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Abstract

Ecological developmental biology (eco-devo) explores the mechanistic relationships between the 

processes of individual development and environmental factors. Recent studies imply that some of 

these relationships have deep evolutionary origins, and may even predate the divergences of the 

simplest extant animals, including cnidarians and sponges. Development of these early diverging 

metazoans is often sensitive to environmental factors, and these interactions occur in the context 

of conserved signaling pathways and mechanisms of tissue homeostasis whose detailed molecular 

logic remain elusive. Efficient methods for transgenesis in cnidarians together with the ease of 

experimental manipulation in cnidarians and sponges make them ideal models for understanding 
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causal relationships between environmental factors and developmental mechanisms. Here, we 

identify major questions at the interface between animal evolution and development and outline a 

road map for research aimed at identifying the mechanisms that link environmental factors to 

developmental mechanisms in early diverging metazoans.

Keywords

Cnidaria; corals; environmental genomics; holobiont; hydra; sponges; symbiosis

Introduction

“Organisms determine what aspect of the part of the physical world is relevant to them and 

they construct out of these relevant bits and pieces a world of interaction” [1]. By analyzing 

the ecological factors that shape development, reproduction and survival, life history theory 

seeks to explain the evolution of the major features of life cycles [2, 3]. While significant 

progress has been made in explaining the diversity of life history strategies among species, 

the underlying mechanisms are still largely unknown [4-6]. In part, this is due to failure to 

incorporate ecological inputs into models describing phenotypic evolution, confounded by 

the complexity and our incomplete understanding of processes such as development and 

gene-regulation. However, evolutionary biologists are increasingly able to integrate 

information across organisms and levels of organization, providing insights not only into 

information processing and decision making in individual organisms but also the interaction 

networks of entire systems. Recently, integrative approaches in which ecology, molecular 

genetics, and physiology directly inform evolutionary biology and vice versa have proven 

highly fruitful and have given rise to entirely novel disciplines such as ecological 

developmental biology (eco-devo) [7-9].

Eco-devo seeks to understand developmental responses to environmental factors by focusing 

on three major questions: (i) How do environmental variables affect developmental 

processes? (ii) How do environmental interactions influence phenotypic evolution? (iii) 

How does developmental evolution impact the environment? It is now clear that 

developmental gene expression cannot be explained just in terms of interactions within the 

growing embryo [10-12]. Although the idea of animal development as an autonomous 

process directed by the genome has been replaced by models that accommodate internal 

“environ-mental” (cell-cell) signaling, we are unaccustomed to the notion of also integrating 

interactions with the external environment. Although underpinned by complex genetic 

programs, development must be reimagined as an orchestration of both animal-encoded 

ontogeny and environmental interactions.

Discussions about environmental impacts on development must take into account three 

different levels: (i) an ecological dimension because development responds to constantly 

changing environments; (ii) an evolutionary dimension because of the interplay between 

developmental plasticity and Darwinian selection; and (iii) a genomic dimension because 

epigenetic regulation allows environmental signals to be integrated at the genome level and 

because of the multiple responses in terms of gene expression to similar environmental cues, 

Bosch et al. Page 2

Bioessays. Author manuscript; available in PMC 2014 December 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



sometimes even within the same taxon. To date, eco-devo has focussed on a few specific 

cases, and general principles are not yet clear. Here, we provide examples of environmental 

effects on development in cnidarians and sponges, and highlight gaps in our understanding 

of the mechanisms involved. Understanding the mechanisms linking environment and 

development in these morphologically simple animals will provide new perspectives on the 

evolution of these processes, and may ultimately enable recognition of common principles.

Under the definition of “development” adopted here we include not only changes occurring 

early in life history but also plasticity, regeneration and related processes occurring in 

mature stages. This broad interpretation is justified given the remarkable plasticity of 

development shown by cnidarians and sponges – a striking example being the fully 

reversible life-cycle of Turritopsis nutricula, a jellyfish whose “adult” stage can de-

differentiate under environmental stress [13, 14] (Fig. 1). In Turritopsis, there is no point at 

which “development” ends, and hence distinguishing between “early” and “late” life history 

stages is not justified.

Advantages of early emerging animals for understanding environmental 

impacts on development

Extant cnidarians and sponges are representatives of phyla that diverged prior to the 

Bilateria (Fig. 2) [15, 16] and thus represent evolutionary success stories – these lineages 

have survived and prospered in a constantly changing world and are now near ubiquitous in 

aquatic habitats. What factors have contributed to the evolutionary success of sponges and 

cnidarians? One contributing factor may have been their high regenerative capacity, but so 

too has been their remarkable ability to form symbioses with microorganisms, both 

prokaryotic and eukaryotic.

Given recent technical advances, which include transcriptome and whole genome 

sequencing of representative sponges, cnidarians, and some of their symbionts [17-28], there 

are now also practical advantages in using early emerging animals to investigate complex 

genome/environment interactions. Representative cnidarians – Hydra, Hydractinia, 

Nematostella – are now amenable to knock-down and transgenic techniques, permitting 

functional analyses. Many species reproduce asexually by budding or colony fragmentation, 

and the apparent ability of early embryos to recover after fragmentation [29] enables clonal 

propagation. The ability to develop isogenic lines without a requirement for extensive back 

crossing facilitates the dissection of genome by environment interactions. These many 

advantages of animals, which are morphologically remarkably simple but have surprisingly 

complex gene repertoires encoding much of the signaling and sensory capacity of “higher” 

animals [26, 27, 30-33] lead us to propose that representatives of these early diverging phyla 

offer novel opportunities for studying environment/genotype interactions in development.
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Five examples of environmental influences on developmental programs in 

cnidarians and sponges

Metamorphosis is environmentally triggered in cnidarians and sponges

Cnidarian life cycles often use environmental cues, both biotic (microbes and nutrients) and 

abiotic (temperature, light, and chemicals), to control key life-cycle transitions. Although 

their larvae generally are motile, most adult forms are sessile and therefore directly and 

constantly exposed to changing environments. Transition between these morphologically 

and ecologically distinct phases typically occurs when the developmentally competent larva 

encounters specific environmental cues, which act as a morphogenetic signal that induces 

metamorphosis. The selective value of the settlement behavior is likely to be strong, since in 

many cases the choice of settlement site determines the environmental conditions that the 

sedentary polyp or colony will be exposed to for its entire life. Although settlement cues are 

highly diverse and often specific, the larvae of many corals prefer only a few species of 

crustose coralline algae (CCA) [34-36], which have been described as serving as “chemical 

fly papers” for coral settlement [37] (Fig. 3A). Although cues for coral settlement and 

metamorphosis also are commonly associated with marine biofilms and their bacterial 

component in the absence of CCA [38-41], continued repopulation of coral reef ecosystems 

certainly is governed by the activities of specific bacteria [42]. How these cues are detected 

and the physiological mechanisms underlying settlement and metamorphosis are largely 

unknown. G-protein-coupled receptors (GPCRs) and their associated (AC/cAMP or 

PI/DAG/PKC) pathways have been implicated in perception of settlement cues in a number 

of cnidarian species ([41], and references therein).

In the case of Hydractinia, a colonial hydroid frequently found in the North Sea covering 

shells inhabited by hermit crabs, in less than three days the fertilized egg develops into a 

mature planula larva that is competent to undergo metamorphosis. However, under sterile 

laboratory conditions Hydractinia planulae fail to undergo metamorphosis, are unable to 

take up food, and eventually die. The normal process of metamorphosis requires an external 

trigger that is thought to normally be provided by specific strains of Alteromonas. Although 

a lipophilic substance produced by these bacteria may act as the trigger [43], its identity is 

unknown. Neurosensory cells in the aboral pole of Hydractinia echinata larvae [44] may 

directly sense such external cues [45].

As pointed out by Maldonado et al. [46], very little is known about ecology of the sponge 

larvae, and multiple stimuli (including light, gravity, chemical cues, and substratum texture) 

are hypothesized to play roles in triggering settlement and metamorphosis. A recent study 

conducted on two demosponges demonstrated that, as in the case of coral larvae, exposure to 

CCA, or their extracts increased rates of larval metamorphosis. Surprisingly, similar effects 

were achieved when sponge larvae were exposed to the cnidarian neuropeptide GLW-amide, 

suggesting that the same signal transduction pathways might be involved in metamorphosis 

of these two phyla. Although mechanisms or cells responsible for signal perception in 

sponges remain unidentified [47], the broadly similar settlement cue requirements to corals 

are intriguing, not least because they occupy similar ecological niches.
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Developmental programs in cnidarians and sponges are activated by temperature shifts

In both cnidarians and sponges, temperature frequently plays a critical role in mediating life 

cycle transitions. It is well established that gametogenesis can be induced in hydrozoans 

such as Pelmatohydra oligactis (Fig. 3B and C) by lowering the temperature by about 10° 

[48]. Increases in water temperature, in combination with light, also induce spawning in the 

anthozoan cnidarian Nematostella [49] and decreases in temperature induce strobilation (the 

production of juvenile medusae known as ephyrae) in polyps of the moon jellyfish Aurelia 

[50, 51]. This temperature dependence ensures that juvenile jellyfish develop during the 

more favorable conditions that follow the winter season. Since polyps must be able to 

distinguish between short-time temperature fluctuations and longer-term seasonal 

temperature decreases in the winter period, Aurelia polyps must also possess a timing 

mechanism that can sense the duration of the low-temperature period. The level of 

transcripts encoding peptide CL390 could constitute such a timing mechanism for measuring 

the duration of exposure to cold conditions [51].

Likewise, stem cells in the dormant gemmules of sponges can be activated by temperature 

shifts. Gemmules are a resistant stage formed in response to environmental stresses that may 

result in the death of the parent sponge, and are composed of thesocytes – an arrested form 

of the archaeocyte stem cells that enable regeneration in adult demosponges [52]. Gemmule 

hatching, while inducible by an increase in temperature in most species, can also occur at 

low temperatures [53]. During gemmule hatching, quiescent thesocytes are activated to 

become archeocytes. How temperature shifts are sensed by sponges and then transduced into 

changes in gene expression and cell behavior is not yet known. However, in the freshwater 

sponge Eunapius flagilis, high concentrations of sorbitol maintain high osmotic pressure, 

which appears to be required for holding gemmules in the resting state; when the 

temperature rises and gemmule hatching is initiated, the metabolic pathway that converts 

polyols to glycogen is activated, probably by up-regulation of sorbitol dehydrogenase (SDH) 

expression [54].

Environmental effects on morphology and tissue architecture in cnidarians and sponges

The adult morphologies of many cnidarians and sponges are quite plastic; these effects are 

most clear in the case of organisms that produce skeletal support, but probably occur more 

generally. Many species of hard corals (scleractinians) have radically different gross 

morphologies depending on the wave action to which they are exposed [55]. Acropora 

colonies from many West Australian reefs or from Lord Howe Island, where wave action is 

strong, are virtually unrecognizable to those of us accustomed to their “normal” 

morphologies when they are not subject to high flow rates (Fig. 3D and E). Similarly, 

sponges have to modify their skeleton to adapt to a constantly changing environment. 

Reciprocal transplantation of intertidal sponges between high and low wave action 

environments indicate that sponges rapidly initiate production of stiffer and stronger tissues 

in high wave energy environments but delay formation of new, less robust, tissues in calm 

habitats [56]. Moreover, as in corals, the gross morphology (body shape) of many sponges is 

affected by the environment, individuals exposed to higher flow rates being more compact 

than those growing in more sheltered locations [57, 58] (Fig. 3F and G). In addition to 

“global” changes of morphology, some sponges have been shown to rearrange their canal 
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systems in response to changes of the water flow, either by differential growth or 

“replumbing” of existing canals to change their polarity [59, 60]. How do these animals 

adapt their morphology to a temporally variable, unpredictable environment? How do they 

sense the environmental signals that required modification of tissue rigidity or 

reorganization of canal systems? It has been recently suggested that short, non-motile cilia 

lining the inside of oscula (sponge exhalant canals) might be responsible for sensing of the 

water flow, thus the entire osculum might be viewed as a sensory organ [61]. But without a 

nervous system, how is the signal integrated to elicit a response of the entire sponge? What 

is the underlying acclimatory control mecha-nism? Although there is accumulating evidence 

that micro-environment controls cellular phenotype and thereby the architecture of the 

emerging multicellular structure or tissue, the microenvironmental factors whose signaling 

must be integrated in order to effect an organized, functional tissue morphology are still 

largely unknown.

Recent observations clearly demonstrate that the environment interacts with developmental 

processes. In turn, does developmental evolution affect the environment? It is quite obvious 

that “organisms change the world in which they are interacting. They both create it and 

destroy it” [1]. Reef-building corals are formidable structural engineers; the calcium 

carbonate skeletons that they secrete can accumulate over time into vast contiguous systems 

that modify ocean circulation, protect coastlines, and can even modify local climate. One 

role of the skeleton is to position the living coral tissue so as to optimize light availability to 

the photosynthetic symbionts. Coral species with tabular growth forms (Fig. 3D and E) are 

particularly important ecosystem engineers and key contributors to reef structural 

complexity [62]. They harbor distinctive understory communities [63] and provide shelter 

from predation and high flow for many mobile species [64] including juveniles of parrotfish 

species, which as adults play a critical role in controlling growth of macroalgae [65]. Some 

tabular species support corallivorous butterflyfish, which decline markedly in abundance 

without them [66]. Thus, corals are not only changing the world in which they are 

interacting on a massive scale, but have also enabled the diversification of associated 

animals such as reef fish. Although the Scleractinia have been major reef builders only since 

the Triassic period, in the deeper geological past the stromatoporids and rugose corals – 

extinct lineages distantly related to extant taxa – have played similar ecological roles. Thus, 

in all likelihood, cnidarians and sponges have modified the environment to a greater extent 

than have many other extant lineages.

Host-microbe interactions influence developmental processes in cnidarians and sponges

Bacteria are important components of cnidarian and sponge holobionts ([67], and references 

therein), and shifts in the composition of the microbiota can compromise the health of the 

whole animal [68]. The specificity and stability of interactions between host and microbiota 

point to the evolutionary significance of these associations. The maintenance of a 

characteristic microbial community appears to be a complex trait under genetic control, 

suggesting that hosts deprived of their normal microbiota should be at a disadvantage. From 

the earliest stages of development, Hydra employ sophisticated mechanisms to manage their 

microbial environment. Eggs in Hydra contain maternally derived antimicrobial peptides 

(AMPs) that impose chemical barriers and shape the composition of the associated 
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microbiota [69, 70]. Conversely, adult polyps recruit specific bacteria to their epithelial 

surfaces to provide protection against fungal pathogens (Fraune, Schröder and Bosch, 

personal observation) (Fig. 3H and I). Further, a body of evidence supports the idea that 

acquired microbes are essential for a range of developmental functions in Hydra. These 

functions include induction of spatially and temporally restricted genes (Fraune and Bosch, 

personal observation), promotion of growth rate and activation of the innate immune system. 

Intriguingly, the regulatory pathways that control tissue homeostasis and stem cell behavior 

in Hydra appear also to have central roles in controlling the interactions with the associated 

microbiota, underscoring the intimate relationships between development and host-microbe 

interactions [71]. FoxO is strongly expressed in all three Hydra stem cell lineages, and its 

down-regulation leads not only to reduced stem cell numbers, but also results in dramatic 

changes in levels of expression of AMPs and thereby most probably the composition of the 

associated microbes [71].

Microbial communities, including protists, bacteria, archaea, and viruses, are also important 

components of the coral holobiont. The coral microbiome contributes to holobiont function 

due to its role in coral nutrition [72] and host defense [73]. Recent observations also indicate 

an impact of bacteria on the health of corals and coral reef ecosys-tems [74, 75]. Similarly, 

marine sponges frequently harbor dense and diverse microbial communities, at least some 

components of which are symbionts. Although direct evidence for functions of bacteria in 

sponge homeostasis is limited, several reports imply that cyanobacteria contribute 

significantly to the health and/or growth of the holobiont ([76] and references therein).

Perhaps the most pervasive example of microbial signaling in cnidarian and sponge 

development is in the above-mentioned induction of settlement and metamor-phosis of many 

marine larvae [77]. Together, this recognition has led to a new understanding of biology; 

one that reflects the strong interdependencies that exist between these complex multicellular 

organisms and their associated microbes.

In addition to abiotic factors and microbes, photosynthetic symbionts can shape the host 
phenotype

In many cases, the phenotype of the sponge or cnidarian “holobiont” is determined in large 

part by its associated symbionts. Some of these are photosynthetic – the dinofla-gellate 

Symbiodinium in reef-building corals, the green alga Chorella in the case of Hydra viridis, 

or the photosynthetic cyanobacteria associated with some sponges [78–80]. Many corals in 

high-temperature habitats host Symbiodinium symbionts that appear to confer greater heat-

tolerance [81, 82], but this may be at the cost of decreased output of photosynthates [83]. 

Thus, for at least some coral-algal symbioses, a degree of acclimation to particular 

temperature environments may occur through changes in the identity of the algal symbiont. 

Elegant work by the Chen group at Academia Sinica suggests that the flexibility of the coral 

Platygyra verweyi with respect to its Symbiodinium partners enables the association to thrive 

in the warmer water of a nuclear power plant outflow as well as surrounding waters [84]. 

Near the Kenting (Taiwan) site of the nuclear power plant, Platygyra hosts Symbiodinium 

C3 (heat sensitive), D (heat-tolerant), or both; D completely dominates close to the outflow, 

while the frequency of the C3 association increases with distance from the outflow. The 
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ability of some corals to “shuffle” their dinoflagellate symbionts has been interpreted as an 

adaptive mechanism [83], but the significance of this process is not clear. At least under 

acute stress, some corals that appear inflexible with respect to symbiont strain (e.g. Porites 

spp.) are significantly more stress tolerant than other corals that can “shuffle” (e.g. Acropora 

spp.). Moreover, corals hosting clade C3 Symbiodinium occur and appear to thrive in the 

Persian Gulf under temperature regimes that would normally be associated with bleaching 

[85]. Thus, both host and photosynthetic symbiont genotype influence thermal tolerance, 

and there is no simple relationship between the ability to “shuffle” and survival on 

biological time scales. In Symbiodinium, many photosynthetic regulatory processes have 

been investigated, including oxygen production, PSII quantum yield [86–88], carbon 

assimilation [89], and pigment content [88]. However, it is still unclear how the 

photosynthetic ability of the algae affects coral molecular regulation and behavior [90].

Evidence for evolutionarily conserved mechanisms linking environment to 

development

As discussed above, much of the genetic complexity of higher animals, including many of 

the receptors and signaling pathways, is also present in sponges and cnidarians. Given that 

in some cases physical and biological factors affect the development of these 

morphologically simple animals and bilaterians in similar ways, it is reasonable to 

hypothesize that some of the mechanisms involved may be conserved. Of course, some 

mechanisms will be taxon-specific – environmental influences on sex determination, for 

example – but others may have deeper evolutionary origins. Three examples of possible 

mechanisms involved are given below:

Nutrient sensing

The mammalian protein target of rapamycin (mTOR) lies at the heart of a nutrient-sensing 

signaling network that controls cellular metabolism. mTOR is an evolutionarily conserved 

kinase complex integrating inputs arising from energy status, amino acid levels, cellular 

stresses, and growth factors. Acting as master integrator, mTOR signaling not only adjusts 

protein synthesis, lipid synthesis, gene expression, and autophagy but is also a key mediator 

of insulin, insulin-like growth factor 1, and other growth-factor signals to the cell growth 

machinery. In mammals, mTOR acts downstream to the PI3K/Akt signaling pathway to 

activate protein synthesis and cell growth and, together with the modulators raptor and 

LST8, forms the TOR complex 1 (TORC1) [91]. Forkhead transcription factors of the FoxO 

subfamily are involved in the regulation of the cell cycle, apoptosis, and metabolism [92]. In 

Hydra, expression of the single FOXO gene has been shown to induce stemness [71]. Given 

the impact of environmental factors on development [9] and aging [93-95], proteins of the 

FoxO subfamily are tightly regulated to ensure that transcription of specific target genes is 

responsive to environmental conditions. A major form of regulation is Akt-mediated phos-

phorylation of FOXO and nuclear exclusion in response to insulin or other growth factors. 

As anticipated, the PI3K/Akt pathway is well conserved in Hydra [96, 97]. In addition to the 

metabolic sensor TOR, other components of TORC1, Raptor and LST8, the TOR regulators 

RHEB and TSC2, and the TOR target Atg1 are present in Hydra ([97], Klimovich and 

Bosch, unpubl.), as are three genes encoding insulin-like peptides [98]; these latter could 
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possibly act through a known insulin receptor gene HTK7 [99]. Thus, although functions are 

yet to be established, many of the components of the nutrient sensing systems of bilaterians 

are present in cnidarians.

Bacterial sensing

Toll-like receptors (TLRs) are conserved throughout animal evolution and are involved in 

eliminating pathogens and controlling commensal colonization by recognizing conserved 

microbe-associated molecular patterns (MAMPs) including lipopolysaccharides, flagellin, 

and peptidoglycans [100, 101]. Cnidarians including Nematostella, Acropora, and Hydra 

possess a bona fide TLR-signaling cascade. In vivo experiments in Hydra using MyD88 

loss-of-function approaches via down-regulating the level of MyD88 transcripts implicate 

TLR signaling in bacterial recognition [102]. TLR signaling in Hydra is also linked to 

JNK/p38 MAP kinases [102] and affects expression of AMPs; although the primary role of 

AMPs is to act as effector molecules of innate immunity, these molecules also regulate the 

composition of commensal microbiota [67, 103]. The discovery that AMPs are downstream 

targets of the stem cell transcription factor FoxO in Hydra [95] points to a mutual 

dependency and interaction between the stem cell regulatory machinery of the host and the 

composition of the resident microbiota, such that disturbances in one trigger a restructuring 

and resetting of the other [104, 105].

Light sensing

Despite extensive research in the last few years, many gaps remain in our understanding of 

the perception of light in organisms at the base of animal evolution. Gorbunov and 

Falkowski [106] suggested that detection of the blue region of the spectrum of moonlight 

might act as a cue that determines the specific night of spawning in corals, because several 

species were found to be sensitive to light in this region of the spectrum. Levy et al. [107] 

showed that in corals, there is a night time preference for DNA replication. Furthermore, 

orthologs of various photoreceptors and many core circadian genes common to mammals 

and Drosophila are present in the coral Acropora millepora and in the sea anemone 

Nematostella vectensis [25, 28, 108, 109]. The expression of several opsins (acropsins 1–3) 

in planulae of Acropora palmata and the demonstration that specific Acropora G proteins 

can be activated by acropsins in a light-dependent manner in vitro [110] indicates that 

functional photoreceptors can be formed that may play a role in color preference during 

settlement, vertical positioning, and other light-guided behaviors observed in coral larvae. 

Molecular research on the coral A. millepora suggests that cnidarian cryptochromes may act 

as photoreceptors that mediate environmental signals, such as moonlight, in synchronizing 

the central pacemaker [111]. Sponges lack a bona fide nervous system [112], but 

nevertheless show the competence to react to light [113, 114] and possess cryptochrome/

photolyase genes responsive to wavelengths of light that also mediate larval phototactic 

behavior [115].

A roadmap toward answering outstanding questions

To better understand how the environment influences developmental pathways in sponges 

and cnidarians, we first need to select species with appropriate ecological niches and link 
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morphological traits in different environments with gene expression landscapes. This is not a 

trivial undertaking, because the selected species need to be amenable to laboratory work in 

addition to providing insight into fundamental evolutionary processes. While genome 

projects on single representative species have often provided new perspectives on animal 

evolution, broader scale genome projects such as that underway to generate large molecular 

datasets from 20 to 30 other Drosophila species, promise a much clearer view of the 

evolutionary process itself and to revolutionize animal eco-devo studies. A similar approach 

applied to an appropriate range of cnidarians and sponges would add another dimension to 

eco-devo, but what criteria should be applied in selecting candidates? Eco-devo requires 

well-characterized genomes, and a robust phylogeny. Of the presently available cnidarian 

(Nematostella vectensis, Hydra magnipapillata, two Acropora species) and sponge 

(Amphimedon queenslandica) genome sequences, none approach the level of completeness 

of the D. melanogaster assembly. When targets have been identified, the first priority is to 

work toward high-quality genome assemblies, backed up by large-scale transcriptomics. 

Many cnidarians have relatively tractable genomes (moderate (A + T)-content, 300–500 

Mbp size range, etc), so this is clearly achievable. Ideally, lineages of organisms that have 

undergone extensive genomic rearrangements with respect to the metazoan ancestor (i.e. 

large amounts of gene losses) should be avoided.

Perhaps the most challenging issue in selecting target species is the desirable range of 

phenotypic and genetic variation – what is the “Goldilocks” range of variation for an eco-

devo model? While data to enable this kind of choice do not yet exist, and such choices may 

be somewhat arbitrary, extremes of variation should be avoided if possible. Too little 

variation indicates strong canalization (or robustness), whereas very high phenotypic 

variability suggests very limited adaptation to a wide range of conditions.

Onto these biological constraints, in choosing appropriate species all practical considerations 

will include the possibility of experimental manipulation. Ideally, target species would have 

short generation times and be genetically tractable. However, while these are desirable 

characteristics, the primary criteria in making choices should be biological rather than 

strictly practical. Species of particular evolutionary significance should not be overlooked 

just because they are not “easy” to work with. For instance, the practical difficulties of 

working on amphioxus have not overridden recognition of its significance as an important 

target for analysis [116-118]. Experience suggests that practical tools can be developed for 

“difficult” organisms – witness recent successes in closing the life cycle of amphioxus in 

vitro [119].

Moreover, it will be important to develop monitoring methods to dissect the gene by 

environment interactions in cnidarians and/or sponges. Although there have been major 

advances in genomics technologies and their application has become ever more affordable, 

our understanding of how environmental conditions influence genome structures and gene 

functions, and, in turn, how individuals and populations cope with changing environments, 

remains limited. We have to understand the basis and extent of variation of gene expression 

that manifests in diverse environments. As observed in yeast [120], many genes demonstrate 

variable expression across environments, across genetic backgrounds, or both. Are there 

steps in biochemical pathways that are more robust than others? It will be important to 
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examine in greater depth the correlation between genotype, gene expression, and epigenetic 

modification. The term “epigenetics” was coined in 1940 by biologist Conrad Waddington, 

who defined it as “the interactions of genes with their environment, which bring the 

phenotype into being” [121]. The fact that the epigenome differs not only over an 

individual’s lifetime but is also affected by environmental factors, certainly adds complexity 

to all efforts of understanding the interactions of genes with their environment. Carefully 

selected cnidarian model species may contribute to developing “eco-epigenomics”, which 

requires the identification of changes not only among different individuals, but also among 

different tissues, developmental stages, and in different environments. As a first step, the 

major histone modifications and their relationships to neighboring genes have now been 

mapped in the sea anemone N. vectensis [122].

Last but not least, both mathematical and experimental modeling approaches are likely to 

inform our understanding of this issue. Therefore, collaborative approaches that bring 

together scientists using high-throughput molecular biology and ecology, zoologists, 

geneticists, physiologists, and mathematicians are critical to the investigation and under-

standing of genome-environment interactions in cnidarians and sponges.

Conclusions and outlook

In summary, we are only beginning to comprehend the diversity of genome-environment 

interactions. Understanding genome structure and gene expression under different 

environmental conditions requires integrative, multidisciplinary, and modeling-based 

approaches. Representative cnidarians and sponges provide novel opportunities to 

investigate complex biological questions such as the mechanisms by which developmental 

programs respond to environmental stimuli. Advantages of these “simple” animals include 

the ease with which clonal material can be generated and propagated and the availability of 

simple genetic manipulation technologies. Moreover, the complex and vertebrate-like gene 

repertoires of at least some of these animals (Nem-atostella, Acropora, and Hydra) are much 

less derived than are those of the usual model animals (Drosophila, Caenorhabditis, Ciona, 

etc.). Quite conceivably, ancestral mechanisms may be more clearly seen in these early 

diverging animals, providing insights into how the environment interacts with 

developmental processes and, in turn, how developmental evolution affects the environment.
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Figure 1. 
Environmental stress has substantial impact on cnidarian life cycles. In Turritopsis 

nutricula, stress can reverse the development and make a medusa transforming into a polyp. 

A: Free-living healthy medusa. B: Stress-triggered transforming medusa. C: Balllike stage 

of transforming medusa. BrdU staining of replicating nuclei. D: Butterfly-shape remnant of 

adult medusa producing a hydrorhizal stolon characteristic of the polyp stage (black arrow). 

E: A newly formed polyp from reverse development of a medusa. Scale bars: A: 1 mm; B: 

500 μm; C: 300 μm; D and E: 500 μm. Taken from Piraino et al. [14].
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Figure 2. 
Phylogeny of basal metazoan animals. Two lineages, the phylogenetic position of which 

remains contentious (placozoans and ctenophores), have been omitted.
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Figure 3. 
A: A single larva of Stylophora pistillata, about 5 h after release, right at the moment it first 

contacts a possible settlement surface. Larvae from Stylophora pistillata are typically pear-

shaped and have a mean length of 1 mm (photo credit: Peter J Edmunds; http://

www.eoearth.org/view/article/150659/). B: Pelmatohydra oligactis polyp. Polyps are up to 

10 mm long. C: Female Pelmatohydra oligactis carrying several eggs. Gametogenesis is 

triggered by a temperature shift. D and E: Acropora clathrata at 5 m in a sheltered location 

(D), at 20 m in a high current location (E). Reproduced with permission from Zoe Richards. 
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F and G: Typical morphotypes of Dysidea avara sponges from depth sites of 8.8 m (F) and 

14.3 m (G); pictures from Mendola et al. [58]. H: Hydra vulgaris under normal culture 

conditions. I: Hydra vulgaris cultured in the absence of bacteria and infected by fungi.

Bosch et al. Page 21

Bioessays. Author manuscript; available in PMC 2014 December 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


