nature of the lost part,
regenerative response to an injury generally begins with a
reparative event, such as wound-healing, followed by the
activation of a developmental program that starts with the
activation of precursors and eventually the unfolds of new
morphogenesis (Carlson, 2007; Tiozzo and Copley, 2015). The
overexpression of angiogenesis-related genes and ECM
components, together with the extensive vascular remodeling
observed during the first 24 h, point to an active role of the blood
vessels in Botryllus WBR. In fact, similarities in the use of

angiogenic factors between vertebrate endothelium and
Botryllus vascular cells have already been identified (Gasparini
et al., 2007; Tiozzo et al., 2008b; Braden et al., 2014; Gasparini
et al., 2014; reviewed in Rodriguez et al., 2019). In the latter,
VEGF and VEGFR regulate the active expansion of the vascular
network by sprouting angiogenesis, which is key to the expansion
of the colony and to maintain a proper connection between
zooids (Gasparini et al., 2008; Gasparini et al., 2014). In addition,
the plasticity of the vascular architecture is controlled by the
epithelial cells’ ability to synthesize the extracellular tunic
(Gasparini et al., 2007) and to regulate its stiffness (Rodriguez
et al., 2017). Finally, the ability of ampullae to actively migrate is
central in the ability of Botryllus to regenerate its vasculature and
is controlled by the expression of BsVEGFR in epithelial cells
(Tiozzo et al., 2008c). Surprisingly, we could not find the
BsVEGFR transcript in our RNAseq data. However, we found
a dynamic expression of several angiogenic factors, of putative
growth factors having EGF domains and of many components of
the ECM, opening to further functional studies about the role of
angiogenesis during WBR in Botryllus schlosseri.

Correct regeneration of lost organs in vertebrates necessitates
a finely tuned interplay between inflammatory response,
neovascularization and ECM remodeling to recruit stem/
progenitor cells to the regenerative area and to organize the
rebuilding tissues (reviewed in Mastellos et al., 2013). For
instance, beyond its role as sentinels of immunity, C3
stimulate retina regeneration in chicken and mice (Haynes

FIGURE 7 |Cell proliferation dynamics and Ia6 expression in ampullae during the first 3 days after microdissection. (A–B)Confocal z-stack showing the detail of an
ampulla: proliferating cells are stained with anti-phospho-HH3 (red), cell nuclei are counter-stained with Hoechst (blue), ampulla shape is outlined with dotted lines. (C)
Average number of pHH3+ cells per ampulla for five time-points within the first 3 days after microdissection. A significant difference has been detected only between 48 h
(T48) and 72 (T72) hours post microdissection (p = 0.025). (D–E) ampulla containing a cluster of Ia6+ cells (green) including one co-labeled with anti-phospho-HH3
(red). (F) Histogram showing the proportion of proliferation Ia6+ cells and their dynamic within the first 3 days after microdissection (p = 0.05).
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et al., 2013; Peterson et al., 2021), while in mouse complement
proteins regulate wound-healing and angiogenesis in a complex,
not fully resolved manner (reviewed in Markiewski et al., 2020).
In ascidians, C3 expression has been reported in various epithelial
cells and hemocytes of several species (Pinto et al., 2003; Raftos
et al., 2004; Giacomelli et al., 2012). In Ciona intestinalis, C3 and
its putative receptor are expressed by phagocytic amoebocytes
(Giacomelli et al., 2012) that show a chemotactic behavior toward
sources of synthetic bioactive C3a, suggesting that amoebocytes
may be recruited to inflammatory regions (Melillo et al., 2006). In
Botryllus schlosseri, C3 and components of the lectin pathway are
expressed by cytotoxic morula cells that promote phagocytosis of
non-self particles (Franchi and Ballarin, 2014; Nicola and
Loriano, 2017; Peronato et al., 2020). 2020). High level of
expression of C3 orthologue and lectin pathway components
(MASP, Ficolin) in the course of WBR in Botryllus suggests that
the immune role of this pathway is important in the early steps of
WBR. It also raises the intriguing possibility that C3 may be used
to direct the migration of cells involved in regeneration, for
instance, to orientate the vascular ampullae toward the tissue
left-over. Finally, the high expression of coagulation-related genes
immediately after injury suggests that the complement-
coagulation interplay documented in vertebrates may also take
place during BotryllusWBR to coordinate blood-clotting, defense
against pathogen and tissue restoration.

Origin of WBR in Botryllus schlosseri
The cellular origin of WBR via vascular budding in Botryllinae
has been attributed to undifferentiated hemocytes, referred to as
hemoblasts, which home to areas of the vasculature and initiate to
develop into the regenerating zooid (Rinkevich et al., 1995;
Kassmer et al., 2020). The cluster of hemocytes proliferate and
differentiate into a hollow monolayered vesicle, which grows in
size and gets enclosed by the surrounding vascular epithelia
(Brown et al., 2009; Kassmer et al., 2020). The resulting
double vesicle is comparable to the one observed during other
forms of budding across colonial tunicates, e.g. peribranchial
budding in Stolidobranchs (Manni et al., 2014; Ricci et al., 2016a).

In our previous work, Ricci et al. (2016a) suggested that in
Botryllus schlosseri the VB arises from a cluster of mesenchymal
cells circulating in the vasculature that gives rise to vesicles eventually
developing into a zooid. However, the study lacked longitudinal
analyses to backtrack the origin of the clusters, and also missed
detailed morphological descriptions to follow the ontogeny of the
process (Ricci et al., 2016a). Discordantly, a recently published work
by Nourizadeh et al. (2021) proposed that VB originates from, and
occurs only, if parts of the blastogenic buds are left behind during the
surgery, and therefore suggests an extra-vascular origin of the WBR.
Nevertheless, this study also lacked to follow the in vivo dynamics of
the process at the cellular level and therefore failed to detect any
intravascular vesicle or cell cluster (Nourizadeh et al., 2021).

Indeed, our observations suggest that in Botryllus schlosseri
vascular buds do not originate from mesenchymal cells resident
inside the vasculature but tissues hailed from outside the vasculature
and left behind during the injury. In our experimental setup, during
the microdissection procedure, the whole blastogenic buds are
removed, and so are the majority of the adult zooid tissues. Only

small residues of the anterior part of the differentiated adult zooids
(<50–70 μm) often remain attached to the tunic (Supplementary
Movies S3–S5). According to the anatomy of B. schlosseri, these
residues may contain parts of the epidermis, the epithelium of the
endostyle, the branchial and peribranchial epithelia, and portions of
the mantels with residues of muscle fibers and/or peripheral nerves
(Tiozzo et al., 2008b; Manni et al., 2014). Starting from this scenario,
we observed that within 72 h the heterogeneous tissue leftovers: a)
migrate and fuse into the vascular network and b) re-shape into
different types and numbers of monolayered vesicles (Figure 8).
First, the migration dynamics potentially involve some form of
chemotaxis, which allows the migration of the residual tissues
through the tunic and towards the vascular network, as well as
angiogenetic/vasculogenetic mechanisms that allow the active
sprouting of the tip of the vessels towards the tissue leftover.
Second, the reshaping of the tissues into vesicles that eventually
gives rise to a complex body suggests the existence of an unforeseen
level of tissue plasticity and cell potency. The possible presence in the
leftover tissues of residues of endostyle, which has been suggested to
be a somatic stem cell niche in B. schlosseri (Voskoboynik et al.,
2008), may contribute to the initiation of the WBR via vascular
budding. On the other hand, mechanisms of cell de- or
transdifferentiation, reported in the WBR in other relatively close
tunicate species (Kawamura and Fujiwara, 1995; Kawamura et al.,
2018), cannot be ruled out. Without a high-resolution method to
live-tracking the cells and tissues it was not possible to provide
information concerning the exact nature of the left behind tissues and
the mechanisms involved. Yet, the lack of a hemocyte proliferation
burst following the injury, and the scarce presence of Ia6+ circulating
cells, a marker of putative stem cells in the sister species Botrylloides
diegensis (Kassmer et al., 2020) does not hint the presence of
mesenchymal stem-cell-based mechanisms in B. schlosseri.

Morphological Convergence
The variability of both the site and the time of appearance of the first
detectable intravascular structure supports the idea that these two
variables are linked respectively to the location and the amount of
the tissue left behind upon microdissection. These inconsistencies,
which have also been recently reported by Nourizadeh et al. (2021),
together with the lack of a proper live-tracking technique do not
allow to detail the ontogenesis of the vascular bud once entered into
the vasculature. Yet, in our experiments that originally were aimed to
completely deplete all zooids and budding tissues, we consistently left
behind clusters of 50–70 μ circa. In these conditions, the first
intravascular structures were observed within a time window of
3 days (72 hpi). Except few cases which showed the presence of
complex epithelial structures probably linked to clumsy
microdissection (Figures 2U–U’’), in most of the microsurgery
experiments we detected a variety of intravascular monolayered
vesicles. These vesicles were all made of polarized cells, with the
apical side facing the lumen. They were all actively proliferating and,
when they have been left to develop, they lead to the formation of
growing vascular buds. Hence, the lack of contribution of the
vascular epithelia and circulating hemoblasts (Figures 5, 6), the
absence of these structures in undissected colonies, and the dynamics
seen in the movies strongly suggest that the cellular origin of the
vesicle is the tissue leftover derived from the dissected adult.
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The monolayered hollow vesicle, which becomes double-vesicle
once enveloped by a layer of epithelial tissue, is a phylotypic stage
common to many types of budding in tunicates (Alié et al., 2020).
We previously documented that at this stage, the regionalized
expression of germ-layers markers suggests a cell commitment
(Ricci et al., 2016a). Therefore, the regular detection of this
structure, its continuous proliferative activity, and the
commitment of its cells suggest that a morphogenetic program is
already in place. Unlike the vascular budding in otherBotryllinae, the
morphogenesis has been documented to unfold abnormally,
regaining the normal developmental patterns only after a series
of generations of blastogenic budding (Voskoboynik et al., 2007).
While further observations are needed, the abnormalities detected
seem to concern the patterning (axes and a/symmetries) rather than
the cell differentiation, as the presence of differentiated muscles and
the nervous system seems to suggest (Supplementary Figure S6).

Variation of Injury-Induced WBR Capacities
Across Botryllinae
Among tunicates, both the diversity of the cellular onsets and the
phylogenetic distribution suggests that the WBR capacity via
propagative and survival budding is a plastic trait that evolved
multiple times (Alié et al., 2018; Nydam, 2020). Mesenchymal stem
cell-driven budding like vascular budding, has been suggested as a
propagative and/or survival mode of WBR in several species of
tunicates and it has been documented in Botryllus schlosseri’s
closest related species such as Botrylloides diegensis
(Supplementary Figure S1). In the latter, as well in other
Botryllinae species, VB can be easily induced by isolating a
small portion of the extracorporeal vasculature. On the other

hand, in B. schlosseri a more structured vascular network and
the presence of extravascular tissue seems to be necessary for the
WBR to start (Sabbadin et al., 1975; Nourizadeh et al., 2021).
Therefore, even if we cannot rule out a “leftover-free” initiation of
VB, or multiple sources of budding, the data collected seems to
suggest that Botryllus schlosseri does not undergo vascular budding
as the other Botryllinae. Such phylogenetic proximity offers the
opportunity to identify at the intra-generic level the genomic basis
of developmental plasticity linked to whole-body regeneration.
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Wound healing and regeneration 
in the reef building coral 
Acropora millepora
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David J. Miller 3,4, Marcin Adamski 1* and Maja Adamska 1,2*
1 Research School of Biology, Australian National University, Canberra, ACT, Australia, 2 ARC Centre 
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Centre of Excellence for Coral Reef Studies, James Cook University, Townsville, QLD, Australia, 
4 Comparative Genomics Centre and Department of Molecular and Cell Biology, James Cook 
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Branching scleractinian corals are niche-constructing organisms, providing 

continuously-growing, structural foundation for spectacularly biodiverse 

coral reef ecosystems. A large part of their success lies in the ability to 

quickly regenerate following mechanical damage. Even now, when the corals 

undergo great decline due to anthropogenic weather and storm extremes, 

it is surprising how little is known about molecular mechanisms governing 

regeneration in these iconic organisms. In this study, we  used RNA-seq to 

identify genes involved in the regeneration of Acropora millepora, starting 

with the initial wound closure up to complete rebuilding of lost structures. 

Many of the differentially expressed genes we  found in the wound healing 

steps are homologues of genes known to be involved in wound healing and 

regeneration of bilaterian and other cnidarian species, prominently including 

multiple components of FGF and Wnt signalling pathways. Comparison 

between genes involved in wound healing and continuous growth of the 

colony demonstrates both similarity and distinctiveness of the genetic 

programmes controlling these processes. A striking example is specific 

expression of c-Fos, a transcription factor with conserved role in early injury 

response, during the earliest stages of wound healing of A. millepora. By 

comparing results obtained in diverse experimental conditions including a 

closed-loop, recirculating aquarium and a flow-through system of marine 

station, we have demonstrated feasibility of using zooxanthellate scleractinian 

corals as experimental models in fundamental biology research, including 

studies of regeneration.

KEYWORDS

coral, regeneration, wound healing, FGF signalling pathway, Wnt signalling pathway, 
Fos

Introduction

The scleractinian coral holobionts (tight unions of animal hosts, their associated 
zooxanthellae and diverse prokaryotes) have been hugely successful in shallow tropical 
marine environments, creating complex habitats for multitude of other organisms. 
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However, this success is recently under threat due to 
anthropogenic climate change, resulting not only in increased 
water temperatures causing coral bleaching-related mortality, but 
also physical destruction of the reefs by increased intensity of 
storms in addition to direct damage by dredging and boating (e.g., 
Bak, 1978; Saphier and Hoffmann, 2005; Hughes et al., 2017). 
Maintenance and recovery of coral reefs greatly depends on the 
ability of individual corals to quickly heal the injuries, covering 
the exposed skeleton and then rebuilding lost structures. Indeed, 
zooxanthellate scleractinian corals have a high regenerative 
capacity, likely related to their continuous growth. For many 
branching corals, fragmentation is an important method of 
asexual reproduction, allowing significant dispersion and rapid 
recovery after physical disturbance (reviewed by Highsmith, 1982).

Ability to regenerate from fragments appears to also be an 
important recovery strategy after bleaching. For example, Diaz-
Pulido et al. (2009) observed a bleached reef with coral cover 
reduced by 70–80% and the exposed coral skeletons overgrown by 
algae. Surprisingly, within 6 months of the event the reef had 
recovered to pre-bleaching coverage, likely as an effect of rapid 
growth from small fragments of coral tissue surviving at the bases 
of the colonies. Due to this ability, re-populating reefs with 
fragment-grown coral specimens is often considered as a strategy 
for reef restoration in face of the climate change (reviewed by 
Schmidt-Roach et al., 2020).

While several studies have addressed ecological aspects of 
coral regeneration (e.g., Sabine et  al., 2015), the molecular 
mechanisms of regeneration in reef-building corals remain 
understudied. This is in contrast to extensive studies in many 
non-skeleton building cnidarians, which because of tremendous 
regeneration potential in this phylum and the ease of cultivation 
of several species have historically served as model systems for 
regenerative biology (Holstein et al., 2003). This is particularly 
true for the freshwater polyp Hydra, which even has the capacity 
to form new individuals from small clumps of cells (reviewed by 
Vogg et al., 2019). Regeneration ability is more limited – although 
still remarkable – in the starlet sea anemone Nematostella vectensis, 
which can re-grow complete polyp from a small, aboral section of 
body (Bossert and Thomsen, 2017). Intriguingly, cellular processes 
and genes involved in regeneration of these two model species 
vary to a large extent. Hydra regeneration appears to rely mainly 
on morphallactic processes (where new structures are formed 
by  rearrangement of existing cells), while in Nematostella 
epimorphosis (where new structures are formed by cell 
proliferation) plays a larger role (Passamaneck and Martindale, 
2012; DuBuc et al., 2014; Warner et al., 2018). As in many (if not 
all) animal regeneration processes, the Wnt pathway plays a major 
role in regeneration of both models; while the involvement of the 
TGF-beta pathway has been documented only in Hydra (e.g., 
Hobmayer et al., 2000; Reinhardt et al., 2004;  Amiel et al., 2015;  
Petersen et al., 2015; Schaffer et al., 2016). A recent, candidate-
gene driven study in Tubastraea coccinea demonstrated 
upregulation of several Wnt and FGF genes during regeneration 
of this azooxanthellate scleractinian (Luz et al., 2021).

Studies of molecular mechanisms of regeneration in the reef 
forming corals are an important endeavour from both 
fundamental biology and potential conservation perspectives, but 
are surprisingly limited, possibly due to practical and technical 
difficulties. In this study, we  have sought to identify genes 
involved in regeneration of Acropora millepora using both 
laboratory and field systems. Our results reveal strong similarities 
between transcriptional signatures of the early wound healing 
phases and the leading edges of colonies spreading on the 
substrate, consistent with re-deployment of molecular machinery 
involved in normal growth of the colonies during regeneration. 
They also demonstrate involvement of the Wnt and FGF, but not 
TGF-beta pathways in coral regeneration, consistent with what 
was observed in previously studied anthozoans. Importantly, our 
results demonstrate feasibility of studying molecular and cellular 
aspects of reef building coral regeneration in inland 
laboratory conditions.

Materials and methods

Specimen collection, maintenance and 
wounding experiments

Inland laboratory experiments: Two colonies of Acropora 
millepora were obtained from Canberra Marine, collected by 
Cairns Marine (Cairns, Queensland) and placed in a closed-loop 
marine aquarium system in the Research School of Earth 
Sciences, Australian National University (ANU), Canberra. The 
main tank in the system measured 1.4 × 2.0 × 0.4 m, and was 
housing the corals, and a variety of cohabiting marine organisms 
associated with ‘live rock’ (natural aragonite framework serving 
as a habitat to a broad range or marine organisms in marine 
aquarium systems). The water movement was forced by 
circulation pumps (wave makers), and through a 1.2 × 0.6 × 0.6 m 
sump containing a protein skimmer, and physical and biological 
filters. Natural sea water in the tank was maintained at 27°C, 
8.1–8.4 pH, ~35 mg/ml salinity, 440 mg/L calcium carbonate, 
0.23–0.5 mg/L phosphate. The day/night cycling (12/12) used 
white and blue LED lights to illuminate the tank. The 
temperature fluctuated daily by approximately ±1°C (with day 
and night temperatures). Corals were fed 1/8th of a teaspoon of 
marine plankton (Reef Roids, PolypLab, United  States) 
suspended in 50 ml of aquarium water twice a week. 
Approximately 2 ml suspension was target fed to each coral 
fragment with 20 ml plastic syringe (HSW Soft-Ject™, Germany) 
after wave makers were turned off. To obtain fragments for 
experiments, the two coral colonies were cut into fragments 
4–8 cm in height, each containing two to three branches. They 
were cut using a diamond saw for the first colony and with a 
Dremel® 2001 with a 1–1/2″ EZ Lock Diamond Cut Wheel 
(Dremel®, Mexico) for the second colony. These were glued to 
plugs with Reef Glue™ (Seachem®, United States). Fragments 
were left to recover for a minimum of a week before starting 
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experiments. To create a lesion, one polyp and corallite were cut 
out from each branch using carbon steel Surgical Scalpel Blade 
No.15A (Swann-Morton®, England).

Marine station experiments: In April 2019, colonies of 
Acropora millepora were collected from locations near Orpheus 
Island, Australia (GBRMPA permit G17/39991.1). These colonies 
were transferred to flow-through unfiltered seawater tanks with 
oxygen stones and left to recover for 2 weeks before experiments 
were carried out.

In contrast to experiments carried in Canberra, the Orpheus 
Island colonies were not fragmented. Instead, to create lesions, one 
polyp and corallite per branch were cut out using carbon steel 
Surgical Scalpel Blade No.15A (Swann-Morton®, England).

Sampling

Tissues removed during initial wounding manipulation were 
discarded. To collect samples for RNA-Seq analysis, the area 
around the lesion, healed coenosarc or regenerating polyps, as well 
as matching controls were cut out following the timeline 
established during pilot observations (see Figure 1 in the Results 
section). To obtain enough tissue for extraction, three samples of 
the same regeneration stage and the same colony were pooled in 
2 ml microcentrifuge tubes containing two 3 mm tungsten carbide 
beads (to aid subsequent sample disruption, Qiagen cat#69997) 
and snap frozen in liquid nitrogen.

RNA extraction and quality analysis

Samples were ground in the TissueLyser LT (Qiagen®, 
Netherlands) at 50 Hz with a TissueLyser adapter cooled to 
−20°C. The extraction was performed using TRIzol™ Reagent 
according to manufacturer’s manual with the following changes: 
Samples in TRIzol™ and chloroform were transferred to a new 
1.5 ml microcentrifuge tube which contained 100 μl autoclaved 
vacuum grease (Dow Corning®, United States). The RNA Nano 
Chip on Agilent Bioanalyzer® 2100 was used for RNA quality and 
quantification analyses.

cDNA library preparation

cDNA libraries were prepared following the TruSeq RNA 
Library Kit v2 manual (Illumina). Approximately 76–266 ng of 
total RNA per sample was used to prepare libraries, with the 
lower bound of this range determined by the amount of RNA 
available after quality and quantification analyses were carried 
in the initial experiments (see Supplementary Table 1). After 
library preparation, a SPRIselect (Beckmann Coulter) size 
selection was done according to the user guide on Both Side Size 
Selection with a few changes: Agencourt AMPure XP Beads 
(Beckman Coulter) with ratios 0.5× and 1.2× were used. 
Libraries were analysed on Aglient 2100 Bioanalyzer and pooled 
to obtain equal molarity. Samples were then sent to the 

FIGURE 1

Experimental system. (A,B) Small branch of Acropora millepora glued to a plug, with features used for sampling indicated in the diagram. (C,D) 
Sampling strategy for regeneration stages before (C) and after (D) polyp formation. (E,F) Example images of a single polyp tracked before (E) and 
after (F) injury and until tentacles of the regenerated polyp became visible (G–I). Scale bar represents 1 mm.
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Biomolecular Resource Facility (ANU) for single end 75 bp 
sequencing on high output flowcells using the NextSeq500 
Illumina platform. Raw Illumina RNA-Seq reads generated in 
this study have been deposited in ENA Short Read Archive 
under study PRJEB55598 (samples ERS12852684–ERS12852781, 
runs ERR10123024–ERR10123121).

Differential gene expression analysis

Read mapping
RSEM v1.3.3 (Li and Dewey, 2011) with the Bowtie 2 v2.5.0 

short-read aligner (Langmead and Salzberg, 2012) were used to 
map the RNA-Seq reads to the A. millepora protein-coding gene 
models (Ying et al., 2019, see Supplementary material 1 for the 
sequences of gene models used in this manuscript). The ‘expected 
counts’ from RSEM were used to perform the detection and 
analysis of the differentially expressed genes, focusing on protein 
coding genes.

Identification and visualisation of differentially 
expressed genes

The analysis was performed in R v4.2.2 with the edgeR v3.40.0 
(Chen et al., 2016), and the Limma v3.54.0 (Ritchie et al., 2015) 
packages following the protocol from Law et  al. (2016). The 
experimental incomplete block design was implemented with the 
type of the sample (the stages 1, 2, 3, 4 and Coenosarc) set as fixed 
effect directly in the model matrix, and the blocking factor 
(combined the replica and the colony) set as pairing-block with 
the duplicateCorrelation() function in Limma. The significance 
level for the detection of differentially expressed genes was set at 
0.05 (the BH adjusted p-value was used), and the minimum log2 
fold change was 1/−1 (details in the R code provided in the 
supplementary file amil_dge.R).

Transcript annotation
Translated A. millepora gene models were annotated with 

the gene name of their top blast-p hit among previously 
functionally annotated A. digitifera gene models (Shinzato 
et al., 2011). To increase specificity of the FGF and Wnt ligands 
annotation, the A. millepora sequences annotated as such were 
used to recover further A. digitifera and N. vectensis proteins 
based on their sequence similarity (with blast-p). The 
H. sapiens Wnt or FGF ligands recovered from UniProt were 
then added to the cnidarian sequences, and two sets of multiple 
sequence alignments were created in ClustalX 2.1 (Larkin et al., 
2007). The alignments were then manually edited to remove 
divergent segments. Maximum Likelihood phylogenetic 
trees  were computed in RAxML 8.2.11 using the 
PROTGAMMAAUTO model (allowing RAxML to choose the 
best available model; the LG model was chosen for both Wnt 
and FGF ligand alignments), and fast bootstrap of 100. The 
consensus tree annotated with the bootstrap values was 
displayed in Mega7 (Kumar et al., 2016).

Gene ontology enrichment
GO terms were linked to the gene models with InterProScan 

(Quevillon et  al., 2005), and the enrichment analysis was 
performed with TopGO v2.50.0 (Alexa et  al., 2006) using the 
‘weight01’ algorithm with the Fisher statistic and applying the 0.05 
p-value significance cut off (details in the R code provided in the 
supplementary file amil_topgo.R).

Clustering of gene expression profiles
Gene expression profiles were clustered with Clust 1.18.0. 

Clust was run on generated with edgeR normalized log-cpm 
values using default arguments except the tightness parameter-t 
set to 0.5 and with automatic choice for the normalisation method 
(z-score quantile normalisation was chosen, code 101 4; 
Abu-Jamous and Kelly, 2018).

Results

Staging of wound healing and polyp 
regeneration

Intact, healthy Acropora millepora fragments have brown 
colouration (due to presence of zooxanthellae) and clearly 
identifiable polyps: one large and symmetrical axial polyp at the 
tip of each branch, a few small (recently developed) radial polyps 
near the tip, and fully developed radial polyps uniformly 
distributed along the branches (Figures 1A,B). Polyp tentacles can 
either be extended or retracted, depending on time of the day or 
recent disturbance (Figures 1A–E). In fragments experimentally 
attached to plugs, the coenosarc forms a ‘skirt’ at the attachment 
area; the coenosarc edge grows to spread on the plug surface 
(Figure 1A,B). In long-term culture, polyps can also form on the 
coenosarc covering the plug, but never directly on the edge 
(not shown).

To choose potentially informative time points and appropriate 
controls for gene expression analysis during regeneration, 
we  initially carried out low-magnification microscopic 
observations of experimentally wounded fragments. One radial 
polyp and its corallite, sited approximately 3–5 polyps down from 
the tip of the branch, were removed using a scalpel blade to create 
the lesion (Figures  1A,B). Immediately after wounding, and 
without any apparent changes within the first hours, the exposed 
calcium carbonate skeleton was clearly visible at the wounding site 
(Figure  1F). We  informally referred to this stage as ‘rough’ 
reflecting its appearance and refer to this stage as Stage 1 of 
regeneration. By 24 h post-injury, the wound surface appeared 
smooth, with coenosarc apparently healed over the debris 
(Figure 1G); we refer to this as Stage 2. At Stage 3 (48 h), there was 
no obvious morphological change from Stage 2, with translucent 
(zooxanthellae-poor) tissue covering the wound (Figure 1H). The 
first morphological change – formation of tentacles of the 
regenerating polyp – could be observed between 3 and 10 days 
post-wounding (Figure 1I).
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It is important to note that the initial translucent nature of 
regenerating coral tissue was problematic when determining the 
presence of tentacles, so that tentacles could only be identified 
when zooxanthellae became abundant enough in the tentacles to 
make them clearly visible. Therefore, the actual tentacle formation 
may have occurred earlier than noticed in some samples. While 
the first three regeneration stages are defined by time (6, 24, 48 h 
respectively), we  only used polyps with visible tentacles to 
represent Stage 4  in our analysis. In some analyses we  have 
additionally separated Stage 4 samples into an earlier stage, with 
only tentacles visible (4a) and a later one with completely 
regenerated polyps (4b).

Given potentially different cell types (and/or proportions of 
the same cell types) constituting the polyps and coenosarc, as well 
as the expected differences in gene expression between actively 
growing and non-growing tissues, we have taken different types 
of control samples to identify genes specifically changing 
expression during regeneration (see Supplementary Table 1 for 
details of the samples used). Therefore, for stages 1–3 (before 
regenerating polyp became visible), coenosarc samples from the 
areas between polyps (we call these samples ‘coenosarc’ for 
simplicity throughout the manuscript) and the actively growing 
coenosarc from the edge of the fragment (‘coenosarc edge’) were 
taken as controls (Figure 1C). For stage 4 (when regenerating 
polyp’s tentacles were apparent) the following samples were taken 
as controls: an intact radial polyp from the same level as the 
regenerating polyp, a young polyp of similar size to the 
regenerating polyp, the axial polyp and coenosarc from between 
intact polyps (Figure 1D).

Gene expression changes during wound 
healing and polyp regeneration

We carried out wounding experiments on fragments derived 
from two colonies in a closed aquarium system in Canberra and 
two colonies in an open (flow-through) system on Orpheus Island 
(see section Material and Methods for detailed description of the 
two systems). Because of small sizes of the polyps and thus low 
tissue volumes surrounding the lesion, three tissue fragments 
from the same colony (and usually, the same branch) were pooled 
for each sample. Given that each of the colonies used was 
individually collected from the wild, we consider samples derived 
from different colonies to be biological replicates, in contrast to 
samples derived from different fragments of the same colony 
which we consider to be technical replicates. While we initially 
aimed to generate both technical and biological replicates for each 
regeneration stage and its matching controls, the need to pool 
samples resulted in a lower number of replicates. Overall, 
we generated at least two technical replicates for each sample type 
for colony one, and at least three biological replicates for each 
sample type (Supplementary Table 1 and Supplementary Figure 1).

As the first step to assess quality of the experiment 
we  visualised the overall gene profiles as multi-dimensional 

scaling (MDS) plots. In the first and second dimension the 
samples clustered by colony of origin rather than sample type 
(Figure 2). In particular, the two Canberra samples formed two 
independent clusters, while the Orpheus colonies clustered 
together, perhaps reflecting closer genetic similarity (or even 
identity) of the Orpheus colonies. Intriguingly, regeneration stage 
1 and coenosarc edge samples appeared to segregate from the 
remaining samples of colony 1 (for which we generated highest 
number of samples).

We have next generated an MDS plot for dimensions three 
and four to see whether in these dimensions sample-type 
expression signatures would drive clustering (Figure 3). Strikingly, 
regeneration Stage 1 and coenosarc edge samples appear to 
segregate from the remaining samples in dimension 4, indicating 
that these samples are distinct from the remaining ones, and 
perhaps similar to each other. The remaining samples are 
intermingled with each other, indicating lack of strong gene 
expression signatures distinguishing the sample types, although 
Stage 2 samples are all relatively close to Stage 1 and coenosarc 
edge samples.

To find out whether inter-colony differences are obscuring 
gene expression changes driven by response to wounding, we have 
also generated MDS plots for colony one and two separately, as 
well as Canberra and Orpheus Island colonies. In all of these plots, 
segregation or of Stage 1 and coenosarc edge samples from other 
sample types was apparent in the 1st and/or 2nd dimension 
separately (Supplementary Figure 1), and no further separation 
was detected in other dimensions (not shown). This result suggests 
that the earliest wound healing (Stage 1) and actively growing 
(coeanosarc edge) samples are the only sample types which are 
significantly distinct from other samples at the level 
of transcriptome.

Cluster analysis of gene expression 
profiles during regeneration

To gain insight into the molecular events during wound 
healing and polyp regeneration, we carried out cluster analysis of 
gene expression profiles, followed by Gene Ontology (GO) 
enrichment analysis. Aiming to generate a simple representation 
of a polyp regeneration time course, we excluded the coenosarc 
edge and axial polyp samples from this analysis. The time course 
starts with coenosarc samples, includes all the regeneration stages 
and culminates with the radial polyp samples. In line with the 
MDS visualisation which indicated that only the coenosarc edge 
and regeneration stage 1 samples are distinct from others, only 
two cluster profiles were identified, each showing dramatic gene 
expression change in the earliest stage of regeneration, and 
otherwise stable expression across all other samples (Figure 4). 
The first profile, C0, includes 2,818 genes which are strongly 
downregulated by 6 h post injury (regeneration stage 1) and return 
to the previous level of expression by 24–48 h post injury 
(regeneration stage 2–3). Gene Ontology (GO) terms enriched in 
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FIGURE 3

Multi-dimensional scaling plot (dimensions 3 and 4) of RNA-Seq samples representing regeneration of A. millepora. Colony one and two were 
housed in a closed system in Canberra, colony three and four were from open system in Orpheus Island. Note intermingled regeneration stage 1 
and coenosarc edge samples segregating from other samples in dimension 4.

FIGURE 2

Multi-dimensional scaling plot (dimensions 1 and 2) of RNA-Seq samples representing regeneration of A. millepora. Colony one and two were 
housed in a closed system in Canberra, colony three and four were from open system in Orpheus Island.
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this cluster include signal transduction and exocytosis as well as 
terms connected with DNA repair and replication. These may 
be processes involved in the homeostasis/maintenance of cells 
which are downregulated during wound healing. The second 
cluster, C1, is composed of 2050 genes strongly upregulated 6 h 
after injury (stage 1) and returning to previous expression levels 
by 24–48 h post injury (stage 2–3). Enriched GO terms associated 
with this profile indicate increased ribosome biogenesis, splicing, 
translation and protein folding, as well as proteolysis and 
cytoskeleton reorganisation occurring soon after injury (Figure 4).

Differentially expressed genes

We next carried out direct pairwise gene expression level 
comparisons between regenerating samples and their 
matching controls (that is, Stage 1, Stage 2 and Stage 3 vs. 
coenosarc; Stage 4 vs. young and radial polyps) as well as 
between morphologically distinct parts of the colony 
(coenosarc edge and polyps vs. coenosarc, axial polyp vs. 
radial polyp). In line with both MDS plot visualisations and 
the cluster analysis described above, we have found hundreds 
of statistically significant differentially expressed genes 
between Stage 1 and coenosarc edge when compared to 

coenosarc, with less than 20 genes differentially expressed at 
each of the remaining stages of regeneration 
(Supplementary Table 2).

Given that regeneration Stage 1 and coenosarc edge samples 
appeared similar to each other in the MDS plot visualisation 
(Figure 3), we checked whether any of the identified differentially 
expressed genes are common between these samples. Indeed, 105 
genes were found on both the Stage 1 vs. coenosarc (out of total 
658) and coenosarc edge vs. coenosarc (out of total 404; 
Supplementary Table  2) gene lists. It is worth to note that as 
we  only compare lists of genes with statistically significant 
difference in expression, it is possible that the non-overlapping 
genes share the same expression trends without reaching the 
significance threshold.

To gain insight into biological processes occurring during the 
earliest stage of regeneration, we carried Gene Ontology (GO) 
enrichments analysis. Genes upregulated during regeneration 
Stage 1 appear strongly associated with regulation of transcription, 
signal transduction and development in general. Moreover, the 
identified terms include three specific signalling systems, well 
known to be involved in wound healing and regeneration across 
the animal kingdom: the Wnt (e.g., Kawakami et al., 2006) and 
FGF signalling pathways (e.g., Maddaluno et al., 2017) and the 
JNK cascade (e.g., Rämet et al., 2002; Figure 5).

FIGURE 4

Gene expression clusters (top) and Biological Processes identified as Gene Ontology terms associated with them (bottom) during A. millepora 
wound healing and polyp regeneration. The black and blue lines show expression profiles of individual genes included in the cluster. The genes 
with expression statistically significantly different in Stage 1 (adj. value of p ≤0.05) – lower for C0 and higher for C1 – are shown in blue, and those 
with not-significantly different expression in black. The red lines represent mean expression profile calculated from all the genes included in the 
cluster.
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FIGURE 5

Biological Processes identified as gene ontology enriched terms in genes significantly upregulated at regeneration Stage 1 as compared to 
coenosarc.

We have next selected 39 Stage 1 upregulated genes which had 
meaningful annotations based on BLAST hit (including 
transcription factors, components of signalling pathways and 
genes implicated in coral skeleton formation, see 
Supplementary Table  2) to visualise their expression profiles 
across all samples.

In line with the enriched GO terms, these include four FGF 
ligands, one FGF antagonist (sprouty), one Wnt ligand and one 
Wnt pathway component (wntless), galaxin (component of the 
organic matrix of coral skeleton, e.g., Reyes-Bermudez et  al., 
2009), ADAMTS metalloproteases, belonging to a group of 
proteases found to be involved in ECM remodelling across phyla 
(e.g., Kuno and Matsushima, 1998) and previously shown to 
be  involved in cnidarian regeneration (Schaffer et  al., 2016; 
Stewart et al., 2017), and several transcription factors including 
c-Fos, known to be regulated by the JNK cascade and involved in 
injury response (e.g., Rämet et al., 2002). A heatmap representation 
of their expression demonstrates that in majority of cases the peak 
of expression coincides with the stage 1 of regeneration, although 
many are also upregulated in the coenosarc edge (Figure  6). 
Similar to the profiles identified by gene expression clustering 
analysis, while dramatically decreased as compared to Stage 1, 
expression of many of these genes is still elevated at Stage 2 
or even 3.

As could be expected from the partly overlapping lists of genes 
differentially expressed in regeneration stage 1 and the coenosarc 

edge (both compared to coenosarc), GO enrichment analysis of 
the coenosarc edge regulated genes revealed both similar and 
strikingly contrasting terms. As in the case of regeneration, genes 
upregulated in the coenosarc edge were linked with regulation of 
transcription and cell signalling, likely reflecting the active growth 
at the edge (Figure 7). However, while for the coenosarc edge the 
top biological process indicated by GO enrichment analysis is 
calcium ion transmembrane transport (possibly linked with active 
formation of calcium-based skeleton of the coral), this term did 
not appear enriched during regeneration. This result is in line with 
the notion that transcriptional response to injury does not simply 
redeploy genes involved in growth.

The stringent analysis (limited to genes with statistically 
significant two-fold expression change) revealed multiple genes 
which are likely to be regulating the earliest stages of regeneration 
in scleractinian corals. However, we  are aware that the small 
sample size and batch (colony) effects might be  precluding 
detection of many other genes involved in the process if their 
expression or level of change are lower and/or more variable. 
We  wondered whether including all samples in the analysis 
increases our power of detection of differentially expressed genes, 
or whether, conversely, the potential differences between the 
experimental conditions (and/or colony differences) are obscuring 
the expression changes in response to the injury. We have therefore 
generated and compare lists of DEGs obtained using only samples 
from the closed (colony 1 and 2) and open (colony 3 and 4) 
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experimental systems (Supplementary Figure  2). The analyses 
using only subsets of data resulted in lower numbers of 
differentially expressed genes detected, especially when using only 
colonies 3 and 4 for which the lowest number of replicates was 
obtained. Importantly, over 68% of DEGs identified in the 
condition-limited analyses was also identified when using the 
entire dataset (Supplementary Figure  2), demonstrating that 
increasing number of replicates, even if these are biologically 
distinct and cultivated in different systems, increases the detection 
power of our analysis.

Notably, even the analyses limited to low numbers of replicates 
pointed to importance of FGF and Wnt pathways in the earliest 
step of A. millepora regeneration. Therefore, we  decided to 
visualise expression of core components of these two signalling 
pathways across A. millepora regeneration timeline and in 
different parts of the colony. Based on A. millepora transcriptome 

annotation, we identified 16 ligands (Supplementary Figure 3), 
three receptors and two antagonists of the FGF pathway.

As can be seen on the expression heatmap, all 21 genes show 
dynamic expression across the regeneration and/or 
morphologically distinctive parts of the colony (Figure 8).

In line with the previous analyses, stage 1 of regeneration and 
coenosarc edge have strongest expression of FGF pathway 
components overall, with 16 of the components displaying peak 
of their expression in one (or both) of these two stages. Notably, 
expression of only one (FGFRb in Figure 8) of the identified three 
FGF receptors follows this trend, with two remaining ones 
conspicuously downregulated in early stages of regeneration and 
coenosarc edge (Figure 8). The peak of expression of both of the 
sprouty antagonists during early regeneration stages and in the 
coenosarc edge is consistent with peak of the FGF signalling 
activity in these stages, as in other experimental systems 

FIGURE 6

Expression heatmap of selected genes among those highly upregulated at regeneration Stage 1. Samples were pooled according to regeneration 
stage and colony part. Colour denotes an increase (red) or decrease (blue) in expression based on the z-score. The Histogram shows the 
distribution of the z-scores on the heatmap.
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FIGURE 7

Biological processes identified as gene ontology enriched terms in significantly upregulated genes in coenosarc edge samples in comparison to 
coenosarc.

expression of sprouty has been documented to be  positively 
regulated by the pathway activity (e.g., Minowada et al., 1999). 
Intriguingly, neither of the sprouties, but several of the FGF 
ligands and the two FGF receptors not upregulated during 
regeneration show differential expression between the three 
different polyp types we included in the analysis (young, radial 
and axial). This result must be interpreted with caution given our 
stringent analysis failed to identify significant expression 
differences between polyp types, and we  have not seen these 
samples segregating in MDS plots.

Next, we  visualised expression of all Wnt ligands 
(Supplementary Figure 4), along with Wntless (protein involved 
in Wnt secretion), beta-catenin and APC which we  already 
found to be  upregulated in regeneration stage 1 
(Supplementary Table 2, Figure 6). In addition to the anticipated 
peak in stage 1 of regeneration (6 Wnt ligands, one of which was 
identified in the differential gene expression analysis), 4 Wnts 
have highest expression at Stage 3, the stage after wound healing 
is complete and just before polyp tentacles emerge, perhaps 
indicating a role in patterning (Figure 9). Interestingly, of the 
three Wnt transcripts upregulated at the coenosarc edge, two are 
also upregulated at the earliest stage of regeneration, but 
expression of Wnt10a-like appears downregulated. Given the 
critical role of Wntless in Wnt secretion (Bänziger et al., 2006), 
it is important to note that while its expression clearly peaks at 
the earliest stage of regeneration, it is also elevated at the 

coenosarc edge and throughout Stages 2 and 3 of regeneration, 
consistent with involvement of the Wnt pathway in growth, 
wound healing and regeneration (Figure 9).

We have next sought to identify genes involved in polyp 
morphogenesis and those responsible for morphological 
differences between radial and axial polyps. No genes were 
found as statistically significantly differentially expressed in the 
following comparisons: axial vs. radial polyps, axial polyp vs. 
coenosarc, stage 4 (when tentacles are first visible) vs. any 
polyps. Only 16 genes were found to be differentially expressed 
between stage 4 and coenosarc and 43 genes between young 
polyp and coenosarc (Supplementary Table 2). There is a strong 
overlap between these two lists, with nine genes upregulated in 
both types of samples, including one encoding neuropeptide 
RF-amide, which was also identified as the only gene with 
significantly different expression between the radial polyp and 
coenosarc (Supplementary Table 2). This is a notable finding, as 
RF-amide, as well as LW-amide upregulated in young polyps, are 
neuropeptides previously shown to be specifically expressed in 
the nervous system of A. millepora, concentrated around the oral 
region and in the tentacles (Attenborough et al., 2019). Genes 
encoding receptors for peptide hormones and neurotransmitters 
were also found to be upregulated in the young polyps, perhaps 
also associated with the nervous system, as were multiple 
transcription factors. As visible on heatmap representation of 
their expression (Figure 10), majority of these genes are also 
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expressed higher than in coenosarc in regenerating and mature 
polyps, even though this upregulation is not statistically 
significant or high enough to be  detected by our 
stringent analysis.

Discussion

Regeneration of scleractinian corals is important from 
ecological and environmental perspectives, especially given the 
increased intensity and frequency of reef framework damaging 
events. It is also fundamentally interesting from a developmental 
and regenerative biology perspectives, given the interlinked 
abilities of continuous growth and regeneration which are 
characteristic for this lineage. Here, by discovering genes involved 
in regeneration and comparing them to those involved in growth 
processes, we aimed to get insight into the molecular background 
of regeneration in A. millepora.

The first (and sometimes the only) step of regeneration is 
wound healing. In all animals capable of wound healing, it is 
a relatively fast process of tissue repairing/remodelling after 
injury, aimed at preventing infection and further loss of 
exposed tissues. In model system cnidarians, such as the 

starlet sea anemone Nematostella vectensis, wound healing and 
the subsequent regeneration have been shown to involve 
immune response, apoptosis and cell proliferation, as 
previously documented across diverse bilaterian species (e.g., 
DuBuc et al., 2014). For cnidarians with a calcium carbonate 
skeleton such as scleractinian corals, trauma-induced exposure 
of skeleton causes additional vulnerability to aragonite 
dissolving in the surrounding sea water (Frear and Johnston, 
1929). Thus, to prevent loss of the skeleton as well as reduce 
the risk of infection, the damaged coenosarc must quickly 
extend over the entire wound surface. Importantly, one of key 
elements of normal coral growth is the extension of coenosarc 
around the edge of the substrate attachment zone. This growth 
is observed in young colonies derived from metamorphosed 
larvae, as well as fragments of established colonies. The fast 
growth rate of the coenosarc edge gives corals the ability to 
grow over substrates and extend their habitat (Forsman 
et al., 2015).

Here we asked whether wound healing in A. millepora utilises 
the same gene toolkit which is used during coenosarc edge 
growth, or whether an independent network of wound-healing 
specific genes is deployed upon injury. The issue of distinctiveness 
of regeneration vs. normal development/growth programmes 

FIGURE 8

Expression heatmap of core components of the A. millepora FGF pathway. Samples are pooled according to regeneration stage and 
morphologically distinct colony part. Colour denotes an increase (red) or decrease (blue) in expression based on the z-score. The Histogram 
shows the distribution of the z-scores on the heatmap.
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FIGURE 9

Expression heatmap of A. millepora Wnt genes and core components of the Wnt pathway. Samples are pooled according to regeneration stage 
and morphologically distinct colony part. Colour denotes an increase (red) or decrease (blue) in expression based on the z-score. The Histogram 
shows the distribution of the z-scores on the heatmap.

FIGURE 10

Expression heatmap of selected genes identified as upregulated in recently formed (young) polyps of A. millepora. Samples are pooled according 
to regeneration stage and morphologically distinct colony part. Colour denotes an increase (red) or decrease (blue) in expression based on the  
z-score. The Histogram shows the distribution of the z-scores on the heatmap.
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continues to be a fascinating challenge for over a century (posed 
by Morgan, 1901; reviewed by Vervoort, 2011, recently addressed, 
among others, by Soubigou et  al., 2020; Johnston et  al., 2021; 
Sinigaglia et al., 2022).

As could be expected if a similar set of genes was used during 
both processes, the multi-dimensional scaling (MDS) plot showed 
that coenosarc edge (continues growth) and earliest wound 
healing stages are more similar to each other then they are to the 
remaining samples (Figure 3). Moreover, consistent with their 
previously described roles in other experimental systems, 
including cnidarians, (e.g., DuBuc et al., 2014; Stewart et al., 2017), 
components of both Wnt and FGF pathways are strongly 
upregulated at both the coenosarc edge and at regeneration stage 1 
(Figures 8, 9, Supplementary Table 2).

We have hypothesised that because A. millepora specimens 
continuously grow in favourable conditions, redeployment of the 
‘growth genes’ is a likely scenario, perhaps supplemented by 
additional genes involved in clearing and remodelling of the 
damaged tissues upon injury. Surprisingly, only 16% of genes 
we found to be regulated as response to injury were also found 
to be  differentially expressed between the actively growing 
coenosarc edge vs. more ‘static’ (not expanding) coenosarc 
between mature radial polyps. Conversely, 26% of genes 
differentially expressed between the coenosarc edge and the 
between-polyps coenosarc were also detected as involved in the 
wound healing.

It is formally possible that these apparent differences are 
not due to real differences in gene expression, but our ability to 
identify differentially expressed genes with sufficient statistical 
significance. However, a candidate-centred approach, where 
we visualised expression of Wnt and FGF pathway components 
as well as particularly interesting genes identified as 
upregulated at the earliest stage of regeneration suggests 
otherwise (Figures 6, 8, 9). In fact, while some FGF ligands, 
transcription factors (e.g., NK2) and the metalloprotease 
ADAMTS18-like are upregulated in both the coenosarc edge 
and the earliest stages of regeneration, it is clear that regulation 
of other genes is independent in these two processes. Therefore, 
we conclude that while similarities in regulatory gene usage 
exists between growth and regeneration, these processes are 
clearly distinct.

One of the most striking examples of genes used uniquely 
during the earliest stages of regeneration is transcription factor 
c-Fos (Supplementary Table  2 and Figure 6). c-Fos has been 
implicated in injury and stress response in multiple model 
systems, including N. vectensis (Kovács, 2008; DuBuc et  al., 
2014). In addition to direct identification of c-Fos as specifically 
upregulated during the earliest stages of regeneration, we have 
also found JNK cascade as implicated in this process through 
Gene Ontology (GO) enrichment analysis (Figure  5). This is 
meaningful, as the JNK cascade is known to regulate c-Fos across 
bilaterians (e.g., Rämet et al., 2002). While involvement of c-Fos 
in cnidarian wound healing is not a new finding, we believe that 
our ability to discover this in an unbiased (not candidate-driven) 

analysis in a reef building coral demonstrates that A. millepora is 
a valid model for regenerative biology research even in land-
locked laboratories such as ours. Moreover, results obtained in 
laboratory conditions could be combined with those from a more 
natural, flow-through marine station system, underscoring 
experimental reproducibility across different genetics and 
experimental conditions. We hope that A. millepora and other 
scleractinian corals will provide useful models to address further 
questions in developmental and regenerative biology, such as 
genetic (and/or epigenetic) mechanisms governing identity of 
colony units (e.g., axial vs. radial polyps), interactions between 
diverse members of the coral holobiont in the changing 
environmental conditions and roles of specific cell types in 
growth and regeneration.
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