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Old questions, new models: unraveling complex organ
regeneration with new experimental approaches
Marco Grillo1, Nikolaos Konstantinides2 and Michalis Averof1,3
How do some animals like crabs, flatworms and salamanders
regenerate entire body parts after a severe injury? Which are
the mechanisms and how did that regenerative ability evolve
over time? The ability to regenerate complex organs is
widespread in the animal kingdom, but fundamental, centuriesold questions remain unanswered. Forward genetics
approaches that were so successful in probing embryonic
development are lacking in most regenerative models, and
candidate gene approaches can be biased and misleading. We
summarize recent progress in establishing new genetic tools
and approaches to study regeneration and provide a personal
perspective on the feasibility and value of establishing such
tools, based on our experience with a new experimental model,
the crustacean Parhyale hawaiensis.
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Introduction
Several animals (hydra, planarians, fish and salamanders)
can regenerate body parts that are injured or amputated.
This ability extends far beyond the homeostatic/repair
mechanisms present in most organisms, such as wound
healing or the physiological renewal of epithelia and
blood. Highly regenerative species are able to restore
organs with complex architectures and multiple differentiated cell types, such as external appendages (limb, tails,
fins), internal organs (heart, liver, brain) or, in some cases,
the entire body from small fragments of tissue. Regeneration can restore both the number and the diversity of
www.sciencedirect.com

cells present in the lost tissue, by mobilizing specific
populations of progenitor cells. Regeneration also restores
pattern, giving rise to well-proportioned, functional
organs that can be virtually indistinguishable from those
of unharmed animals.
The ability to regenerate is widespread in the animal
kingdom; complex organ regeneration is observed in a
wide range of animals, including cnidarians, flatworms,
molluscs, annelids, arthropods, echinoderms and vertebrates [1–3] (Figure 1). This ability is often coupled with
asexual reproduction [4,5] and is common in basal metazoan lineages (sponges, cnidarians, placozoans), raising
the possibility that early metazoans had powerful regenerative abilities. However, the ability to regenerate does
not correlate well with phylogeny — animals with poor
and extensive regenerative abilities can often be found in
closely related groups [3,4,6,7,8,9–11] — suggesting that
regenerative ability has been lost and/or gained repeatedly during animal evolution.
There has been much speculation about the reasons
behind this variation. Since regenerative ability is considered to be an advantageous trait, its loss seems puzzling. One explanation is that it results from evolutionary
trade-offs with other adaptive characters: ‘other advantages of greater importance [must be] gained in the
bargain’ [2]. For example, the ability to rapidly heal
wounds by scarring has been proposed to be incompatible
with regeneration, and perhaps the reason why mammals
have largely lost the ability to regenerate (for discussion
see [4,12]). Different abilities to regenerate could also
reflect different selective pressures and life strategies
adopted by each species [9]. Animals with a very rapid
lifecycle may not gain sufficient benefits or have sufficient time to regenerate.
Different tissues and different life stages of the same
organism may also regenerate to a different extent.
Humans regenerate the endometrium and liver, but their
regenerative ability is otherwise very limited. Some
lizards can partly regenerate their tail but are not able
to regenerate limbs. Most insects are able to regenerate
their limbs during larval stages, but lose this ability once
they reach the adult stage.
The mechanisms of regeneration can also vary widely
among animals. For example, planarians rely on pluripotent stem cells to regenerate missing body parts, whereas
vertebrates and arthropods rely on lineage-committed
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Wide distribution of regenerative capabilities in animals. The simplified phylogeny depicts 8 major animal phyla and the distribution of regenerative
abilities among them. All the shown phyla except nematodes have some members that are able to regenerate complex organs or entire body
regions. The major experimental models from each phylum and the type of progenitors found are indicated.

progenitors (Figure 1). Even closely related animals, such
as newts and axolotls, can use different mechanisms to
regenerate the same tissue [13]. This complex picture
raises questions on which aspects of regeneration are
likely to be comparable and which unique to each group.

The challenge of studying regeneration
Unlike embryonic development, where the molecular
and cellular mechanisms that underpin patterning and
morphogenesis are described in increasing detail, the
mechanisms of regeneration are still poorly understood.
Fundamental questions, such as what triggers the regenerative programme, the identity and commitment of
progenitor cells, how progenitor cells are regulated to
compensate precisely for the missing parts, and how the
new tissues are patterned to regenerate functional organs,
remain largely unanswered in most species [14]. It is also
unclear to what extent regeneration re-utilises mechanisms that operate during embryonic development and
whether common principles/mechanisms of regeneration
will emerge by comparing distant species [15].
We think the reasons for this failure largely boil down to
the technical means at our disposal, namely the lack of
Current Opinion in Genetics & Development 2016, 40:23–31

powerful genetic approaches for studying regeneration.
First, some of the best genetic models available — C.
elegans, Drosophila and mice — have very limited regenerative abilities (with the notable exception of zebrafish, see
below). These models were chosen for traits that favor
genetic screens (a short generation time, fast development,
r-oriented reproductive strategy) but are unlikely to be
associated with regenerative ability. Second, regeneration
occurs in adults, which complicates loss-of-function genetic studies. The powerful genetic screens carried out in
Drosophila, C. elegans and zebrafish were effective in capturing mutations that influence early development, but
probing adult traits is more challenging because many
mutations are lethal at earlier stages. Forward genetic
screens for adult traits are possible, but they are more
demanding and often require advanced genetic tools [16].
Third, regeneration is not as amenable to direct observation. It is a lengthy process — extending over weeks or
months — and occurs in adults that are often highly mobile, rendering continuous live imaging very challenging.
The classic experimental models used to study regeneration — hydrozoans, planarians, salamanders and Xenopus
tadpoles — are species with impressive regenerative
www.sciencedirect.com
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abilities. The initial choice of these models was driven by
their biology and by experimental approaches such as cell
transplantation and grafting from which we learnt much
in the past (see [1,2,17]). Attempts to establish genetic
approaches in these organisms have had variable success:
RNAi/antisense approaches and transgenesis have been
successful in some species (Figure 2), but forward genetic
screens have not been possible in any of these classic
models. Zebrafish is a recent exception to this rule [18–
20,21,22–24].

approach can succeed in identifying essential factors, in
the absence of advanced genetic tools it usually fails to
probe mechanisms in depth.
We focus here on efforts to overcome the candidate gene
approach by the introduction of new experimental
approaches and new models to study regeneration.

New experimental approaches
In the last decade significant progress was made in
introducing new genetic tools in classic models, such as
hydra, planarians and salamanders (summarized in
Figure 2). RNAi, morpholinos and other knockdown
approaches were mostly applied to test the role of candidate genes, but on some occasions they have been used to
conduct large screens, searching for factors that influence
regeneration in a more unbiased fashion [25,26]. Transgenesis was established in a few regenerative models,
namely in zebrafish, axolotl, newt, Xenopus, Hydra and in

Given the genetic tools available, studies of regeneration
have often taken a ‘candidate gene’ approach, using
RNAi-, antisense- or drug-mediated knockdowns to assess the role of specific genes. Since this approach relies
on knowledge (candidate genes) coming from models that
lack regenerative abilities, it is biased towards common,
conserved mechanisms and likely to miss novel mechanisms that are unique to regeneration. Also, while this
Figure 2
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Genetic approaches available in different regenerative models. References: forward genetics [18–20,21,22–24], transplantation of genetically
marked cells [29,34,36,37,38,39,41,42,78,116], clonal genetic tools [43–49,117], live imaging [81–85], gene editing techniques [51–60],
transgenesis [27–33,34,35,40,118,119], RNAi and morpholino [25,73,92,103,107,109,120–122], transcriptional profiling approaches
[7,62–71,73,123–125].
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the emerging cnidarian and arthropod models Nematostella, Hydractinia, Gryllus and Parhyale [27–33,34,35]. In
some species it has been used to home in on precursor
cells and to study their degree of commitment
[29,34,36,37,38,39,40,41,42]. The most advanced
transgenic tools have been established in zebrafish, where
the Cre/lox recombinase system is now commonly used to
investigate cell lineage (e.g. [43–49]).
Recently, gene editing techniques based on engineered
nucleases (zinc-finger nucleases, TALENs and CRISPR)
have brought in a much higher degree of precision in gene
manipulation. CRISPR in particular seems to be robust,
accessible and widely applicable in diverse organisms,
blurring the boundary between model and non-model
species [50]. Among regenerative models, TALENs and
CRISPR have been successfully applied in zebrafish,
axolotl, newt, Xenopus, Platynereis, Nematostella, Gryllus
and Parhyale [51–61].
Finally, among the new technologies, high-throughput
sequencing has been widely applied to sequence the
genomes and transcriptomes of several regenerative models. RNA-Seq is increasingly used to survey the transcriptional profiles and responses of cells during the course of
regeneration (e.g. [62–69]). Single-cell sequencing is
starting to be used to determine the cellular heterogeneity and differential transcriptional responses of individual
cell types [70,71].

cells are labelled via fluorescent protein expression; this
approach has been used to determine the regenerative
potential of different populations of cells in fish, Xenopus,
crustaceans
and
hydrozoans
axolotls,
[29,34,36,37,38,39,41,42].
Transgenesis also allows us to generate tools for clonal
analysis (using the Cre/lox, Flp/FRT or phiC31 recombinases, [75,79]) and genetically-controlled cell ablation
[80]. Such tools are now commonly used in zebrafish [43–
49], but they also seem applicable to other regenerative
models.
Finally, transgenic lines that express fluorescent proteins
allow us to study regeneration through live imaging, to
directly trace cell behaviours and cell fates. Continuous
live imaging is challenging because of the long duration of
the process and the mobility of adult animals, which is
often necessary for their survival. Nevertheless, significant progress on this front has been made in zebrafish [81–
83], hydrozoans [84,85] and Parhyale (Alwes and Averof,
unpublished).
Altogether, a variety of new genetic approaches are becoming accessible in classic regenerative models. Some of
these are applicable to a wide range of animals and may
contribute to the emergence of new models for regenerative studies.

New model organisms
These technologies have often been used to support
‘gene-oriented’ approaches, for example using transcriptional profiling to identify differentially expressed genes
and knockdowns to test the role of new candidates (e.g.
[7,69,72–74]). In other cases they have been combined
with classic experimental techniques, such as X-irradiation and cell transplantation, to address questions on the
role and fate of particular cell types during regeneration.
Here, we wish to highlight the latter ‘cell-oriented’
approaches.
Cell-oriented approaches exploit new ways of labelling
specific populations of cells to track their fates and their
influence on neighbouring cells during regeneration.
Classical studies achieved this by cell transplantation/
grafting between donors and hosts with visible differences in their cells [75], for example between Hydra with
white-pigmented or green-pigmented cells [76]. In some
cases cells could be labelled by incorporation of a nucleotide analogue in the donor cell’s DNA, or by transplanting cells from genetically distinct donors; the former
approach was recently used to show that cells circulating
in the blood can serve as regenerative progenitors of
neurons in crayfish [77] and the latter to demonstrate
the regenerative potential of neoblast cells in planarians
[78]. Transgenesis can play an important role in developing such approaches by generating donor strains whose
Current Opinion in Genetics & Development 2016, 40:23–31

The value of genetically tractable models is best illustrated by the recent introduction of zebrafish as a model
for studying regeneration of different organs, including
fins, heart and brain (reviewed in [86]). Zebrafish is
currently the only experimental model where we can
study complex organ regeneration using advanced lineage-tracing tools, gene editing and forward genetic
screens. These approaches have been used to make very
substantial discoveries on the mechanisms that initiate
regeneration, progenitor cells and key signalling events
(e.g. [46,64,87–89,90,91]).
Given the rich history of classic regenerative models, the
impact of new technologies and the experimental power
of zebrafish, it is reasonable to ask whether new models
are needed in the field. What could new models offer?
There are at least two ways in which additional models
can contribute to regenerative studies. First, each model
comes with different opportunities for performing experiments. Different organisms are best suited for genetics,
microsurgical experiments, biochemistry or live imaging;
each brings traits that aid some types of experimentation
and hamper others. Vertebrate developmental biology
provides a nice example of this complementarity, with
microsurgical approaches in Xenopus and chick having
played a complementary role to genetics in mouse and
www.sciencedirect.com
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zebrafish. Second, it is unclear whether the ability to
regenerate has a common evolutionary origin or evolved
independently in different branches of the animal phylogeny. Its patchy distribution and evolutionary plasticity
[3,4,6,7,10,11,13] suggest that, even if regeneration is an
ancestral trait, the mechanisms by which it occurs change
during evolution, producing significant diversity among
species. Only comparative studies sampling different
species can reveal whether common principles/mechanisms of regeneration — due to shared ancestry or convergent evolution — exist among diverse animals.
Common mechanisms might relate to the properties of
progenitor cells, the re-use of mechanisms that operate
during embryonic development, triggering signals following injury, de-differentiation, etc.
With this rationale in mind, several research groups have
started to explore new experimental models, bringing
new facets of regeneration, wider phylogenetic sampling
and new tools into the field (see Figure 2). The new
models include Hofstenia, a member of the acoels, which
share some striking similarities with planarians but belong
to a separate phylum that may represent one of the
earliest bilaterian branches [92], Hydractinia and Nematostella, representing two widely divergent clades of the
cnidarians [34,85,93–96], and the spiny mouse Acomys, a
mammal with an unusual ability to shed and regenerate
its skin [8]. Our own efforts have focused on the crustacean Parhyale hawaiensis, a system that combines regenerative ability with genetic tractability and live imaging
[42].

A new arthropod model and what we have
learned
In this section we give an account of what we have learnt
after 8 years of regenerative work with Parhyale. This
account is meant to encourage the exploration of new
experimental models.
The ability to regenerate limbs is widespread in arthropods [97,98]. In spite of abundant (and fascinating) classic
literature on regeneration in cockroaches, crabs and other
arthropods (e.g. [99,100]), genetic approaches to arthropod limb regeneration have been limited. The prime
genetic model, Drosophila, can only regenerate tissues
with a low degree of complexity and differentiation (e.g.
imaginal discs [101]). Hemimetabolous insects can regenerate their limbs during nymphal stages, but lose this
ability when they reach the adult stage; important studies
have been carried out in cockroaches and more recently in
the cricket Gryllus [73,102,103]. Apterygote insects and
crustaceans (including Parhyale) are able to regenerate
limbs during the entire course of their life [97,98].
Parhyale is a small amphipod crustacean, similar to the
common sand-hopper, that lives in shallow-water marine habitats in the tropics. It is easy to culture in the
www.sciencedirect.com

laboratory, breeds throughout the year and is accessible at all developmental stages, from single-cell embryo to adult. The adults continue to molt and grow
throughout their lifetime, and can fully regenerate
their appendages (antennae, mouthparts, thoracic
and abdominal limbs) at all ages. Limbs can be seen
regenerating, enclosed within the exoskeleton of the
amputated stump, within 1 week after amputation.
They are released from the old exoskeleton and become functional after molting.
Parhyale was first introduced in the laboratory in
1997 [104] and has since been used for a range of developmental studies (e.g. [60,61,105–112]). Our laboratory
has used transgenesis as the basis for bringing a range of
genetic tools to Parhyale, including conditional gene
expression, gene trapping, transposon-based mosaic
analysis and fluorescent reporters for live imaging
[33,42,108,113]. Efforts in other labs have established
gene knockdown approaches via RNAi and morpholinos
[107,109], CRISPR-mediated gene editing [60,61] and
generated transcriptome and genome resources.
These tools have thus far allowed us to explore what type
of progenitor cells are used to regenerate limbs in
Parhyale. Taking advantage of the stereotypic fate of each
blastomere at the 8-cell Parhyale embryo [105] and microinjections that allow us to label the cells that derive from
each blastomere by stably inserting transposable elements in its genome [33], we have been able to visualize
the contributions that each cell lineage makes to regenerating limbs using a fluorescent marker [42]. Our study
showed that some of these lineages contribute to regenerated ectoderm (epidermis and neurons) and others
contribute to regenerated mesoderm (muscles), but none
contribute to both ectoderm and mesoderm, indicating
that Parhyale uses different progenitors for regenerating
ectodermal and mesodermal tissues. These progenitors
appear to be committed to their germ-layer of origin and
to reside locally in the amputated limb stump [42]. This
is reminiscent of the strategy used by vertebrates, where
distinct progenitors give rise to ectodermal and mesodermal cell types [36,38,39,114], and differs from that
of planarians, which relies on pluripotent stem cells
[78,115].
Exploiting a transgenic line that expresses a fluorescent
marker in mesodermal cells, we identified a specific
population of mesodermal cells that are closely associated
with muscle fibers and resemble the satellite cells of
vertebrates [42]. Similar to vertebrate satellite cells,
these cells also express Pax3/7 family genes. By transplanting these cells from transgenically-marked donors to
unmarked recipients, we could demonstrate that these
cells can serve as progenitors for regenerating muscle and
are thus also functionally equivalent to satellite cells
[42].
Current Opinion in Genetics & Development 2016, 40:23–31
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This result has some interesting evolutionary implications: if crustacean and vertebrate satellite cells are homologous, their origins must date back to the last common
ancestors of protostomes and deuterostomes, at the base
of the bilaterians. This raises interesting questions about
the likely function of those satellite-like cells in early
bilaterian animals (in the maintenance/repair of muscles,
complete muscle regeneration, or both) and about their
fate and possible functions in other extant bilaterian
phyla. New experimental models will be required to
answer these questions.

Seifert AW, Kiama SG, Seifert MG, Goheen JR, Palmer TM,
Maden M: Skin shedding and tissue regeneration in African
spiny mice (Acomys). Nature 2012, 489:561-565.
The paper demonstrates that, unlike many other mammals, spiny mice
(Acomys) have the ability to regenerate skin over a large surface of their
body. This establishes Acomys as a new regenerative model within the
mammals.

8.


9.

Seifert AW, Monaghan JR, Smith MD, Pasch B, Stier AC,
Michonneau F, Maden M: The influence of fundamental traits on
mechanisms controlling appendage regeneration. Biol Rev
Camb Philos Soc 2012, 87:330-345.

10. Sikes JM, Newmark PA: Restoration of anterior regeneration in
a planarian with limited regenerative ability. Nature 2013,
500:77-80.
11. Tiozzo S, Copley RR: Reconsidering regeneration in
metazoans: an evo-devo approach. Front Ecol Evol 2015:3.

Conclusions
It is an exciting time to be studying regeneration. Until
recently regenerative research was constrained by a lack
of genetic approaches, but now widely applicable methods (RNAi, transcriptional profiling, CRISPR) can be
used to approach century-old questions. The identity
and commitment of progenitor cells can be probed by
rigorous lineaging approaches, including the transplantation of genetically-marked cells, clonal analysis and live
imaging. Molecular regulators acting on these cells are
becoming accessible by studying transcriptional
responses in single cells. Which mechanisms are conserved or change during evolution can be answered by
comparative studies on diverse species. One day we may
be able to recount how regenerative capacities evolved,
and assess why some animals have such striking regenerative abilities while others do not.
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