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ABSTRACT  The axolotl (Ambystoma mexicanum) has been a widely studied organism due to 
its capacity to regenerate most of its cells, tissues and whole-body parts. Since its genome was 
sequenced, several molecular tools have been developed to study the mechanisms behind this 
outstanding and extraordinary ability. The complexity of its genome due to its sheer size and the 
disproportionate expansion of a large number of repetitive elements, may be a key factor at play 
during tissue remodeling and regeneration mechanisms. Transcriptomic analysis has provided 
information to identify candidate genes networks and pathways that might define successful or 
failed tissue regeneration. Nevertheless, the epigenetic machinery that may participate in this phe-
nomenon has largely not been studied. In this review, we outline a broad overview of both genetic 
and epigenetic molecular processes related to regeneration in axolotl, from the macroscopic to the 
molecular level. We also explore the epigenetic mechanisms behind regenerative pathways, and 
its potential importance in future regeneration research. Altogether, understanding the genomics 
and global regulation in axolotl will be key for elucidating the special biology of this organism and 
the fantastic phenomenon that is regeneration. 
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General characteristics of Ambystoma mexicanum 
(axolotl)

The genus Ambystoma comprises 33 species of salamanders 
found from southern Alaska to southern Mexico. Out of these, 17 
species inhabit the mountains of Central Mexico. They are com-
monly known as “axolotls” (from Nahuatl language: atl “water” and 
xolotl “monster”, also known as smooth water-skinned animal). 
These animals are native to canals of Mexico City (Xochimilco 
and Chalco lakes). Interestingly, no much data exists pertaining 
to the mortality rate of axolotls, some scientific reports have been 
published that in the wild their lifespan ranges from 5 to 7 years; 
while in captivity it ranges from around 10 to 15 years (Farkas 
and Monaghan, 2015), being the maximum life expectancy up to 
25 years (Vieira et al., 2020). Particularly, the Centro de Inves-
tigaciones Biológicas y Acuícolas de Cuemanco in Mexico City 
(CIBAC; http://www2.xoc.uam.mx/investigacion/cibac/) has in 
captivity several living specimens of native axolotls (Ambystoma 
mexicanum) from Xochimilco, whose age ranges between 15 and 

Int. J. Dev. Biol. 65: 465-474 (2021)
https://doi.org/10.1387/ijdb.200276cs

www.intjdevbiol.com

*Address correspondence to:  Cynthia Sámano. Departamento de Ciencias Naturales, Unidad Cuajimalpa. Universidad Autónoma Metropolitana, México. 
E-mail: csamano@cua.uam.mx -  https://orcid.org/0000-0002-8909-9582
Ernesto Soto-Reyes. Departamento de Ciencias Naturales, Unidad Cuajimalpa. Universidad Autónoma Metropolitana, México. 
E-mail: esotoreyes@cua.uam.mx -  https://orcid.org/0000-0002-4219-6406

Submitted: 11 October, 2020; Accepted: 28 January 2021; Published online: 28 January, 2021.

ISSN: Online 1696-3547, Print 0214-6282
© 2021 UPV/EHU Press
Printed in Spain

Abbreviations used in this paper: AGSC, Ambystoma Genetic Stock Center; DRG, 
dorsal root ganglion; HDAC, histone deacetylase; LINE, long interspersed nuclear 
element; LTR, long terminal repeat; WE, wound epithelium.

16 years. Those axolotls are currently registered according to the 
Mexican program of the Ministry of the Environment and Natural 
resources (SEMARNAT; Registry number: SGPA/DGVS 06264).

Unfortunately to axolotls, due to human needs, their habitat 
has been manipulated and modified. Although few individuals 
remain in their natural habitats, axolotls are widely distributed in 
aquariums, pet shops, and recently, they have been used as an 
animal model that is gaining momentum with new genomic and 
experimental tools around the world. The axolotl was introduced 
to the scientific community by the French herpetologist August 
Duméril, who classified 7 specimens of Ambystoma mexicanum 
(six wild-type and one white mutant). These had been captured by 
French explorers in Lake Xochimilco and relocated to Paris, in the 
middle of the 19th century. In the 1960s, an albino tiger salamander 
(Ambystoma tigrinum), among a few more specimens, were added 
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to the colony. In fact, most modern-day laboratory axolotls descend 
directly from the same founders (Farkas and Monaghan, 2015). 
Thus, several conservation actions have focused on stopping the 
black market of axolotls, inbreeding of the species and harboring 
valuable information about wild versions to labs worldwide. In spite 
of this, the Indiana University started in 1960 the axolotl colony, 
which was extended years later by the University of Kentucky to 
create the Ambystoma Genetic Stock Center (www.ambystoma.
org; https://ambystoma.uky.edu/genetic-stock-center/). To date, 
AGSC is considered as the most extensive colony of laboratory 
axolotls. However, a review of the AGSC pedigree analysis made 
by Woodcock and colleagues, showed that all individuals of the 
axolotl population have approximately 5.8 (+/-1) % of the tiger 
salamander DNA (Woodcock et al., 2017). It is not clear why the 
historical axolotl lines were lost, but the authors speculate that be-
cause the native Xochimilcan axolotls have declined precipitously, 
this made it difficult to introduce new biological material into the 
collection. In addition, A. Tigrinum hybrids have proven to be more 
viable and fertile for stock production (Woodcock et al., 2017). 

Unlike many amphibians, axolotls do not undergo metamorphosis 
under physiological conditions, they are neotene, completing their 
full life cycle in the aquatic juvenile stage, a phenomenon known 
as paedomorphosis (Fig. 1A). However, a transition from larval 
to adult form may be induced in response to exogenous thyroid 
hormones (THs), since the axolotl have insufficient concentration of 

thyroxine hormone (T4), which determines a low rate of secretion 
of thyroid stimulating hormone (TSH) (Fig. 1B). Metamorphosis 
induces changes that larvae initiate behavioral, morphological, 
physiological, biochemical and genetic programs which will later 
manifest color change, loss and gain of traits necessary to transi-
tion from the aquatic habitat to a terrestrial habitat (Fig. 1C) (Coots 
and Seifert, 2015). Experimentally induced metamorphosis is also 
characterized by a reduction in the regeneration process leading 
to higher rate of minor morphological errors, while the facultative 
paedomorphic axolotls show spectacular capacities to restore 
missing parts of the body throughout the life-long lasting neoteny 
(Monaghan et al., 2014).

The sexual dimorphism can be observed in the slimmer and 
longer bodies of adult males, compared to females. In the adult 
stage, males weigh average is 125-130 g, and females are typically 
about 170-180 g. Anatomically, it is a primitive tetrapod which pos-
sesses a calcified skeleton with cartilaginous joints, true teeth, and 
a complex olfactory system (Farkas and Monaghan, 2015). Axolotls 
have extraordinary mechanisms for gas exchange: cutaneous and 
pulmonary respiration, and gills and their skin are highly vascular-
ized for this purpose, they present dermal and epidermal layers 
formed by loose connective tissue, collagen fibers, and fibroblasts 
(Seifert et al., 2012). Their lungs are elongated, run parallel to the 
spinal cord, and can provide 40-60% of the axolotl’s oxygen via 
surface breathing. Three external gills, which extend as branches, 

Fig. 1. Illustration depicting the differences between paedomophosis and metamorphosis. (A) Paedomorphosis is a phenomenon observed in 
axolotls, where they retain their aquatic juvenile stage throughout their life cycle. (B) The transition from larva to adult form can be induced in response 
to exogenous thyroid hormones (red spheres) named as facultative metamorphosis. (C) Metamorphosis involves the initiation in larvae of behavioral, 
morphological, physiological, biochemical and genetic programs leading to color change, and the loss and gain of traits necessary for adaptation to the 
terrestrial habitat; also known as “obligate metamorphosis”. Created with BioRender.com.
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protrude from the neck region on each side of their heads (Fig. 
2A). They are covered by filaments used for respiration (Farkas 
and Monaghan, 2015). A. mexicanum has a global popularity not 
only for its biological and physiological characteristics, but also 
because of its remarkable ability to fully regenerate many body 
parts, perhaps the main reason why it has been so widely studied.

Regeneration is a common feature of many multicellular organ-
isms. In 1768, Lazzaro Spallanzani showed in a brief publication 
entitled Prodromo, the regenerative abilities of worms, snails, 
tadpole and salamander tails and limbs and salamander jaw regen-
eration. In fact, appendage regeneration were the first discoveries 
to show that a vertebrate could regenerate and restore complex 
form. Notwithstanding, during the 18th century the mechanism of 
regeneration vertebrate appendix was under debate because it 
was not supposed to be possible. To date, it is well known that 
salamanders have the potential to regenerate complex structures 
(e.g. entire limbs, tail, substantial parts of the central nervous sys-
tem, etc.) (Endo et al., 2004). Particularly, Ambystoma mexicanum 
has emerged as the prime salamander model used in regeneration 
and repairing research due to its remarkable and highly successful 
ability to regenerate many of their body parts. Although axolotls 
retain the capability of regeneration throughout adulthood the rate 
of the phenomenon diminishes with age, from weeks in larval to 
months in sexually mature adults (Vieira et al., 2020). Regenera-
tion of the limb has been the structure most extensively studied, 
providing the basis and the cellular and molecular mechanisms 
that regulate and remodel tissues and organs (Endo et al., 2004). 
Therefore, analyzing the axolotl genome and understanding the 
molecular and epigenetic mechanisms of regenerative potential, 
could also provide clues about the genes and new molecular per-
spectives related to function during successful, failed or aberrant 
tissue regeneration. This review focuses on molecular mechanisms 
that enable axolotl regeneration and highlights areas where further 
research is needed.

The mechanism of tissue regeneration in axolotls from 
evolutionary and molecular perspectives

Regeneration is a physiological mechanism which implies the 
renewal of tissues and functional restoration process of organ or 
appendage after injury. While, the vertebrates urodeles (newts and 
salamanders) there is remarkable ability to regrow tissues, organs 
and multiple body parts throughout their lives. Compared to other 
species, the process of regeneration in Ambystoma mexicanum 
is characterized by the capability to form a specialized structure 
called blastema, considered a crucial step during regeneration 
followed by injury (Endo et al., 2004). Throughout the course of 
evolution, the regeneration of appendages has been present in 
tetrapods, however in some of them the genetic programs may be 
quite different, probably because they have evolved independently. 

The sarcopterygians (lobe finned vertebrates) that grouped 
the salamanders and lungfishes are the only animals with the 
capacity of paired appendage regeneration, after endoskeleton 
amputation and regardless the level of damage. While, among 
the actinopterygian (ray finned fishes), the species that regener-
ate paired fins, including endoskeleton after amputation are the 
polypterid fishes (Clastridia). Currently, attempts have been made 
to clarify whether paired fins and limb regeneration processes 
share a common origin. In this context, Darnet and colleagues 

provided evidence of a wide phylogenetic distribution of paired-fin 
regeneration after endoskeleton amputation across fish lineages. 
Thus, by regeneration assays and RNA-sequencing (RNA-seq) 
analysis, they demonstrated that common genetic pathways and 
expression profiles are deployed during regeneration axolotls and 
Polypterus blastemas. Furthermore, transcriptome comparisons 
in early-stages blastemas revealed significant similarities in gene-
expression profiles between axolotls and Polypterus, which means 
that both species share a regeneration-specific genetic program. 
The gene analysis of differential gene expression profiles in blas-
tema in axolotls and Polypterus, revealed that 35.31% of the up-
regulated genes in these species possess homologs in the axolotl. 
While, 67.54% are enriched in gene ontology categories such as 
morphogenesis, extracellular matrix organization, and chromatin 
remodeling in both blastema transcriptomes. Several genes have 
been reported as possible candidates or to be critical for proper 
and successful regeneration during axolotl regeneration, for more 
information see the references (Hass and Whited, 2017; Sanor et 
al., 2020), however information about the function of many genes 
has not been fully experimentally demonstrated until now. Darnet 
and colleagues hypothesized that the regeneration genetic program 
in vertebrates has a deep evolutionary origin, which evolved from 
the paired fin regeneration of the fish ancestors, while there are 
lineages with a regeneration-incompetent program, such as the 
amniota (Darnet et al., 2019). This proposal has become a guide 
to identify the genetic signature of vertebrate appendage regen-
eration, and which is based on the comparison to the functions 
of homolog genes in other organisms. The regeneration process 
implies mechanisms such as morphogenesis, cell proliferation 
and differentiation, which are present in the molecular programs 
of embryos of other species, or wound healing and inflammatory 
response, which can also be found in adults. Thus, identifying 
genes implied in such processes in well-studied organisms and 
elucidate how they are regulated, may provide some insights into 
candidate regeneration genes in the axolotl.

Ambystoma mexicanum has the capacity of regenerating tissues 
of a wide range of body structures, which makes it a wonderful 
and key model to study the regenerative processes. Nevertheless, 
some tissues are limited to some stages of development, such 
as the case of the regeneration of eye lens which occurs during 
the first two to three weeks after hatching, but this ability is lost 
thereafter (Suetsugu et al., 2012). Additionally, the axolotl adults 
regenerate lost cells in neural tissues, including brain regions and 
spinal cord, both in terms of structure and function. In this regard, 
an important challenge has been to define whether the reappear-
ance of a perfect neuronal units are also functional copies of the 
original structure. Amamoto et al., addressed this problem by 
removing a large portion of the telencephalon, showing that the 
original neuronal diversity even at the level of subpopulations was 
regenerated, and suggesting that the brain axolotls can sense 
which types of neurons are damaged. Even though the neuronal 
diversity was restored, projections were not faithful replication of 
the original (Amamoto et al., 2016). The reason for this uncoupling 
neuronal diversity and physiological circuits is not yet known. Other 
types of injury models have also addressed how neuronal cells 
regenerate followed by chemical ablation of dopaminergic (DA) 
neurons; showing that neurons are able to regenerate in several 
brain regions together with remarkable recovery of the locomotor 
activity, after DA ablation in individual neuronal subtypes. This occurs 



468    C. Sámano et al.

presumably by activation and proliferation of the ependymoglial 
cells, proposed as the main source of new neurons and which 
are the equivalent of glial cells in mammals (Parish et al., 2007). 
Another amazing aspect in Ambystoma mexicanum is that after 
tail amputation the spinal cord is fully repaired. Both rostral and 
caudal sides are reconnected, together with the correct number of 
segmented vertebrae, myotomes and dorsal root ganglia (DRG). 
In 2012, Tanaka´s group demonstrated that regeneration of the 
central and peripheral nervous system (CNS, PNS) occurred dur-
ing axolotl tail regeneration, together with a substantial portion of 
DRG and Schwann cells, which arise from cell pools associated 
to the central regenerating spinal cord; suggesting the existence 
of cells with spinal cord neural stem cell properties (McHedlishvili 
et al., 2012). 

Successful limb regeneration requires the formation of an undif-
ferentiated cellular structure named blastema, which contains a 
collection of progenitor cells highly proliferative (Kragl et al., 2009). 
A difference from any other undifferentiated mass, the blastema is 
characterized by its essential functional attributes for establishing 
its developmental potential, its lineage-restricted and positional 
cellular properties. In urodeles, the cells that form the blastema 
are derived by natural reprogramming of skeletal, muscle cells, 
Schwann cells and fibroblasts to a less differentiated state. Thus, 
after amputation shortly the blastema is formed by a layer of epithelial 

tissue that covers all tissues of mesodermal origin, over the wound 
of a severed limb, with the subsequent progenitor cells activation 
by differentiation process. Once it reaches a critical size, the bulb 
flattens to a “palette” stage, and cells meant to become cartilage 
coalesce and condense, and the various tissue types appear, 
including dedifferentiated cells which form a fully functional limb 
with the size and age of the axolotl (Fig. 2B) (Endo et al., 2004; 
Kragl et al., 2009; Haas and Whited, 2017).

Morphologically, axolotl limbs contain different tissue types: 
neural, myogenic, epidermal, and connective tissue. Together, 
these comprise three main segments: upper and lower arms, 
and hand, so when an Ambystoma suffers tissue damage, a thin 
layer of cells migrates from the stump epidermis to cover the site 
of amputation. Within the next few days after the injury, progeni-
tor cells in surrounding tissue are activated and re-enter the cell 
cycle. This mechanism induces cellular proliferation and migration 
of epidermal cells to form the specialized epithelium named wound 
epithelium (WE), which is structurally and molecularly distinct new 
tissue. The early WE develops into the new thickened epidermis 
called the apical epidermal cap (AEC), the WE/AEC consists only 
of an epithelial layer and lacks of basal lamina. The absence of 
basal lamina and dermis allows direct contact between WE cells 
and the underlying tissues, proposed to facilitate bidirectional 
critical signaling for blastema formation and maintenance (Tas-

Fig. 2. Key features in Ambystoma mexicanum. (A) The axolotl has three mechanisms of gas exchange: gills, pulmonary, and cutaneous respiration. 
(B) Process of tissue regeneration following limb injury, through the formation of a blastema and consequent tissue differentiation. (C) Comparison 
of axolotl and human genomic element distribution. Axolotl genomes contain a large proportion of repetitive elements, namely LTRs, SINEs, LINEs, 
satellites, and simple repeats; adapted from Nowoshilow et al., 2015. Created with BioRender.com.
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sava and Garling, 1979; Campbell and Crews, 2008). Until now, 
it has been widely accepted that this thickened WE is required for 
the regenerative process, as well the interaction with regrowing 
nerves and to recruit regeneration-competent cells for successful 
blastema formation (Endo et al., 2004; Campbell and Crews, 2008; 
Haas and Whited, 2017). Revisiting the classical experiments by 
immediate insertion of amputated limb into body cavity in newts, 
the internal tissue proliferation has been shown to initially occur 
independently of WE formation, however blastema was not formed 
and regeneration did not occur. Highlighting the importance of injury, 
nerves and WE in controlling the successful regeneration (Tassava 
and Loyd, 1977; Haas and Whited, 2017). It is important to men-
tion, that significant progress has been made in the elucidation of 
blastema formation, however the origin of blastemal cells and the 
synchronized signaling mechanisms between different tissues and 
cell types to initiate the blastema remain to be unclear (Kragl et al., 
2009; Sandoval-Guzmán et al., 2014; Leigh et al., 2018; Gerber 
et al., 2018). During appendage regeneration, remains debatable 
whether blastema cells arise by a type of stem cells (muscle sat-
ellite cell) or by cellular dedifferentiation. Particularly, the skeletal 
muscle cells have been the focus of these studies due to the lack 
of quantitative evidence for muscle dedifferentiation, especially to 
follow for a long-term the fate of endogenous muscle fibers. Studies 
conducted in two salamanders by a Cre-loxP reporter-based fate 
mapping experiments of muscle during limb regeneration demon-
strated that in the newt, the muscle differentiation makes significant 
contribution to muscle regeneration. While in the axolotl myofibers 
made no contribution to limb regeneration, and the recruitment of 
abundant PAX7+ satellite cells were the main contributor to mature 
tissue into blastema during limb muscle regeneration. This unex-
pected difference in the occurrence of myofiber dedifferentiation 
showed that even in two species of salamanders closely related 
there is a flexibility in the cellular and regenerative mechanisms 
(Sandoval-Guzmán et al., 2014).

Axolotl limb regeneration has been proposed to follow the rule of 
distal transformation referring to the regeneration of distal structures 
in the amputation plane (Mercader et al., 2005). Mercader and co-
workers found that the axolotls Meis homeobox family overexpres-
sion play an important role in the proximodistal patterning during 
limb regeneration, due to induces relocation of distal blastema 
cells to more proximal regions locations in the regenerated limb, 
and which is prompted by retinoic acid (RA) pathway activation. 
RA-Meis pathway is not only crucial during limb development, but 
also is essential to specify proximal fates during limb regeneration 
(Mercader et al., 2005). Thus, connective cells have been proposed 
to form the patterned limb skeleton that serves as a guideline for 
the rest of the tissues (Gerber et al., 2018; Leigh et al., 2018). 
Obeying this rule, the display of nuclear Meis homeobox genes 
has been identified as an upper arm regulator (Mercader et al., 
2005), while myogenic cells do not obey the rule and their nuclear 
Meis homeobox genes appear at any proximodistal level. The cells 
descending from lateral plate mesoderm together with blastema 
contribute to detect the site of injury, and induce regeneration of 
bone, cartilage, tendons, periskeleton, and dermal and interstitial 
fibroblasts. This makes connective tissue cells an important target 
for molecular regeneration programs (Kragl et al., 2009; Gerber 
et al., 2018; Leigh et al., 2018). Additionally, cartilage-derived 
blastema cells present positional identity expressing Meis, HoxA9, 
and HoxA13 genes and following the rule of distal transformation; 

whereas Schwann-derived cells do not present any of the above 
(Mercader et al., 2005; Gerber et al., 2018; Leigh et al., 2018). 
Muscle, cartilaginous tissue, and Schwann cells give rise mainly 
to the same cell lineage but there is no evidence if muscle cells 
may dedifferentiate into stem cells (Kragl et al., 2009). Interest-
ingly, the chondrocytes have been suggested to be susceptible 
to proliferative signals from the amputation site, however they 
retain differentiated morphology and position, and no migration 
into the regenerated site has been observed. In contrast, the 
pericytes proliferate and migrate into blastema, giving rise solely 
to pericytes. But they are not the main contributors to skeleton 
and skeleton digit regeneration. While, cell recruitment to form the 
blastema has spatio-temporal features requires that periskeletal 
and dermal fibroblasts set the guide by building the skeleton, fol-
lowed by migration of dermal fibroblasts found within 500 mm of the 
site of amputation, to form the soft connective tissue. Regarding 
the muscle cells mechanisms, contradictory results have shown 
in salamanders (newt and axolotl). An important contribution of 
myofibers PAX7-dedifferentiate into proliferative blastema during 
regenerated newt limb was observed, while in axolotl myofibers 
neither generate proliferating cells nor contribute to limb muscle 
regeneration. However, multiple PAX7+ satellite cells were found to 
regenerate muscle in axolotl (Sandoval-Guzmán et al., 2014). Sug-
gesting that clear differences in the cellular processes for blastema 
formation and muscle differentiation have seemed between these 
two species that share the ability of adult limb regeneration. This 
could bear significance for the loss of regenerative ability in some 
species of urodele, or simply new strategies have been developed 
or modified among salamanders to suit their regenerative needs 
after any type of injury.

To study the amazing regenerative mechanisms, several tools 
have now been developed, such as localized genome editing through 
retroviral infection or CRISPR/Cas, with successful genomic integra-
tion in embryos and larval and adult limbs (Fei et al., 2018). Albeit 
reverse genetic engineering seems a promising strategy (Sanor et 
al., 2020), the transcriptomic analysis has provided sequence data 
and molecular information to identify the genes networks involved 
in axolotl regeneration. Which we will address in the next section.

The transcriptomics of the axolotl

Despite progress in axolotl sequencing, several problems re-
main to be solved before it is likely to create a complete assembly 
of the axolotl genome. Therefore, at the moment and historically, 
transcriptomics remains to be the tool that will continue to provide 
the majority of significant advances in the genetics of limb regen-
eration (Nowoshilow et al., 2018; Smith et al., 2019). Due to this, 
the tools that have been used to understand the networks of genes 
and the pathways of the regenerative mechanisms of the axolotl 
have focused on studies of proteomics, transcriptomics using RNA-
Seq and microarrays techniques (Bryant et al., 2017; Brown and 
Peirson, 2018). To date there are some methodologies or different 
analysis tools that have been tested and accepted for the study of 
limb regeneration in the axolotl genome. Within advances in omics 
studies, a deep RNA sequencing analyzes of blastema in a time 
course experiment allowed the discovery of genes candidates 
involved in the regenerative process (Stewart et al., 2013). In this 
regard, recently a study was carried out that collectively collects 
all the transcriptome data that come from expression microarrays 
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and RNA seq in axolotl, in order to obtain a top 100 of genes in-
volved, filtering the data despite the methodological discrepancies. 
To answer this kind of question, one of the key methodologies that 
has been employed is integrative data analysis (IDA) (Sibai et al., 
2019). This methodology is applied in many scientific disciplines 
and focuses on deriving a scientific consensus on a particular 
research question (Brown and Peirson, 2018; Walsh et al., 2015).

A typical problem that arises in this type of case is the cost of 
using new “omic” technologies, often focused on collecting a limited 
number of biological replicas. Due to the complexity, researchers face 
challenging statistical problems that arise from having such limited 
replications, which usually generate problems that are manifested 
in high false positive and false negative observations (Benedetti et 
al., 2014; Brown and Peirson, 2018). However, the RNA expression 
studies from Expression Microarrays and the subsequent RNA-seq 
studies served to assemble the transcriptome de novo (Bryant et al., 
2017). Which was a great step to boost the study of the axolotl and 
its regeneration, and finally to generate the first draft of its genome.

The genome of Ambystoma mexicanum

In 2018, the Ambystoma mexicanum genome was sequenced 
and assembled, comprising 32 gigabases (Gb) distributed in 14 
chromosome pairs (Nowoshilow et al., 2018). Recent efforts have 
yielded genome assemblies consisting of thousands of unordered 
scaffolds that resolve gene structures, but do not yet permit large-
scale analyses of genome structure and function (Smith et al., 2019). 
As an experimental approach they combined long-read sequencing, 
optical mapping, and developed a new genome assembler known as 
MARVEL (Fig. 2C). The 32 Gb of axolotl genome is 10 times larger 
than the human genome and is currently the largest genome ever 
sequenced (Nowoshilow et al., 2018). Nevertheless, the complexity 
of the sequencing process was not only due to its large size, but 
also because around 70% of the genome is composed of repeti-
tive elements such as long interspersed nuclear elements (LINEs) 
and mainly the LTR retrotransposons, compared to Homo sapiens 
who presents a different distribution of these repetitive elements 
(Fig. 2C). This presumably reflects the evolutionary diversification 
of mobile elements that accumulated during an ancient episode 
of genome expansion. These genomic characteristics have been 
poorly described in animals, which has complicated its study at the 
genomic level, but could probably be the key to one of the most 
important miracles of this organism: tissue regeneration (Keinath 
et al., 2015). 

Historically, the genetic research efforts in axolotl were focused 
in two classical recessive traits (white (d/d) and albino (a/a)) that 
are maintained in the domestic axolotl population. These traits pos-
sess loss-of-function pigmentation mutants that have been recently 
mapped. The white (d/d) was collected in Xochimilco (Mexico) from 
the original 33 founder axolotls and then shipped to Europe. The 
single locus recessive allele “d”, and white axolotl phenotypes have 
been extensively used to understand vertebrate pigmentation. Cur-
rently, genetic studies have shown that white mutants’ phenotype 
is a consequence of transcriptional defect in endothelin 3 (edn3). 
This gene encodes for a peptide factor that promotes pigment cell 
migration and differentiation in other vertebrates. Surprisingly, the 
albino phenotype “a’’, did not arise within the axolotl lineage but was 
instead established by interspecific hybridization. Albino phenotype 
has the capacity to cross with other metamorphic salamanders by 

in vitro fertilization (Woodcock et al., 2017). Such hybrids were 
crossed into many modern axolotl strains that are maintained by 
Ambystoma Genetic Stock Center (AGSC). It is in these hybrids 
in which most of the genomic research has been conducted, and 
it is important to understand that our current knowledge in axolotl 
genome is not fully based in a native Xochimilcan axolotl, so differ-
ences might yet exist compared to the wild species (Nowoshilow 
et al., 2018; Keinath et al., 2015).

Due to these historical aspects as a model that has facilitated 
research in multiple areas such as evolution, development, and 
regeneration; the genomic study of the axolotl was a necessary step 
to acquire further knowledge, and was imperative to understand the 
biological mechanisms behind axolotl secrets, but its elucidation 
needed the advance in molecular biology and genomic sequencing 
tools. Therefore, the study of the axolotl genome has been very 
intense, and because of its nature, it has been full of difficulties in 
recent years. The reason behind this, and the challenges presented 
at the efforts towards the integral assembly of genomes such as 
that of salamanders, is their large genome sizes and the enormous 
number of repetitive regions that they contain. This is also true for 
the axolotl’s genome, where the large size was originally estimated 
from A. tigrinum (Keinath et al., 2015).

To achieve a full understanding of the size and characteristics 
of the axolotl’s genome and to be able to assemble it on a chro-
mosomal scale, there have been major hurdles towards obtaining 
a full assembly. This is due to the inability of acquiring sufficient 
read-length (Henson et al., 2012; Bryant et al., 2017). The initial 
approximations derived from proximity ligation (despite extensive 
analysis of the resulting datasets) showed limitations and few useful 
results. For this reason, meiotic mapping methods were used as a 
tool to generate dense genome-wide scaffolding information. This 
led to the employment of hybrid crosses between A. mexicanum 
and A. tigrinum that were used to develop meiotic maps for the 
species and infer the positions of quantitative trait loci (QTL), sex, 
and Mendelian pigment mutants (Woodcock et al., 2017; Bryant 
et al., 2017). This was done by obtaining a reference genome with 
the application of the most modern technologies and techniques in 
sequencing and assembly (Kuleshov et al., 2016; Phillippy, 2017; 
Zheng et al., 2016). Together with the use of long reads sequenc-
ing instruments, the assembly of the complicated axolotl genome 
became a reality. Nowadays, the latest version of the assembly 
harbors annotated models for a vast majority of axolotl genes on 
scaffolds that typically exceed a megabase in length (N50 ~3 Mb) 
(Nowoshilow et al., 2018; Gerber et al., 2018; Keinath et al., 2015; 
Zheng et al., 2016; Smith et al., 2009). Yet, much research needs 
to be done to elucidate now more specific features of the axolotl 
genome, such as the identification of regulatory elements, genetic 
association studies, among others. But thanks to such advances 
in sequencing, assembly, and genetic manipulation, the genomic 
composition was confirmed (Keinath et al., 2015; Nowoshilow et 
al., 2018). To put the axolotl genome scale in perspective, it is 1.57 
times larger than the loblolly pine genome (20.6 Gb). The size of 
its chromosomes varies from 3.14 Gb on its largest chromosome, 
to 0.66 Gb on its smallest chromosome (Smith et al., 2019), while 
human and mouse chromosome length average 128 Mb and 124 
Mb, respectively; hence, one large axolotl’s chromosome is around 
the size of the entire human genome (Nowoshilow et al., 2018).

One of the characteristics found in the axolotl genome that 
explains its enormous length, is that it is generally highly repetitive 
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and contains unusually long introns (Bryant et al., 2017; Smith 
et al., 2009). When compared to other genomes, axolotls exhibit 
extensive preservation between humans and chickens, where, 
interestingly, the axolotl homologous genome segments are on 
average 14 and 51 times longer, respectively (Voss et al., 2011). 
A possible hypothesis that arises from genomic results is that the 
introns are unusually long. This suggests that, in general, gene 
regulatory elements may be more separated in salamanders than 
in other vertebrates. One explanation of how axolotl gene regulation 
might deal with this issue could be by long range enhancer-promoter 
contact and high order chromatin structures that facilitate gene 
regulation (Smith et al., 2009; Benedetti et al., 2014). However, 
these regulatory mechanisms are mainly unknown. Also, the size 
of axolotl genome is thought to be caused from an ancient episode 
of genome expansion resulting from the activity of mobile elements, 
like LTR retroelements classes, LINE 1/2 elements, gypsy and 
other endogenous retroviruses (Keinath et al., 2015; Nowoshilow 
et al., 2018). The axolotl genome is constituted by 18.6 Gb (66% 
of the contig assembly) of repetitive sequences, as LTRs and other 
retroviruses are the most abundant. Due to the presence of many 
repeated sequences, the average size of an intron is 22.8 kb, which 
is 16 and 13 times larger than the observed in mice (1.47kb) and 
humans (1.75kb), respectively (Fig. 2C) (Nowoshilow et al., 2018). 
From genomic and together with mRNA analysis, it has been now 
established that, as observed in other organisms, and despite the 
large size of its genome, a total of 23,251 protein-coding genes 
have been annotated. This result shows a similar number of coding 
genes to those found in other vertebrate genomes (Bryant et al., 
2017; Smith et al., 2019; Brown and Peirson, 2018). Therefore, the 
genetic machinery underlying the development and characteristics 
of this organism is governed, as in other species, by a similar set of 
conserved genes. In short, a tremendous research effort has been 
made to understand and assemble the axolotl genome. Although 
the recent findings and mappings are not yet fully elucidated, they 
are sufficient to make way for studies of regulatory elements and 
other genetic mechanisms that could be used to help solve and 
understand phenomena that have generated great interest in this 
species, such as regeneration. So now there is a reference to 
compare to, and the future of the study of this organism is about 
to open new chapters.

Altogether, both genomic and transcriptomic data open a new 
window that will allow a better understanding of axolotl regeneration. 
This being the case, it leads to the question, how is a genome with 
such excessive dimensions regulated? the answer could be hidden 
in the epigenetic mechanisms and in the architecture of genomic 
contacts at a distance that must be generated at the nuclear three-
dimensional level.

When the DNA sequence is not enough: the epigenetics 
of the axolotl

In 1942, Conrad Waddington coined the term “epigenetics” to 
explain the mechanism involved in the cell differentiation process. 
Waddington defined epigenetics as “the branch of biology that stud-
ies the causal interactions between genes and their products which 
bring the phenotype into being” (Rajagopal and Stanger, 2016). 
A substantial part of his work was based on the explanation of a 
model known as the “epigenetic landscape”, represented by a ball 
rolling down a hill with valleys and ridges that could affect its final 

ball position (Fig. 3A). This process results in the establishment of 
a cellular identity, where each “road” leads to a terminally differenti-
ated cell. But it has been proposed that cellular identity can change 
by physiological mechanisms in an adult, as a response to injury. 
There are two main pathways for such cellular plasticity: firstly, it 
is related to cells that can adopt a progenitor-like phenotype, this 
mechanism is known as de-differentiation. The second process 
occurs when somatic cells transform directly into another mature 
cell by a trans-differentiation phenomenon (Fig. 3A). This cellular 
plasticity involves a series of events that alter both the transcriptome 
and the cellular proteome, which are mainly regulated by changes 
in their epigenome, as post-translational modifications of histones 
and epigenetic DNA modifications, that together generate changes 
in the epigenetic landscape (Fig. 3A and B). This model was used to 
explain the course of differentiation from a pluripotent to unipotent 
cell state and is currently being applied to explain different biological 
and physiological phenomena, such as tissue regeneration, as well 
as pathological ones, such as cancer (Baedke, 2013). Currently, one 
of the most accepted definitions of epigenetics is the inheritance 
of gene expression patterns without altering the underlying DNA 
sequence by adapting chromatin structure, which is the physiological 
form of our genetic information. The regulation of gene expression 
is intimately regulated through various epigenetic processes. Among 
them, the DNA methylation and the post-translational modifications 
of histones and non-coding RNA are the most conserved epigenetic 
mechanisms throughout species (Allis and Jenuwein, 2016).

DNA methylation and demethylation as a conserved 
epigenetic mechanism in most species

DNA methylation has been one of the most historically studied 
among the different epigenetic processes. Several reports have 
shown that this mechanism is conserved across species, even 
leading to very particular epigenetic systems for some of them 
(Zhong, 2016). The DNA methylation is a covalent modification. 
So far, three types have been described: N6-methyladenina (6mA), 
N4-methylcytosine (4mC) and 5-methylcytosine (5mC) (Greer et 
al., 2015). While 6mA and 4mC are restricted to prokaryotes and 
some eukaryotes, 5mC is the most representative epigenetic mark 
in eukaryotes (Harris and Goldman, 2020). DNA methylation has 
been implicated in several biological processes including genome 
integrity, gene imprinting, tissue and organism development, gene 
silencing, X chromosome inactivation, suppression of retroviruses 
and transposons, and even in gene alternative splicing phenom-
ena, among others (Nowoshilow et al., 2018; Allis and Jenuwein, 
2016; Shayevitch et al., 2018). It was previously believed that DNA 
methylation as a covalent epigenetic mark was difficult to remove, 
until the enzymes responsible known as Ten-Eleven Translocation 
family proteins were discovered (Tahiliani, et al., 2009). These en-
zymes promote the oxidation of 5mC into 5-hydroxymethyl (5hmC), 
5-formyl (5fC), and 5-carboxyl (5caC) (Wu and Zhang, 2017). This 
mechanism revolutionized the idea that was held about the establish-
ment of epigenetic marks, thus giving them a biological dynamism. 
Particularly, the active demethylation of 5mC has been associated 
with different processes such as pluripotency of embryonic stem 
cells, neuron development, and tumorigenesis in mammals, among 
others (Shi et al., 2017). Mainly, the possibility of altering the 
methylation state of a cell can impact its genetic transcriptional 
regulation. The axolotl is no exception to this phenomenon. It has 
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been reported that 72 hours after limb injury there is a modulation 
in the expression in de novo DNA methyltransferase 3 (DNMT3a) 
(Fig. 3B). Axolotl wounds treated with a DNA methyltransferase 
inhibitor induce changes in gene expression and cellular response 
in regenerative processes, suggesting that DNA methylation and 
demethylation (or eraser) mechanisms could be influencing axolotl 
tissue regeneration (Fig. 3B) (Aguilar and Gardiner, 2015). It has 
also been reported that the axolotl can present a specific distribu-
tion of 5hmC and 5fC, which is conserved between amphibians 
and mammals (Fig. 3B). Neural cells, skin, and connective tissue 
have been reported to have a strong abundance of 5hmC com-
pared to the rest of the tissues. These results suggest that many 
of the epigenetic marks remain conserved and could be the key 
to specific processes such as tissue regeneration (Almeida et al., 
2012; Alioui et al., 2012). In the chromatin of axolotl oocytes, a 
reduction in the repressive histone marks such as H3K9me3 and in 
the protein of heterochromatin 1 alpha (HP1-a) has been reported, 
as well as an increase in the acetylation of H3 lysine 9 (H3K9ac) 
(Bian et al., 2009). This suggests an epigenetic plasticity, which 
is not fully understood in axolotl somatic cells, which may be a 
crucial point in tissue regeneration (Fig. 3B). In this sense, a very 
elegant experimental approach showed that the disturbance of 

histone deacetylases (HDAC) by compounds inhibited tail regen-
eration in axolotl embryos treated for 7 days. These data strongly 
suggest that HDACs participate substantially in the regenerative 
process in response to injury (Voss et al., 2019; Baddar et al., 
2021). These antecedents point that the axolotl is one of the few 
reported tetrapods which has the ability to regenerate structures 
such as limbs, tail, heart, eye lenses, brain, and spinal cord, where 
genetic and epigenetic molecular mechanisms could be involved 
in the tissue regeneration mechanism. Although regeneration of 
axolotl limbs is the most studied model, little has been addressed 
from an epigenetic perspective. There are several reasons that 
have led to this, particularly that its genome represents a significant 
genetic challenge. Finally, the currently poorly addressed epigenetic 
components of the axolotl may be responsible for transcriptional 
gene regulation.

Conclusions and Future Directions

Ambystoma mexicanum is considered an icon of Mexican culture, 
also known as the axolotl. Unfortunately, for different causes it is 
amongst the species that are racing towards extinction, as listed by 
the International Union for the Conservation of Nature and Natural 

Fig. 3. Epigenetic processes reported in the axolotl. (A) Waddington’s epigenetic landscape, where the processes of cellular differentiation (green, 
blue and red lines), de-differentiation (dotted pink line) and trans-differentiation (yellow line) are shown. (B) An injury in axolotl may induce epigenetic 
changes related to the regeneration process, such as DNA methylation (5mC), DNA demethylation (5hmC and 5fC), repressive histone marks (H3K9me3 
and HP1), and the acetylation (by histone acetyltransferase (HAT)) and deacetylation of histone (mediated by histone deacetylases (HDACs). Created 
with BioRender.com.
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Resources (IUCN) (https://www.iucn.org/). Curiously, Ambystoma 
mexicanum is one of the amphibians that can be found in research 
labs, aquariums and pet shops worldwide. However, the specimens 
found in these places possibly have a certain degree of inbreeding, 
since they come from the same population, which leads to vulner-
ability to certain diseases. In this sense, diverse institutions such 
as the University of Kentucky through the AGSC project maintains 
a breeding colony of axolotls and distributes them for research and 
teaching purposes. Despite the efforts of conservation programs, 
Ambystoma mexicanum continues to face problems to survive and 
breed in its natural environment. 

Ambystoma mexicanum has become an ideal study model for 
research, given its unique physiological and morphological charac-
teristics. Perhaps the most important contribution of the axolotl to 
medical research is related to its amazing capacity to regenerate 
cells and multiple tissues and organs. The axolotl has developed 
an extraordinary mechanism of regeneration, beginning with the 
blastema where newly de-differentiated cells congregate to later 
form a fully functional limb with perfect healing and no sign of previ-
ous damage. But, how does the regeneration pathway work? This is 
a question that is currently still unresolved. Regeneration research 
has been addressed toward the blastema formation, but most of the 
mechanisms behind this process are not fully understood. It has 
been observed that age is a determining factor in transcriptional 
gene regulation during tissue regeneration, including the trans-
differentiation process, proposing that the environmental conditions, 
genetic and epigenetic components may be partly responsible for 
the tissue regeneration processes in axolotl. Therefore, the study of 
molecular biology, genomics, and epigenetic machinery underlying 
the regenerative mechanisms offers a novel approach to unravel 
this outstanding process.

Acknowledgements
This work was supported by the Consejo Nacional de Ciencia y Tec-

nología (CONACyT) Fondo CB-SEP-CONACyT (284748), Apoyo para 
Proyectos de Investigación Científica, Desarrollo Tecnológico e Innovación 
en Salud ante la Contingencia por COVID-19 (312021) and UAM-PTC-704, 
4310681. CS and ES-R were supported by the Departamento de Cien-
cias Naturales, UAM-Cuajimalpa. DTG is an undergraduate student from 
Universidad Autónoma Metropolitana-Cuajimalpa (UAM) and received a 
fellowship from Dirección de Superación Académica (PRODEP) 177152 
and 250690. We appreciate the photograph of axolotls provided by Secrets 
of the Salamanders, Dir. Madelaine Westwood; National Film and Televi-
sion School, United Kingdom (Fig. 2A).

References

AGUILAR C and GARDINER D M (2015). DNA Methylation Dynamics Regulate the 
Formation of a Regenerative Wound Epithelium during Axolotl Limb Regenera-
tion. PloS One 10: e0134791.

ALIOUI A, WHELDON L M, ABAKIR A, FERJENTSIK Z, JOHNSON A D, RUZOV A 
(2012). 5-Carboxylcytosine is localized to euchromatic regions in the nuclei of 
follicular cells in axolotl ovary. Nucleus 3: 565–569.

ALLIS C D and JENUWEIN T (2016). The molecular hallmarks of epigenetic control. 
Nat Rev Genet 17: 487–500.

ALMEIDA R D, SOTTILE V, LOOSE M, SOUSA P A D, JOHNSON A D, RUZOV A 
(2012). Semi-quantitative immunohistochemical detection of 5-hydroxymethyl-
cytosine reveals conservation of its tissue distribution between amphibians and 
mammals. Epigenetics 7: 137–140.

AMAMOTO R, HUERTA V G, TAKAHASHI E, DAI G, GRANT A K, FU Z, ARLOTTA 
P (2016). Adult axolotls can regenerate original neuronal diversity in response to 
brain injury. eLife 5: e13998.

BADDAR N W A H, DWARAKA V B, PONOMAREVA L V, THORSON J S, VOSS 
S R (2021). Chemical genetics of regeneration: Contrasting temporal effects of 
CoCl 2 on axolotl tail regeneration. Dev Dyn https://doi.org/10.1002/dvdy.294

BAEDKE J (2013). The epigenetic landscape in the course of time: Conrad Hal 
Waddington’s methodological impact on the life sciences. Stud Hist Philos Biol 
Biomed Sci 44: 756–773.

BENEDETTI F, DORIER J, STASIAK A (2014). Effects of supercoiling on enhancer–
promoter contacts. Nucleic Acids Res 42: 10425–10432.

BIAN Y, ALBERIO R, ALLEGRUCCI C, CAMPBELL K H, JOHNSON A D (2009). 
Epigenetic marks in somatic chromatin are remodelled to resemble pluripotent 
nuclei by amphibian oocyte extracts. Epigenetics 4: 194–202.

BROWN L A and PEIRSON S N (2018). Improving Reproducibility and Candi-
date Selection in Transcriptomics Using Meta-analysis. J Exp Neurosci 12: 
1179069518756296.

BRYANT D M, JOHNSON K, DITOMMASO T, TICKLE T, COUGER M B, PAYZIN-
DOGRU D, LEE T J, LEIGH N D, KUO T H, DAVIS F G, BATEMAN J, BRYANT S, 
GUZIKOWSKI A R, TSAI S L, COYNE S, YE W W, FREEMAN R M J R, PESHKIN 
L, TABIN C J, REGEV A, HAAS B J, WHITED J L (2017). A Tissue-Mapped Axolotl 
De Novo Transcriptome Enables Identification of Limb Regeneration Factors. 
Cell Rep 18: 762–776.

CAMPBELL L J and CREWS C M (2008). Wound epidermis formation and function 
in urodele amphibian limb regeneration. Cell Mol Life Sci 65: 73-79.

COOTS P S and SEIFERT A W (2015). Thyroxine-induced metamorphosis in the 
axolotl (Ambystoma mexicanum). Methods Mol Biol 1290: 141–145. 

DARNET S, DRAGALZEW A C, AMARAL D B, SOUSA J F, THOMPSON A W, 
CASS A N, LORENA J, PIRES E S, COSTA C M, SOUSA M P, FRÖBISCH N 
B, OLIVEIRA G, SCHNEIDER P N, DAVIS M C, BRAASCH I, SCHNEIDER I 
(2019). Deep evolutionary origin of limb and fin regeneration. Proc. Natl. Acad. 
Sci. USA 116: 15106–15115.

ENDO T, BRYANT S V, GARDINER D M (2004). A stepwise model system for limb 
regeneration. Dev Biol 27: 135–145. 

FARKAS J E and MONAGHAN J R (2015). Housing and maintenance of Ambystoma 
mexicanum, the Mexican axolotl. Methods Mol Biol 1290: 27–46.

FEI J F, LOU W P K, KNAPP D, MURAWALA P, GERBER T, TANIGUCHI Y, NO-
WOSHILOW S, KHATTAK S, TANAKA E M (2018). Application and optimization of 
CRISPR-Cas9-mediated genome engineering in axolotl (Ambystoma mexicanum). 
Nat Protoc 13: 2908–2943.

GERBER T, MURAWALA P, KNAPP D, MASSELINK W, SCHUEZ M, HERMANN S, 
GAC-SANTEL M, NOWOSHILOW S, KAGEYAMA J, KHATTAK S, CURRIE J D, 
CAMP J G, TANAKA E M, TREUTLEIN B (2018). Single-cell analysis uncovers 
convergence of cell identities during axolotl limb regeneration. Science 362.

GREER E L, BLANCO M A, GU L, SENDINC E, LIU J, ARISTIZÁBAL-CORRALES 
D, HSU C H, ARAVIND L, HE C, SHI Y (2015). DNA Methylation on N6-Adenine 
in C. elegans. Cell 161: 868–878.

HAAS B J and WHITED J L (2017). Advances in Decoding Axolotl Limb Regeneration. 
Trends Genet 33: 553–565.

HARRIS A and GOLDMAN A D (2020). The complex phylogenetic relationships 
of a 4mC/6mA DNA methyltransferase in prokaryotes. Mol Phylogenetics Evol 
149: 106837.

HENSON J, TISCHLER G, NING Z (2012). Next-generation sequencing and large 
genome assemblies. Pharmacogenomics 13: 901–915. 

KEINATH M C, TIMOSHEVSKIY V A, TIMOSHEVSKAYA N Y, TSONIS P A, VOSS 
S R, SMITH J J (2015). Initial characterization of the large genome of the sala-
mander Ambystoma mexicanum using shotgun and laser capture chromosome 
sequencing. Sci Rep 5: 16413.

KRAGL M, KNAPP D, NACU E, KHATTAK S, MADEN M, EPPERLEIN H H, TANAKA 
E M (2009). Cells keep a memory of their tissue origin during axolotl limb regen-
eration. Nature 460: 60–65.

KULESHOV V, SNYDER M P, BATZOGLOU S (2016). Genome assembly from 
synthetic long read clouds. Bioinformatics 32: i216–i224.

LEIGH N D, DUNLAP G S, JOHNSON K, MARIANO R, OSHIRO R, WONG A Y, 
BRYANT D M, MILLER B M, RATNER A, CHEN A, YE W W, HAAS B J, WHITED 
J L (2018). Transcriptomic landscape of the blastema niche in regenerating adult 
axolotl limbs at single-cell resolution. Nat Commun 9: 1-13.

McHEDLISHVILI L, MAZUROV V, GRASSME K S, GOEHLER K, ROBL B, TAZAKI A, 
ROENSCH K, DUEMMLER A, TANAKA E M (2012). Reconstitution of the central 



474    C. Sámano et al.

and peripheral nervous system during salamander tail regeneration. Proc. Natl. 
Acad. Sci. USA 109: E2258–E2266. 

MERCADER N, TANAKA E M, TORRES M (2005). Proximodistal identity during 
vertebrate limb regeneration is regulated by Meis homeodomain proteins. De-
velopment 132: 4131–4142. 

MONAGHAN J R, STIER A C, MICHONNEAU F, SMITH M D, PASCH B, MADEN M, 
SEIFERT A W (2014). Experimentally induced metamorphosis in axolotls reduces 
regenerative rate and fidelity. Regeneration 1: 2–14. 

NOWOSHILOW S, SCHLOISSNIG S, FEI J F, DAHL A, PANG A W C, PIPPEL M, 
WINKLER S, HASTIE A R, YOUNG G, ROSCITO J G, FALCON F, KNAPP D, 
POWELL S, CRUZ A, CAO H, HABERMANN B, HILLER M, TANAKA E M, MY-
ERS E W (2018). The axolotl genome and the evolution of key tissue formation 
regulators. Nature 554: 50–55.

PARISH C L, BELJAJEVA A, ARENAS E, SIMON A. (2007). Midbrain dopaminergic 
neurogenesis and behavioural recovery in a salamander lesion-induced regenera-
tion model. Development 134: 2881–2887. 

PHILLIPPY A M (2017). New advances in sequence assembly. Genome Res 27: xi–xiii.
RAJAGOPAL J and STANGER B Z (2016). Plasticity in the Adult: How Should the 

Waddington Diagram Be Applied to Regenerating Tissues? Dev. Cell 36: 133–137.
SANDOVAL-GUZMÁN T, WANG H, KHATTAK S, SCHUEZ M, ROENSCH K, NACU 

E, TAZAKI A, JOVEN A, TANAKA E M, SIMON A (2014). Fundamental differences 
in dedifferentiation and stem cell recruitment during skeletal muscle regeneration 
in two salamander species. Cell Stem Cell 14: 174–187.

SANOR L D, FLOWERS G P, CREWS C M (2020). Multiplex CRISPR/Cas screen in 
regenerating haploid limbs of chimeric Axolotls. eLife 9: e48511.

SEIFERT A W, MONAGHAN J R, VOSS S R, MADEN M. (2012). Skin regeneration in 
adult axolotls: a blueprint for scar-free healing in vertebrates. PLoS One 7: e32875.

SHAYEVITCH R, ASKAYO D, KEYDAR I, AST G (2018). The Importance of DNA 
Methylation of Exons on Alternative Splicing. RNA 24: 1351-1362.

SHI D Q, ALI I, TANG J, YANG W C (2017). New Insights into 5hmC DNA Modifica-
tion: Generation, Distribution and Function. Front Genet 8: 100. 

SMITH J J, PUTTA S, ZHU W, PAO GM, VERMA I M, HUNTER T, BRYANT S V, 
GARDINER D M, HARKINS T T, VOSS S R (2009). Genic regions of a large 
salamander genome contain long introns and novel genes. BMC Genomics 10: 19.

SMITH J J, TIMOSHEVSKAYA N, TIMOSHEVSKIY V A, KEINATH M C, HARDY 
D, VOSS S R (2019). A chromosome-scale assembly of the axolotl genome. 
Genome Res 29: 317-324.

STEWART R, RASCÓN C A, TIAN S, NIE J, BARRY C, CHU L, ARDALANI H, 
WAGNER R J, PROBASCO M D, BOLIN J M, LENG N, SENGUPTA S, VOLK-
MER M, HABERMANN B, TANAKA E M, THOMSON J A, DEWEY C N (2013). 
Comparative RNA-seq analysis in the unsequenced axolotl: the oncogene burst 
highlights early gene expression in the blastema. PLoS Comp Biol 9: e1002936.

SUETSUGU-MAKI R, MAKI N, NAKAMURA K, SUMANAS S, ZHU J, DEL RIO-

TSONIS K, TSONIS P A (2012). Lens regeneration in axolotl: new evidence of 
developmental plasticity. BMC Biol 10: 103. 

TAHILIANI M, KOH K P, SHEN Y, PASTOR W A, BANDUKWALA H, BRUDNO Y, 
AGARWAL S, IYER L M, LIU D R, ARAVIND L, RAO A (2009). Conversion of 
5-Methylcytosine to 5-Hydroxymethylcytosine in Mammalian DNA by MLL Partner 
TET1. Science 324: 930–935.

TASSAVA R A, and GARLING D J (1979). Regenerative responses in larval axolotl 
limbs with skin grafts over the amputation surface. J Exp Zool 208: 97–110.

TASSAVA R A and LOYD R M (1977). Injury requirement for initiation of regeneration 
of newt limbs which have whole skin grafts. Nature 268:49–50. 

VIEIRA W A, WELLS K M, McCUSKER C D (2020). Advancements to the Axolotl 
Model for Regeneration and Aging. Gereontology 66: 212–222.

VOSS S R, EPPERLEIN H H, TANAKA E M (2009). Ambystoma mexicanum, the 
Axolotl: A Versatile Amphibian Model for Regeneration, Development, and Evolu-
tion Studies. Cold Spring Harb Protoc 2009: pdb.emo128.

VOSS S R, KUMP D K, PUTTA S, PAULY N, REYNOLDS A, HENRY R J, BASA S, 
WALKER J A, SMITH J J (2011). Origin of amphibian and avian chromosomes 
by fission, fusion, and retention of ancestral chromosomes. Genome Res 21: 
1306–1312.

VOSS S R, PONOMAREVA L V, DWARAKA V B, PARDUE K E, BADDAR N W A 
H, RODGERS A K, WOODCOCK M R, QIU Q, CROWNER A, BLICHMANN D, 
KHATRI S, THORSON J S (2019). HDAC Regulates Transcription at the Outset 
of Axolotl Tail Regeneration. Sci Rep 9: 6751.

WALSH C J, HU P, BATT J, SANTOS C C D (2015). Microarray Meta-Analysis and 
Cross-Platform Normalization: Integrative Genomics for Robust Biomarker Dis-
covery. Microarrays 4: 389–406.

WOODCOCK M R, VAUGHN-WOLFE J, ELIAS A, KUMP D K, KENDALL K D, 
TIMOSHEVSKAYA N, TIMOSHEVSKIY V, PERRY D W, SMITH J J, SPIEWAK 
J E, PARICHY D M, VOSS S R (2017). Identification of Mutant Genes and 
Introgressed Tiger Salamander DNA in the Laboratory Axolotl, Ambystoma 
mexicanum. Sci Rep 7: 6.

ZHENG G X Y, LAU B T, SCHNALL-LEVIN M, JAROSZ M, BELL J M, HINDSON C 
M, KYRIAZOPOULOU-PANAGIOTOPOULOU S, MASQUELIER D A, MERRILL 
L, TERRY J M, MUDIVARTI P A, WYATT P W, BHARADWAJ R, MAKAREWICZ 
A J, LI Y, BELGRADER P, PRICE A D, LOWE A J, MARKS P, VURENS G M, 
HARDENBOL P, MONTESCLAROS L, LUO M, GREENFIELD L, WONG A, BIRCH 
D E, SHORT S W, BJORNSON K P, PATEL P, HOPMANS E S, WOOD C, KAUR 
S, LOCKWOOD G K, STAFFORD D, DELANEY J P, WU I, ORDONEZ H S, 
GRIMES S M, GREER S, LEE J Y, BELHOCINE K, GIORDA K M, HEATON W H, 
MCDERMOTT G P, BENT Z W, MESCHI F, KONDOV N O, WILSON R, BERNATE 
J A, GAUBY S, KINDWALL A, BERMEJO C, FEHR A N, CHAN A, SAXONOV S, 
NESS K D, HINDSON B J, JI H P (2016). Haplotyping germline and cancer ge-
nomes with high-throughput linked-read sequencing. Nat Biotechnol 34: 303–311.

ZHONG X (2016). Comparative epigenomics: a powerful tool to understand the 
evolution of DNA methylation. New Phytol 210: 76–80.



Further Related Reading, published previously in the Int. J. Dev. Biol. 

Precise control of ion channel and gap junction expression is required for patterning of the regenerating axolotl limb
Konstantinos Sousounis, Burcu Erdogan, Michael Levin, and Jessica L. Whited
Int. J. Dev. Biol. (2020) 64: 485-494
https://doi.org/10.1387/ijdb.200114jw

Elly Tanaka’s passion for exploring animal regeneration
Nadia Mercader and Florenci Serras
Int. J. Dev. Biol. (2018) 62: 387-391
https://doi.org/10.1387/ijdb.180049fs

Regeneration and pattern formation - an interview with Susan Bryant
Michael K. Richardson and Cheng Ming Chuong
Int. J. Dev. Biol. (2009) 53: 827-833
https://doi.org/10.1387/ijdb.082596mr

The evolution of regeneration – where does that leave mammals?
Malcolm Maden
Int. J. Dev. Biol. (2018) 62: 369-372
https://doi.org/10.1387/ijdb.180031mm

The cellular basis of limb regeneration in urodeles.
A L Mescher
Int. J. Dev. Biol. (1996) 40: 785-795
http://www.intjdevbiol.com/web/paper/8877452

Heart development and regeneration in urodeles.
A W Neff, A E Dent and J B Armstrong
Int. J. Dev. Biol. (1996) 40: 719-725
http://www.intjdevbiol.com/web/paper/8877445

Expression of polysialylated neural cell adhesion molecule (PSA-N-CAM) in developing, 
adult and regenerating caudal spinal cord of the urodele amphibians
X Caubit, J P Arsanto, D Figarella-Branger and Y Thouveny
Int. J. Dev. Biol. (1993) 37: 327-336
http://www.intjdevbiol.com/web/paper/8398680

ttp://www.intjdevbiol.com/web/issues/contents/vol/40/issue/4
http://www.intjdevbiol.com/web/issues/contents/vol/62/issue/6-7-8
http://www.intjdevbiol.com/web/issues/contents/vol/58/issue/6-7-8
http://www.intjdevbiol.com/web/issues/contents/vol/47/issue/7-8

