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Abstract

The decoding of genomes of a larger number of animal species have provided further insights into the genomic
Hox gene organization and with this indicated the evolutionary changes during the radiation of several clades.
The expansion of gene expression studies during development and life history stages of more species,
complete the picture of the relationship between cluster organisation and temporal and spatial correlation of
the Hox activity. Now these results open the opportunity to look deeper into the regulatory pathways that
form these patterns and identify what exact changes caused the evolution of the application of this iconical
gene set for the evolution of new larval forms and new structures. Here we review recent progress of Hox
gene related research in the large clade Spiralia, that comprises Annelida, Mollusca, Lophophorata,
Platyhelminthes, Nemertea and others. Albeit their relationship to each other is not resolved yet, there are
emerging patterns that indicate that Hox genes are mainly used for patterning late, adult body parts and that
Hox genes are often not expressed on the larval stages. Hox genes seem also often recruited for the formation
of morphological novelties. Together with the emerging genomic information Hox genes show a much more
dynamic evolutionary history than previously assumed.
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After thorough studies in arthropods (Ecdysozoa) and chordates (Deuterostomia), a better understanding of the
evolution and function of Hox genes in Spiralia—one of the three major lineages of bilaterian animals—is
beginning to emerge, qualifying, as we will demonstrate in this review, many of the previous assumptions about
the roles of these iconic genes in animal development and evolution. Spiralia (or Lophotrochozoa) is a diverse
and fascinating clade of animals that comprise an incredible diversity of animal forms, from tiny interstitial
protostomes (e.g., gastrotrichs and rotifers) to many worm-shaped creatures (e.g., nemerteans, annelids) and
shell bearing groups (mollusks and brachiopods). Their last common ancestor also gave rise to the impressive
cephalopods, with a larger body plan and complex nervous systems. Spiralia is, however, keeping the secret of
how this morphological, functional, and ecological diversity evolved, as well as the set of characters that were
present in their last common ancestor. Given the conserved role of Hox genes in patterning animal body plans,
it is thus tempting to study the role of these genes in Spiralia and the interplay between changes in the genomic
organization, regulation and expression of these genes and the diversification of spiralian body plans. An
extensive body of work has been conducted over the last two decades and the results are as diverse as the
spiralian body plans themselves. While the first comparative studies between fruit flies and vertebrates offered
a seemingly consistent pattern of Hox gene organization and role during development, the addition of an
increasing number of spiralian species is delivering a complex, but captivating picture of the role of Hox genes
in animal evolution. Yet the limited understanding of the internal phylogenetic relationships of Spiralia is also
complicating this endeavor, sometimes hampering the identification of the direction of evolutionary change.
Here, we summarize the current knowledge of and more recent findings on the evolution and roles of spiralian
Hox genes, putting forward some evolutionary conclusions and working hypotheses that we hope might help

clarify and advance the study of Hox genes in this and other animal groups.

Hox cluster evolution

The genomic arrangement of Hox genes in some animal lineages is intimately connected to the temporal and
spatial expression of these genes during embryogenesis—and is known as temporal and spatial collinearity [1-
4]. The genomic organization and chromatin 3D architecture of the Hox genes influences their expression during
development. Changes in the complement and genomic linkage of these genes, as well as deviation from a
temporal/spatial collinearity correlate with morphological and developmental evolution in animals [5-9]. The

advent of more affordable, high throughput sequencing technologies has facilitated genomic investigations in a
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broader taxonomic span of spiralian lineages, ultimately providing a better resolved picture of Hox gene
evolution in this bilaterian clade. Currently, there is transcriptomic and/or genomic data on Hox genes for 11 of
the 15 major animal groups that comprise Spiralia (Figure 1), with data missing for Gnathostomulida,
Micrognathozoa, Gastrotricha and Cycliophora. Together, these new datasets clarify the ancestral Hox gene
complement of Spiralia—likely comprising Hox1/lab, Hox2/pb, Hox3, Hox4/Dfd, Hox5/Scr, Lox5, Antp, Lox4/Lox2,
and at least one posterior Hox—, demonstrating that distinct patterns of central and posterior Hox evolution co-

occurred with the phylogenetic split of Spiralia into Gnathifera and Lophotrochozoa (Figure 1).

Gnathifera comprises Chaetognatha, Gnathostomulida, Micrognathozoa, and Rotifera [10, 11], but information
on Hox complements and their expression only exist for Chaetognatha and Rotifera [12-15]. Our understanding
of Hox complements in chaetognaths—arrow worms—is currently based on transcriptomic data and targeted
searches [14], and thus whether Hox genes are organized in a cluster in this group is unknown. Genomic data is
available for rotifers however, indicating that a Hox cluster is absent in this group [15], which correlates with a
lack of temporal and spatial collinear expression of rotiferan Hox genes [12]. Both chaetognaths and rotifers
share the presence of a unique type of Hox gene phylogenetically related to both Medial/Central and Posterior
Hox genes in other non-gnathiferan taxa, referred to as MedPost genes, as well as a unique motif in the
Hox6/Lox5 group [12, 16]. Other than that, Hox gene complements differ significantly between these two
lineages, with chaetognaths apparently lacking Hox2 and rotifers missing Hox7/Antp, Hox8/Lox4/Lox2, and
posterior genes (Figure 1). Altogether, the shared idiosyncratic signatures of Hox gene complements observed
in chaetognaths and rotifers backs the phylogenetic relationships among gnathiferan clades, suggesting that

lineage-specific diversification of Hox complements might underpin phenotypic evolution in Gnathifera [12].
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Figure 1 — The Hox gene complement in Spiralia. On the left, spiralian phylogeny indicating the ancient split into
Gnathifera and Lophotrochozoa. The internal phylogeny of the latter is still poorly resolved. On the right, schematic
representation of the putative ancestral Hox complements for the 15 major spiralian clades. Note that Gnathifera and
Lophotrochozoa experienced distinct dynamics of central and posterior Hox evolution. In the middle, presence of a cluster
of Hox genes and temporal/spatial collinear expression of these genes along the anteroposterior axis. Expansions are

shown as two stacked boxes. See main text for references.

Lophotrochozoa (sensu [10]) is the second major lineage of spiralian taxa, and its internal phylogenetic
relationships are still debated [10, 11, 17-19]. Gastrotricha, Platyhelminthes and Dicyemida have often been
related in phylogenomic analyses [19, 20]. These are molecularly fast-evolving lineages, which is also reflected
in their highly divergent Hox gene complements (Figure 1). While data for Gastrotricha is absent, genome
sequencing of the dicyemid Dicyema japonicum uncovered only 4 Hox genes belonging to three orthogroups:
Hox1, Lox5 and Posterior, with no genomic linkage [21, 22] (Figure 1). Platyhelminthes have lost Hox5, Antp, and
Lox2, with recent analysis identifying both Post1—previously thought to be absent in flatworms—and Post2
genes in the planarian Schmidtea mediterranea [23-25] (Figure 1). Expression data is only available for free-living
planarian flatworms, which do not exhibit temporal and spatial collinear deployment of Hox genes along the
anteroposterior axis [23]. However, planarians exhibit a medial—instead of anterior—oral opening and lack an
anal opening, which are morphological divergences along the main body axis that might account for the lack of
spatial collinearity in Hox genes. Altogether, this data indicates that the evolution of these fast-evolving

lophotrochozoan lineages appears to correlate with the disintegration of the ancestral Hox cluster, the loss of a
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variable number of Hox genes (followed by the duplication of others [23]) and possibly the loss of spatial

collinearity (Figure 1).

The lophotrochozoan groups Bryozoa, Brachiopoda and Phoronida are often grouped within Lophophorata [10,
11, 26, 27], with the latter two being the most studied clades. Studies on Bryozoan genomes are scarce [28] and
have not focused on Hox gene organization. Transcriptomic and targeted searches have, however, revealed the
likely loss of several Hox gene classes in this group, including Hox1, Hox5, Antp, Lox4, Lox2 and potentially Post1
[29] (Figure 1). The absence of Lox2 is shared with Phoronida and Brachiopoda [7, 30-32] (Figure 1), however it
remains unclear whether the gene was lost in the common ancestor of Lophophorates, or originated after split
of them from the remaining Lophotrochozoa [32]. Phoronids seem to have lost Post1 and Scr [30, 32]. Regardless
of these losses, an ordered Hox cluster appears ancestral for both Brachiopoda and Phoronida, with the lineage
of the brachiopod Lingula having experienced a genomic inversion of the cluster [7, 30, 31]. In some
phylogenomic analyses, Nemertea has been related to Brachiopoda and Phoronida, in the group Kryptochozoa
[33], yet a more recent phylogeny places this group together with Annelida and Platyhelminthes [10]. The
nemertean Notospermus geniculatus exhibits expansions of nearly all Hox gene classes (Hox1, Hox2, Hox3, Hox4,
Hox5, and Post2) and lacks Postl and a Hox cluster [30]. Transcriptomic searches in other nemerteans—
Pantinonemertes californiensis and Micrura alaskensis—uncovered a more reduced complement of Hox genes,
which exhibit spatial collinearity during juvenile development [34, 35] (Figure 1). Similarly, traces of spatial
collinearity are observed in Brachiopoda [7, 36] (Figure 1), demonstrating that coordinated expression of Hox
genes has been retained in this spiralian clade—at least during certain stages of their life cycle—and despite

changes in the complement and genomic organization of Hox genes.

Mollusca and Annelida are two of the most species-rich and morphologically diverse spiralian lineages. As the
spiralian taxon with more sequenced genomes, the evolutionary history of Hox genes in Mollusca is well
understood. The ancestral molluscan condition was an intact Hox gene cluster with at least one copy of each
lophotrochozoan Hox orthogroup and signs of spatial and sub-cluster temporal collinearity [37, 38] (Figure 1).
Interestingly however, closely related molluscan species show distinct genomic organizations of Hox genes (e.g.,
intact vs broken Hox clusters), indicating that weak selective pressures act on maintaining Hox genes clustered

in this group. Recently, Entoprocta has been phylogenetically associated with Mollusca [10]. Although both
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genomic information and expression data are not available for entoprocts, transcriptomic analyses indicate that
all lophotrochozoan Hox orthogroups were present in their last common ancestor [39] (Figure 1). Therefore, if

the Mollusca + Entoprocta association holds stable, a full Hox gene repertoire was likely ancestral for this clade.

In Annelida, the species Capitella teleta, Alitta virens, Platynereis dumerilii [40-42] and Owenia fusiformis
(unpublished data) have complete Hox gene complements and exhibit an ordered Hox cluster, except for Post1,
which is separate (Figure 1). This is likely the ancestral annelid condition, and signs of spatial and temporal
collinearity has been described for Capitella teleta, Alitta virens, Platynereis dumerilii [40, 41, 43] (Figure 2) and
Owenia fusiformis (unpublished data). Similar Hox complements are also observed in two lineages of
morphologically divergent annelids: Vestimentifera, which have an intact Hox cluster but lack Antp [44]; and
Dimorphilus gyrociliatus, which exhibits an intact Hox cluster lacking Lox2 and Post1 despite its miniaturized
genome [45]. However, Clitellata—leeches, earthworms, and allies—has divergent Hox complements with both
multiple independent duplications (e.g., Hox1, Hox3, Hox4, Hox5, Lox5, Lox4, Lox2) and losses (Hox2 and an
unclear orthology of posterior Hox genes) and no Hox cluster [46, 47]. Recently, the parasitic group Orthonectida
has been assigned to Annelida [48]. As with the parasitic Dicyemida, orthonectids have a reduced Hox
complement only comprising Hox2, Hox4, and an ortholog to Lox5/Antp/Hox8/Lox4/Lox2, without a clustered
organization [49, 50]. Therefore, the ancestral annelid condition suggests a genomic organization and expression
similar to that observed in Mollusca, with subsequent morphological and ecological diversification in annelids
occurring with either conservation of this Hox arrangement or the complete disintegration of the Hox gene

cluster.

In summary, the recent genomic characterization of a broader array of spiralian lineages has uncovered two
different dynamics of Hox evolution in this group, concomitant to the Gnathifera/Lophotrochozoa split (Figure
1). The presence of an ordered Hox cluster with 11 orthogroups exhibiting spatial collinearity and temporal
collinearity in blocks—as observed in other major bilaterian lineages—is probably ancestral to Lophotrochozoa,
yet the poor understanding of the internal phylogenetic relationships of this group makes reconstructing the
exact evolutionary history of Hox genes difficult. Interestingly, Lox2 and Post1 have been repeatedly lost during
spiralian evolution, which as discussed below might be associated with the cooption of these Hox genes to

morphological novelties.
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Ancestral and divergent roles of Hox genes in Spiralia

Hox genes represent one of the most comprehensively studied families of animal transcription factors and their
expression has been investigated in numerous Spiralia [25], representing diverse evolutionary lineages, such as
flatworms [23, 51, 52], rotifers [12], chaetognaths [13], dicyemids [53], nemerteans [34, 35], lophophorates [7,
32, 36, 54], annelids [40, 41, 43, 45, 55-58] and mollusks [37, 38, 59-66]. However, the function of particular Hox
genes in those studied species is inferred only from expression patterns, since among spiralians the functional
studies of Hox genes has been conducted thus far only on adult planarians [52]. The level, to which Hox
expression has been studied varies a lot from clade to clade and for some spiralians expression of only single
orthogroups has been investigated thus far (e.g., for chaetognaths, dicyemids and bryozoans), while for others
the expression of full, or almost full Hox complements has been described throughout several developmental
stages (e.g., for rotifers, nemerteans, brachiopods, phoronids, annelids and mollusks; Fig. 2). Fortunately, the
comprehensively studied species are widely spread across phylogeny, which allows insight into evolution of the

Hox function in the morphologically diverse clade of Spiralia.

In several nemertean and annelid species Hox genes generally show typical staggered expression along the
anterior-posterior (A-P) axis (Fig. 2) and are expressed predominantly in the ectoderm and developing nervous
system [34, 35, 40, 41, 43, 45, 55, 56], which possibly reflects the ancestral Hox expression in Bilateria [12, 67,
68]. Moreover, in the nereid annelids the colinear Hox gene expression is retained in the adult worms and it has
been suggested that during postmetamorphic growth Hox genes provide positional information for the
morphologically homonomous segments [43] and play a role in establishing segmental identity during posterior
regeneration [57, 69, 70]. The latter function has been also reported in other annelids based on in situ RNA
hybridization [71] and regeneration stage-specific transcriptomics [72]. Traces of the A-P staggered expression
are also evident in rotifers, where Hox genes are expressed almost exclusively in the developing nervous system
[12]. In mollusks, the Hox genes seem to have dual function (Fig. 2; [38]): several of them are expressed in the
non-colinear way in the dorsal domain, where they are involved in the patterning of the shell field [38, 60, 61,
64-66], while ventrally they are expressed in the ectoderm, neuroectoderm and mesoderm and, at least in some
of the developmental stages of some species, they show canonical staggered expression along the A-P axis [37,

38, 62-64]. The lophophorates show more derived Hox expression patterns. The Hox genes seem to not be
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expressed in any neural structures neither in phoronids nor brachiopods (which probably correlates with the
extensive reduction of the central nervous system in those sessile animals) and instead they are expressed in
various ectodermal and mesodermal domains in the non-colinear manner (Fig. 2; [7, 32, 36]). Interestingly, three
Hox genes — pb, Hox3 and Dfd, show staggered mesodermal expression along the A-P axis in larval brachiopods
[7], while after metamorphosis they are expressed in specific muscles [36], indicating cooption of a subset of the
Hox gene system into mesodermal A-P specification in this clade. Additionally, several of the Hox genes are
expressed in specific morphological structures of both brachiopods (/ab and Post1 in chaetal sacs, Scr in shell
field [7, 36]) and phoronids (pb in protonephridia and Lox4 at the junction between midgut and proctodeum
[32]) suggesting that the Hox genes, released from their putative ancestral function in the patterning of
neuroectoderm, became widely and independently coopted into morphogenesis of various organs in
Lophophorata. Another interesting example of the evolution of new function for Hox genes can be found in
planarians. Although at least HoxD plays a role in the A-P patterning during planarian embryogenesis [51], the
Hox genes are also widely expressed in the adult worms, some of them in the A-P axis and others in radial
gradients [23]. Recently, it has been demonstrated that Hox genes play a role in the asexual reproduction of
Schmidtea mediterranea, by regulating behavior and tissue segmentation in this well studied planarian species

[52].
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Terebratalia transversa Phoronopsis harmeri Micrura alaskensis
(Brachiopoda) (Phoronida) (Nemertea)

Alitta virens Lottia goshimai
(Annelida) (Mollusca)

ventral domain shell field
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Figure 2. Comparison of Hox gene expression in selected spiralian larvae. For each larva the antero-posterior Hox gene
expression gradients along the body axis is indicated. All larvae are shown from the left side (with exception of Alitta
virens, which is shown in the dorsal view) with the anterior (apical) side oriented to the top. Note, that in brachiopod
larva pb, Hox3 and Dfd exhibit staggered A-P expression, while /ab is expressed in chaetal sacs. In Phoronida and
Nemertea the Hox genes are not expressed in the larval tissues but only in the rudiments of adult worms. Additionally,
the nemertean Hox genes show staggered expression along the A-P axis of the worm rudiment (note, that larval and adult
body axes are not aligned). In the annelid A. virens most of the Hox genes are expressed in colinear manner while /ab is
additionally expressed in the developing parapodia of each segment. In Lottia goshimai Hox genes show spatial

collinearity within the ventral neuroectoderm but not in the dorsal shell field. See main text for references.

Altogether, comparison of Hox gene expression across Spiralia (Fig. 2) shows that unprecedented morphological
diversity of this clade correlates well with evolutionary lability of Hox gene expression and function. In several
spiralian clades the Hox genes are expressed not only in ectoderm, but also in the mesoderm and its derivatives.
However, detailed comparison of mesodermal Hox expression shows that the set of Hox genes expressed in the

mesodermal derivatives differs markedly from clade to clade and that their temporal transcription in the
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mesodermal tissues can occur at very different developmental stages. Therefore, it remains likely that Hox genes
become coopted many times independently into patterning of the mesoderm and its derivatives in Spiralia [32,
36]. Clades that exhibit canonical expression of Hox genes along the A-P axis also seem to retain the ancestral
function of Hox genes in the patterning of ectoderm and central nervous system. On the other hand, the co-
option of Hox genes into morphogenesis of novel structures or regulation of postembryonic processes
exemplifies evolution of new, less constrained functionalities for the Hox system in Spiralia. In the case of
lophophorates, the evolutionary reduction of the central nervous system correlates with the diversification of
Hox genes within this clade. However, the processes that favored analogous evolutionary trends in other

spiralians remain largely unknown.

Hox genes and spiralian novelties

The cooption of Hox genes into the morphogenesis of particular structures and organs is an important
evolutionary mechanism well studied in numerous animals. The Hox genes might be re-wired into patterning of
the preexisting organs but they can also contribute to the origin of morphologically and molecularly novel
structures, the so-called evolutionary novelties [73, 74]. The latter, as evident from the preceding summary of
the Hox expression in Spiralia, is also a widespread phenomenon in this animal clade. The most famous examples
of Hox gene cooption into spiralian morphological novelties can be found in mollusks, where Hox genes have
been coopted into patterning of the shell in Conchifera [38, 60, 61, 64-66] and subsequently into patterning of
brachial crown, funnel tube and stellate ganglia in cephalopods [59].

The hard, external shell is a hallmark of the mollusk body plan, however, a similar structure evolved
independently also in lophophorates and is present in all extant brachiopod species. The investigation of Hox
gene expression in larval, juvenile and adult brachiopods showed that the Hox gene Scr is expressed in the
epithelial cells that produce both larval [7] and adult shell [31, 36], indicating that Scr has been coopted for the
patterning of the shell-forming epithelium in brachiopods. Even though extant phoronids, the other
lophophorates, for which Hox gene complement and expression have been studied, lack any shell-like structures,
their closest known fossil relative, a tommotid Eccenthrotheca, possessed a hard mineralized exoskeleton, which
reinforced a tube in which the animal dwelled [75, 76]. This indicates that the biomineralization capacities have
been lost in the lineage of phoronids, which coincides with the absence of Scr in the otherwise well conserved

phoronid Hox cluster [30, 32].

10
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Hox expression studies in annelids revealed that expression of Post1 deviates from the neuroectodermal A-P
expression witnessed for other Hox genes and instead the gene is expressed in the developing chaetal sacs [40,
41, 55], the morphological structures that secrete chaetae, stiff bristles used by annelids for locomotion and
protection. Expression of Post1 in the chaetae-related territories has also been reported in brachiopods [7, 36]
in concert with the morphology-based hypothesis on the homology of chaetae in both clades [77-79]. In
brachiopods another Hox gene, lab, is also expressed in the chaetal sacs [7, 36], however, this cooption seems
to be restricted only to the brachiopod lineage. Since chaetae-like structures are also present in some fossil
mollusks [80], it seems plausible that chaetae were already present in the last common ancestor of annelids,
mollusks and brachiopods and that Postl was already coopted for the patterning of the chaetal sacs in the
lineage leading to this hypothetical ancestral animal. Interestingly, Postl is missing from the genomes of
phoronids [30, 32], which — according to this evolutionary scenario — have secondarily lost the chaetae forming
apparatus. This suggests that the gene, and the morphological structure patterned by it, had been lost in unison

in the phoronid lineage.

Another possible example of cooption of Hox genes into patterning of evolutionary novelties can be found in
the serpulid annelid, Spirobranchus lamarcki. As for other Serpulidae, S. lamarcki possess an operculum — an
unpaired head appendage with a biomineralized shield used to plug the tube where the worm dwells [81]. The
operculum is considered an evolutionary novelty of serpulids and many species are capable of its regeneration.
Analysis of gene expression during operculum regeneration in S. lamarcki indicates that among many homeotic
genes expressed in the regenerating organ, there is also a Hox gene Antp [82]. While the role of Antp in
operculum formation is still unclear, these observations highlight the plasticity of Hox gene expression in

spiralians, even in those clades exhibiting a marked and conserved spatial collinearity.

As Hox expression is studied in more spiralian species in the future, additional examples of Hox cooption into
patterning of morphological novelties are expected to be found. However, even those which are currently
known, help to understand evolution of such important spiralian novelties as shells or chaetae. Combination of
Hox expression studies, comparative morphology and paleontology provides a comprehensive picture of

evolution of these complex characters and points toward possible evolutionary mechanisms which lead to the

11
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reduction of morphological characters in certain clades. Most importantly, the functional analyses, using e.g.,
RNAi or CRISPR gene editing, are still needed to confirm that expression of particular Hox genes in the developing

morphological structures is really indispensable for their morphogenesis.

Hox genes and life history stages

Studies of Hox gene expression during development of animals with complex life cycles can also inform about
the evolution of life histories [83]. Spiralia are a particularly interesting clade in this respect, since many of them
develop through distinct larval types [84, 85], some of which represent clade specific innovations (e.g. pilidium
of pilidiophoran nemerteans, actinotrocha of phoronids or mitraria of oweniid annelids), while others are highly
conserved over long phylogenetic distances (e.g. trochophore present in numerous annelids, kamptozoans and

mollusks).

In the pilidiophoran nemertean Maculaura (Micrura) alaskensis the Hox genes are not expressed until late
developmental stages when their expression is initiated in the ectodermal rudiments, from which the juvenile
worm develops (Fig. 2; [35]). Comparison of Hox gene expression between M. alaskensis and the direct
developing hoplonemertean Pantinonemertes californiensis showed that juveniles of both species are patterned
in a similar way, while the pilidial development represents the derived condition [34]. This observation,
combined with other gene expression studies and phylogenetic distribution of pilidium larvae, indicates that the
pilidium represents a new body plan likely intercalated into an ancestral, more direct nemertean life cycle [34,
35]. Since Hox genes were already used for the patterning of the adult body plan, another, yet unknown,

molecular system had to be deployed in the pilidiophoran ancestor for the patterning of this new life stage [35].

Hox genes are also not expressed during development of the actinotrocha, the highly specialized phoronid larva
[32]. Their expression is delayed until later larval stages with most of the Hox genes being expressed in the
rudiment of the adult trunk and in other posterior structures, which contribute to the adult body after
metamorphosis (Fig. 2). A similar expression dynamic of Hox genes is observed in the mitraria larva of the
palaeoannelid Owenia fusiformis (Martin-Durdn, unpublished data), which also undergoes catastrophic
metamorphosis [86]. The broad expression of head-specific genes in the larval phoronid indicates that the

actinotrocha represents a so-called head-larva [32]. This would explain why the actinotrocha forms without
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input from the Hox patterning system —in many animals Hox gene expression is restricted to the post-head body
regions, while heads develop from the anterior, Hox-free territory [6, 30, 34, 87-89]. The evolution of new larval
types by precocious development of head structures or delayed development of the trunk has been proposed
for several other animal clades, e.g. crustaceans and hemichordates [reviewed recently in 90]. In the latter clade
the tornaria larva also develops without expression of Hox genes, which become activated only after onset of
the trunk development [6], showing convergent expression dynamics of Hox genes between indirectly

developing hemichordates and phoronids.

Lack of Hox gene expression during development of pilidium, actinotrocha and mitraria contrasts with the
regular Hox expression in larval brachiopods [7] and trochophores of mollusks and annelids [37, 38, 40, 61-63,
65], in which both larval and adult bodies exhibit similar Hox gene patterns. The fact that those larvae are
patterned by the conserved Hox system, as well as their phylogenetic distribution, suggest that all of those larval
stages are eventually derived from the ancestral larval type present in the last common lophotrochozoan
ancestor. Therefore, the future investigation of Hox gene expression during embryonic and larval development
of other indirectly developing spiralians could help to resolve whether their larvae represent modification of the
ancestral spiralian larva or more recent evolutionary innovations resulting from the intercalation of new head-
larvae. This would be especially interesting in the cases of some strange spiralian larvae, whose evolution and
homology to the other larval types remain obscure, such as the Miiller’s larva of polyclads, creeping larva of

kamptozoans or cyphonautes of gymnolaemate bryozoans.

Conclusions

A high conservation of Hox clusters in some lineages, together with the dissociation of the cluster and loss of
certain genes in some sublineages characterizes the evolution of Hox genes in Spiralia. It remains unclear
however, which forces prevent the Hox cluster from atomizing in this animal group, yet genome regulatory
aspects have likely played a major role. Despite the conservation of the Hox cluster in major spiralian lineages,
neofunctionalization of Hox genes—even of those existing as single copies—is not uncommon. Therefore, Hox
genes are often used for axial patterning, but also deployed in novel structures in later stages of development.
Contrary to what is generally observed in arthropods and chordates, spiralians exhibit many cases in which Hox

clusters repeatedly disintegrate without reproducible patterns, nor are Hox genes connected to specific germ
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layers, body regions or cell types. When looking at the life cycle, many spiralian larva do not involve Hox genes
in their patterning, or if they do, then only in tissues that are transferred to the adult body plan during
metamorphosis. Together, the evolution and diversification of Spiralia for more than 500 million years is a
showcase of Hox gene evolution, where defining a general pattern is difficult. Moreover, Spiralia teaches us a
lesson about the importance of using more taxon sampling to test—and sometimes reject—hypotheses based
on observations on a few animal lineages. In this context, the diverse patterns of Hox expression and genomic
organization that we find in Spiralia provide a novel resource to discover new mechanisms of genome regulation
and organization, and the interplay between the two, along with the correlation of these phenomena with

morphological evolution.
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