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Abstract

The origin of complex centralized brains is one of the major evolutionary transitions in the history

of animals. Monophyly (i.e. presence of a centralized nervous system in urbilateria) vs polyphyly

(i.e. multiple origins by parallel centralization of nervous systems within several lineages) are two

historically conflicting scenarios to explain such transitions. However, recent phylogenomic and

cladistic analysis suggests that complex brains may have independently evolved at least 9 times

within different animal lineages. Indeed, even within the phylum Mollusca cephalization might

have occurred at least 5 times. Emerging molecular data further suggest that at the genomic level

such transitions might have been achieved by changes in expression of just a few transcriptional

factors – not surprising since such events might happen multiple times over 700 million years of

animal evolution. Both cladistic and genomic analyses also imply that neurons themselves evolved

more than once. Ancestral polarized secretory cells were likely involved in coordination of ciliated

locomotion in early animals, and these cells can be considered as evolutionary precursors of

neurons within different lineages. Under this scenario, the origins of neurons can be linked to

adaptations to stress/injury factors in the form of integrated regeneration-type cellular response

with secretory signaling peptides as early neurotransmitters. To further reconstruct the parallel

evolution of nervous systems genomic approaches are essential to probe enigmatic neurons of

basal metazoans, selected lophotrochozoans (e.g. phoronids, brachiopods) and deuterostomes.
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INTRODUCTION AND OUTLINE

Historically, all hypotheses related to the evolution of central nervous systems (CNSs) and

neurons can be broadly presented as two classical scenarios: Monophyly vs Polygenesis (see

the overview in [54]). Monophyly means that all neurons originated from a single ancestral

cell lineage. This explanation predicts that the origin of a complex brain can be traced back
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to the ancestral CNS or to a centralized “nerve cord” present in a common ancestor of

bilaterian animals (Urbilateria) or all animals. In contrast, Polygenesis (or Polyphyly) refers

to multiple origins of neurons and complex brains among species in different lineages [54,

59], see Figs 1 and 2. as a result of parallel evolution, different animal lineages were able to

develop centralization of their nervous systems independently.

Early in the 1990s, new molecular data revealed remarkable similarity in spatial expression

of genes controlling dorso-ventral and anterio-posterior patterning between vertebrates with

a dorsal neural tube and selected invertebrates (insects) with ventral nerve cords (see [10,

17, 18]). These findings revitalized the old hypothesis of Geoffroy Sain-Hilaire about the

homology of ventral and dorsal sides of arthropods and vertebrates [27]. In other words, it

became widely accepted that during the evolution of chordates dorsoventral body axis

inversion took place, and the ventral side of the ancestor of modern arthropods became the

dorsal side for chordates [2]. Because similar morphogens and transcription factors control

the patterning and formation of the ventral central nervous system in insects and the dorsal

nervous system in mammals, it was further suggested that these central nervous systems

might be homologous and derived from a common ancestor of all bilaterian animals – the

Urbilateria. In its most complete form this hypotheses is summarized by [38, 69]. Under this

scenario, an ancestral urbilaterian did possess a relatively complex and centralized nervous

system in the form of a ventral cord – a tripartite brain [36, 37]. Such an ancestral state,

therefore, implies that in the course of animal evolution some animal lineages might have

secondarily lost their centralized nervous systems (Fig. 3).

The first problem for this theory is to explain the apparent loss of the centralized brain in

many free-living groups of invertebrates such as brachiopods, phoronids, echiurids,

priapulids, hemichordates, echinoderms (e.g. in crinoids), Xenoturbella, nemertodermatids,

acoels, etc. (Fig. 5). The second difficulty is to accommodate the observed diversity of

bilaterian nervous systems which cannot be interpreted in the simpler terms of single dorsal

vs ventral cords. Figures 2 and 3 summarize the polyphyletic vs monophyletic hypotheses of

the evolution of centralized nervous systems in bilateria.

In my opinion, multiple origins (Fig. 2) better explain the extant diversity of nervous

systems and the enormous plasticity in establishment of complex cell phenotypes,

development and differentiation programs, transdifferentiation, and redundancy of

molecular components in signal transduction pathways. It offers a possibility to achieve

similar neuron-like phenotypes as a result of the combination of evolutionarily conserved

molecular regulatory modules (which sometimes reach a convergence in certain cell

phenotypes) rather than requiring common ancestry from a single particular cell lineage that

will be a predecessor of all neurons and nervous systems in more than 30 phyla [54].

Any interpretation of evolutionary scenarios needs a robust phylogeny for all major animal

lineages, especially those without a recognized brain or CNS and with profound nerve net

type organization. Indeed, recent reconstructions of animal phylogeny [4, 20, 39] and, in

particular, genomics of body patterning in hemichordates [48, 49] challenge the hypothesis

of a monophyletic origin of the bilaterian CNS from an ancestral centralized nervous system

in the Urbilateria. Here, I will focus on the first insights from the most recent phylogenomic
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analysis of less investigated groups such as basal metazoans [20, 34] and selected bilaterians

and basal deuterostomes including hemichordates, echinoderms, Xenoturbella,

nemertodermatids and acoels [4, 63] as well as molluscs [47, 78].

New deuterostome phylogeny and enigmatic nervous systems of basal Deuterostomes

Biology today is the biology of genomes. Advances in sequencing technologies launched a

true conceptual revolution in biomedical sciences [51]. Now it is very straightforward and

cost-efficient to obtain millions of expressed sequenced tags from virtually any group of

organisms on the planet and then use this genome-wide information to unbiasedly

reconstruct relationships among these organisms. Although computationally very

demanding, these novel approaches, named phylogenomics [6, 11, 19, 22, 23, 40, 62, 86],

frequently reveal deep roots of quite complex evolutionary history over more than one

billion years.

One of the most surprising insights came from the analysis of deuterostome phylogeny. The

story began in 2006 when it was shown that a mysterious marine worm Xenoturbella bocki

(westblad, 1949), with no distinct organs except for a ‘statocyst’ containing flagellated

statoconia, is not a flat worm or a degenerate mollusc as previously thought [5].

Xenoturbella (and the new phylum of Xenoturbellida) now belongs to a well-defined

deuterostome group [4], which also includes three classical phyla: (i) Chordata with a true

brain and dorsal nerve tube, (ii) Hemichordata and (iii) Echi-nodermata, forming a clade

ambulacraria with diffuse nerve-net like nervous systems and very moderate concentrations

of neuronal elements.

The evolutionary relationships between ambulacrarian nervous systems and the chordate

CNS are obscure and no reliable homologous regions were convincingly recognized. Burke

suggested that the nervous system in Ambulacraria is bipartite with two distinct

components: an animal pole nervous system and an axial nervous system [1, 9]. In some

echinoderms, these two distinct nervous systems are temporally separated – they are mostly

formed in different life history stages. In hemichor-dates, there is temporal co-expression of

these two anatomically distinct components. Consequently, in the course of deuterostome

evolution, these two components are united in a single central nervous system [9]. Thus,

phylogenetically, the chordate nervous system might be a result of an anatomical union of

two apparently unrelated neuronal populations where temporal co-expression might be

transformed into spatial integration forming what we now know as a single CNS.

Xenoturbella has a nervous system in the form of a uniform intraepidermal nerve plexus [65,

68]. Neuronal elements never cross basal membranes and never anatomically contact with

muscles or any mesodermal structures [65]. In fact, it may be the simplest nervous system

ever reported in animals – even simpler then the nervous systems in cnidaria and

ctenophores. Is this the preservation of the ancestral nerve net organization in a common

deuterostome, and possibly an urbilaterian (Fig. 2)? or, did a common deuterostome ancestor

have a chordate type nerve tube and then lose this organization in both Xenoturbella and all

extant ambulacrarians including crinoids (Fig. 3)? Although the second scenario seems

unlikely, future genomic and developmental studies tracing neuronal lineages can clarify the

situation.
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However, the greatest surprise came from the most recent phylogenomic analysis of all

sequenced bilaterians [63]. Using one of the largest sets of comparative genomic data, it was

suggested that Acoelomorph flatworms and Nemertodermatida are also deuterostomes

related to Xenoturbella (Fig. 1) forming a larger clade Xenacoelomorpha, a sister to

Ambulacraria. Thus, the newest Deuterostome phylogeny consists of 6 distinct animal

lineages; 5 of them do not have an anatomically recognized CNS but have neural elements

that are better described as a nerve net type organization superficially similar to those in

basal metazoans and some bilaterians. The most parsimonious cladistic analysis of these

results suggests that Chordata is the only extant lineage of deuterostomes that independently

from Ecdysozoans and Lopho trochozoans developed a centralized nervous system and

complex brain (Fig. 2). The alternative hypothesis is that 5 of 6 lineages of free-living

deuterostomes lost their complex brain, which is very unlikely in my view (Fig. 3).

It should be noted however that nervous systems of each of three Xenacoelomorpha lineages

(Xenoturbella, Nemertodermatida and Acoela) are very different from each other and also

different from the Platyhelminthes. No clear synapomorphies between structures and

patterns of transmitter expression have been found so far [65–68]. Thus, the situation can be

even more complex with extensive parallel evolution of different nerve net organizations

across the entire animal kingdom. Emerging molecular data from acoela also support a

simple planula-like urbilaterian and apparently independent origin of many bilaterian

features [21, 32, 33] including an ancestral uncentralized nervous system in the Urbilateria.

Further molecular analysis of neurogenesis is highly desirable for all extant deuterostome

lineages. For example, by tracing cell lineages in the sea urchin larva Wei demonstrated

direct development of some neurons within the foregut endoderm [94]. It would not be a

surprise if similar approaches revealed independent origins of multiple neuronal populations

in deuterostomes and Xenacoelomorpha in particular.

Multiple origins of centralized brains in molluscs

Representatives of the systematically most diverse animal group – Mollusca – include a

number of interesting and documented cases where 4–5 independent events of the

centralization of nervous systems may have occurred in parallel within different line-ages of

the same phylum [54]. Indeed, two very recent independent studies [47, 78] reconstructed

relationships within the phylum Mollusca in greater detail and their phylogenomic analyses

remain consistent with the hypothesis of multiple origins of the centralized brain, even

within the framework of the same phylum (Fig. 4). At least 5 independent events of

centralization can be recognized: three in Eutyneura (nudi branchs, some aplysiids,

pulmonates), one in Caenogastropoda and one in Cephalopods. The most remarkable

example of the novel phylogenomic reconstruction [78] is the sister relationship between

Monoplacophora (the earliest known molluscan lineage without a distinct brain and ladder-

like diffuse neural organization) and the Cephalopoda – these “primates of sea” that have the

most complex brain of any invertebrate and remarkable cognitive abilities. The only possible

interpretation of molluscan phylogeny is independent formation of a complex brain in

cephalopods rather than secondary loss of a centralized nervous system across many dozen

molluscan lineages.
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Parallel evolution of neuronal centralization

In addition to Chordates (Fig. 1) and Molluscs (Fig. 4), the multiple events of nervous

system centralization and the formation of a single brain can be found in other animal

lineages.

Figure 5 presents the current (yet simplified) view of evolutionary relationships within the

animal kingdom. This phylogenetic tree is combined with the data about presence or

absence of a central nervous system (CNS) or brain. Only representatives of four (Porifera,

Placozoa, Orthonectida and Dicyemida) out of 34–36 animal phyla [87] do not have

recognized neurons. Dicyemida and Orthonectida are enigmatic groups of parasitic worm-

like animals with uncertain phylogenetic positions and very limited information about their

organization [3, 15, 16, 60, 77, 83]; therefore, they will not be reviewed here.

For this discussion a CNS is defined as the concentration of neuronal cells within a distinct

organ-type structure (a brain, nerve tube/cords or interconnected ganglia) where neurons and

a system of highly concentrated neuronal processes (neuropil) can be supported

(surrounded) by other cell types (e.g. glia or connective tissues) to maintain a controllable

microenvironment for neuronal functioning. in some extreme cases, a majority or even all

neuronal elements can be fused into a single brain such as observed in cephalopods,

nudibranchs, vertebrates or some insects. Nevertheless, even these animals with a distinct

brain have a well-developed peripheral nervous system.

In Fig. 5 Choanoflagelates (eukaryotic algae-like organisms) are placed at the base of the

tree as a sister group for metazoa [46]. Two basal Metazoan phyla (Porifera and Placozoa)

do not have recognized neurons [79, 81]. Two other prebilaterian/basal metazoan phyla

(Ctenophora and Cnidaria) have well defined neurons and nerves. However, only

ctenophores have “true” muscles. Although neuronal organization in basal Metazoa is

superficially presented as a nerve net, many species have a prominent concentration of

neuronal elements, and numerous and apparently autonomous networks governing

surprisingly complex and well-coordinated behaviors [50, 74].

Some representatives of Cnidaria such as Cubozoa have well-developed eyes and a

ganglionic organization associated with rhopalia which can be described in terms of a

centralized nervous system [25, 26, 28, 56, 74, 76]. Similarly there is a well-defined

concentration of neural elements associated with locomotory combs in the phylum

Ctenophora [35]. In addition, all comb jellies have a specialized apical organ – the primary,

sensory “brain”-type integrative structure located at the aboral pole of the animal and

involved in the coordination of locomotion and other animal behaviors [85].

Chordates, Nematodes, Molluscs, Annellids and Arthropods are classical neuro-biological

models and all of them have well-defined central nervous systems, while in seven other

bilaterian phyla shown in Fig. 5 the gross anatomical organization of their nervous systems

can be similar or even simpler than those in selected cnidarians and ctenophores [7, 8].

Using the topology of this tree and standard cladistic analysis, the most parsimonious

scenario of the origin of the bilaterial CNS is the hypothesis that the Urbilateria might have
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an uncentralized, possibly nerve net-like organization (Fig. 2) without the prerequisite well-

defined location at the dorsal or ventral surfaces (although some concentration of neuronal

elements could be present in locomotory, feeding and sensory regions). Next, current animal

phylogeny (Fig. 5) implies that the centralization of nervous systems with the formation of

canonical brain-type structures occurred at least 9 times in evolution (possibly more often).

For example, it might have happened independently in the lineages leading to (i) chordates,

(ii) arthropods, (iii) nematodes, (iv) annelids and (v) at least 5 times in molluscs. Lastly, we

should consider the independent origins of rhopalia in Cubozoa and the aboral organ in

Ctenophores as true brain analogs in basal Metazoa.

Thus, answering the question posed as the title of this paper, I suggest that complex brains

might have evolved at least 9 times in the evolution of bilaterians and at least twice

independently in the evolution of basal metazoans. To further reconstruct the parallel

evolution of nervous systems genomic approaches are essential to probe enigmatic neurons

of basal metazoans, selected lophotrochozoans (e.g. phoronids, brachiopods) and all lineages

of basal deuterostomes.

On the multiple origins of neurons

The earlier reference to endodermal genesis of neurons in the sea urchin [94] and the

presence of enigmatic neurons in Ctenophores together with their possible position as the

earliest branching lineage of all animals [20, 34] implies that neurons themselves might

evolved more than once (Figs 5 and 6).

Moreover, the emerging data about neurogenesis in molluscs (and other protostomes)

suggest that during development neurons might originate from at least three unrelated and

distinct histological sources such as the areas (i) close to the apical organ, (ii) around ciliary

bands and (iii) even within the body wall [41]. Evidently, different neuronal lineages can be

labeled by different molecular markers [12–14, 89–93] indicating that they might not be

genealogically related, but instead form a bipartite brain with at least two distinct

components [57, 58] or even more complex assembles with multiple distinct cell lineages.

The polygenesis of neurons was originally discussed elsewhere [54, 73]. It was proposed

that under this scenario, the origins of neurons can be linked to adaptations to stress/injury

factors in the form of integrated regeneration-type cellular response with secretory signaling

peptides as early neurotransmitters [54]. Ancestral polarized secretory cells were also likely

involved in coordination of ciliated locomotion in early animals [42], and these cells can be

viewed as evolutionary precursors of neurons within different lineages.

In the broad comparative context, it would be important to establish universal criteria to be

applied to all neurons to analyze the origin and evolution of nervous systems. Are there any

such universal criteria equally applied to all neurons across phyla? Is there a universal

molecular tool-kit that defines a neuron? What is a neuron from the genomic standpoint?

These are long-standing questions to be addressed in the future. Obviously, neither action

potentials nor specialized synapses are absolute prerequisites of neurons. Historically, there

can be many transition forms within the same cell line-age from a simple secretory cell

without defined processes to a highly polarized neuron with hundreds of specialized
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processes and synapses. In generalized terms, the following definition of a neuron can be

considered but needs to be carefully validated in a broad comparative survey which includes

the basal Metazoa.

Here, I define neurons as polarized secretory cells [54, 71] specialized for directional active

conducting – the features that enable them to transmit signals beyond their immediate

neighbors without affecting all intervening cells en route. In the 1950–60s Grundfest

suggested that neurons arose from ancestral secretory cells [29, 30] when the secretory

activity became confined to the termination of elongated processes (reviewed in [54]). It

might not be very ‘difficult’ to develop a neuronal organization in the first place by coupling

the formation of a polarized cell and localized secretion of signaling molecules. Emerging

molecular data further suggests that at the genomic level such transitions might have been

achieved by changes in expression of just 2–4 transcriptional factors [43–45, 52, 61, 84, 88,

95] or miRNAs [96] – not surprising if such events might happen multiple times over 700

million years of animal evolution. Consequently, early neurons/synapses evolved as the next

step in development of compartmentalized transmitter secretion, possibly recruiting pre-

existing molecular components for polarized transport and signaling (explaining the

recruitment of certain RNA binding proteins, secretory machinery, ion channels, etc.) by just

a few master regulators either in the form of transcription factors or non-coding RNAS or

both.

The first neural circuits evolved to control cilia and coordinate primary (ciliated) locomotion

whereas the first muscles controlled hydroskeleton and feeding/defensive movements as in

extant Ctenophores. It appears that ctenophores might have evolved their nervous system

independently (Fig. 6) from other animal lineages [54, 55]. There is a reasonable possibility

that sponges (traditionally viewed as the earliest animal lineage preserving the ancestral

organization) might also have been secondarily simplified during evolution; they could have

lost some components of the earliest neural systems during evolution, reduced their

complement of ancestral molecular toolkits, and even reduced their sensory capabilities (still

partially preserved in larvae [70, 71, 80, 81]), as well as their protoneuron-like elements.

However, it would be not an overstatement to say that in spite of the very important position

of Ctenophora in the animal tree of life, and the clear presence of the earliest known neurons

and muscle cells in these prebilaterian animals, we know virtually nothing about molecular/

neuronal organization within this phylum nor about the cellular or transmitter bases of their

behaviors. Thus, I consider work on Ctenophores that focuses on identification of their

signaling molecules and the genomic bases of neuronal organization in these animals and

cnidaria to be most vital steps toward understanding the earliest nervous systems. It would

not be surprising that nature used many different molecular toolkits to ‘make neurons’ in the

first place.

One of the foreseen applications of these apparently remote theoretical studies would be in

synthetic and regenerative medicine [75], opening novel perspectives in the treatment of

complex neurodegenerative disorders where trans-differentiation of existing or induced

pluripotent cells to form novel or repair injured neural circuits is required.
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Fig. 1.
Parallel evolution of neuronal centralization in Deuterostomes and Protostomes. The

diagram shows types of neural organization among all major Deuterostome lineages. The

presented reconstruction of phylogenetic relationships is based upon recent large-scale

phylogenomic analysis among all bilaterians [63]. Filled circles indicate possible events of

neural centralization from diffuse Nerve Net type of organization in a common ancestor of

all Deuterostomes and Protostomes (open circles). Note that nerve nets in Deuterostomes

have only superficial similarities and might not be genealogically related to each other. See

text for details. Two major superclades of Protostomes (Ecdysozoa and Lophotrochozoa)

might also have evolved complex brains independently from Chordates
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Fig. 2.
The polygenesis of neuronal centralization. The hypothetical scenario outlining multiple

origins of neuronal centralization in Bilateria. The ancestral urbilateria had diffuse, possibly

only epidermal nerve nets and did not possess central nervous systems. Centralization of

neuronal elements and the formation of CNSs and complex brains occurred independently

several times in the course of animal evolution (see also Figs 1, 4 and 5). The inversion of

the ventral to dorsal axis took place during earlier stages of Chordate evolution. Ctenophore

and Cnidaria nervous systems may have evolved in parallel and, at least in part, may not

necessarily be related to bilaterian neural organization. Red, orange and green colors

schematically illustrate different neuronal structures. Open white circles indicate the position

of the mouth. the author supports this hypothesis of neuronal evolution; see text and [54] for

details
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Fig. 3.
The hypothesis of monophyletic origin of the central nervous system in Bilateria. This is an

alternative scenario of the neuronal evolution in animals as outlined in Fig. 2. Here, the

ancestral urbilateria had a well-defined central nervous system in the form of a ventral cord.

However, multiple animal lineages both within Deuterostomes, Ecdysozoa and

Lophotrochozoa independently lost their central nervous system (yet many representatives

of these groups are still free living organisms, sometimes with complex behavioral

repertoires). Ctenophore and Cnidaria nervous systems might be related/homologous to

bilaterian neural organization (although at least some parts of them may have evolved

independently). Red, orange and green colors schematically illustrate different neuronal

structures. Open white circles indicate the position of the mouth. See text and [54] for details
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Fig. 4.
The molluscan phylogeny and their neuronal organization. The relationships among major

molluscan classes is based on recent phylogenomic analysis [47]. The phylum mollusca has

a very broad spectrum of types of neuronal organization. It is based on tetraneury with

multiple events of neuronal centralization that are most notable in cephalopods and selected

gastropods. See text for details

MOROZ Page 16

Acta Biol Hung. Author manuscript; available in PMC 2014 May 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5.
Parallel evolution of neuronal centralization in the animal kingdom. The diagram

summarizes the current view of evolutionary relationships in the animal kingdom and

indicates the presence or absence of a central nervous system (CNS) or brain. From this tree

it is possible to see at least 9 possible events of multiple origins of complex brains – shown

as red numbers. Circles indicate possible events of multiple origins of neurons. See text for

details. This reconstruction of phylogenetic relationships among phyla is a combined view

based upon recent large-scale molecular/phylogenomic analyses of several dozen proteins

from representatives of more than 15 animal phyla [20, 24, 31, 34, 47, 63, 64, 78, 82, 87].

Only representative groups of the 36 known animal phyla are shown in the diagram. The

origin of animals can be traced back to more than 700 Million years ago (Mya) [24].

However, the extant animal phyla might have a more recent evolutionary history and the

diversification of the modern bilaterian phyla might be linked to the cambrian explosion. As

a result the accurate evolutionary relationships among basal lineages and major bilaterian

phyla are not well resolved (dotted lines). Possible timing of the divergence in the diagram

is indicated as Mya
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Fig. 6.
Phylogeny of basal metazoa and independent origin of neurons in Ctenophora. The

relationships among five basal metazoan groups (Ctenophora, Porifera, Placozoa, Cnidaria

and Bilateria) is based upon [20, 34]. Although the exact placement of Ctenophora and

Porifera is not currently resolved (dotted lines), these two lineages were branched before

Placozoa, Cnidaria and Bilateria (a clade that was named ParaHoxozoa [72]). The topology

of this tree and our recent analysis of Ctenophore gene complements suggest that neurons

evolved independently in ctenophores. Sponges either primarily lack neurons or they might

have lost them secondarily. Placozoa might also be viewed as a secondarily simplified group
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