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Synopsis  The anterior-most unit of the crown-group arthropod body plan includes three segments, the pre-gnathal seg-
ments, that contain three neuromeres that together comprise the brain. Recent work on the development of this anterior re-
gion has shown that its three units exhibit many developmental differences to the more posterior segments, to the extent that
they should not be considered serial homologs. Building on this revised understanding of the development of the pre-gnathal
segments, we suggest a novel scenario for arthropod head evolution. We posit an expansion of an ancestral single-segmented
head at the transition from Radiodonta to Deuteropoda in the arthropod stem group. The expanded head subdivided into three
segmental units, each maintaining some of the structures of the ancestral head. This scenario is consistent with what we know
of head evolution from the fossil record and helps reconcile some of the debates about early arthropod evolution.
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Russian  Cepuiinasi 'omosnorust u Ilpunagnesxnoctb CermeHTOB ['010Bb1 Y UTeHMCTOHOTHX

OpsH Jles, I'peropu J. Dmxkom6 u Apuaib J1. Ynnman

CaMblil nepeHU 3J€MEHT IUIaHa CTPOEHMs Tejla WIEHHUCTOHOTUX KOPOHHOM IpyMIbI BKIIOYAeT TPU CEIMEHTA, KOTOPhIE
SIBIIIIOTCS MIPEIIECTBEHHUKAMU THAaTAJIBHBIX CETMEHTOB, COJEpIKaIlye TpU HEHpomepa, YTO B COBOKYITHOCTH COCTaBIISIOT
Mo3r. HenaBHee uccienoBanue pa3BUTHS YKa3aHHOTO MEPEAHETO yJacTKa IM0Ka3ajlo, YTO TPH €0 3JIEMEHTA JEMOHCTPUPYIOT
HACTOJIPKO MHOT'O Da3jIH4Yuil B pa3sBUTHUU II0 CPaBHEHHUIO ¢ Oojee 3aJHMMU CErMEHTaMH, YTO MX HE CIIeAyeT CUHMTaTh
cepuitHbIMU roMosioraMu. OCHOBBIBasICh Ha 3TOW MEPECMOTPEHHON KOHLEIINH pa3BUTHS MPEAIIECTBEHHUKOB ITHATAIbHbIX
CEerMEHTOB, HAMM IPEJIOKEH HOBBIM BapHaHT 3BOJIOIMH T'OJOBHI WIEHHCTOHOTUX. MBI MpenrnoiaraeM, 4YTo yBEIHYEHHE
HPEIKOBOH OJHOCETMEHTHOW TOJIOBBI Npou3onnio npu nepexoge or Radiodonta x Deuteropoda B cTBONOBOIT rpymme
YWIEHUCTOHOTUX. YBEIUYEHHasl roj0Ba pa3/eNMuiIach Ha TPU CETMEHTAPHBIX JIEMEHTA, KaXKIblH M3 KOTOPBIX COXPaHMI
HEKOTOpBIE CTPYKTYPHI IPEIKOBOH TOJOBBL. DTOT BapHAHT COOTBETCTBYET TOMY, YTO HAM H3BECTHO OO IBOJIOLMU TOJOBBI
13 OIUCAHUI OKaAMEHEJIOCTEH, U TIOMOTAET PEIINTh HEKOTOPBIE CIIOPHI O PAHHEH 3BOJIFOINH YJICHUCTOHOTUX.

Ukrainian ~ Cepiiina I'omouorist Ta Ilpunanexnicts Cermentin I'onoBu y YiIeHHCTOHOTHX

Open Jles, I'peropi [. Emxxom6 ta Apiens . Uinman

Haiinepenuinmii eneMeHT m1aHy OyI0BH Tijla WICHUCTOHOTUX KOPOHHOI IPYITH BKIIFOYAE TP CETMEHTH, SIKi € TIOTIepeTHIKAMHI
THATaJILHUX CETMEHTIB, 1[0 MICTSITh TPU HEMPOMEPH, K1 B CYKYITHOCTI CKJIaIal0Th MO30K. HellotaBHe OCIiPKEHHS PO3BUTKY
3a3HaueHO] epeTHBOT AIITHKY OKa3ayo, 110 TPU HOT0 el1eMEeHTH AEMOHCTPYIOTh HACTIIBKY 0arato BigMiHHOCTEH y PO3BUTKY
y HOPIBHSHHI 3 O1bII 33IHIMU CETMEHTaMH, 10 1X He BapTO BBAXXaTU cepiliHumu romonoramu. Ha ocHOBI 1i€l nepernsHyTol
KOHIIEMIIT PO3BUTKY ONEPEAHHUKIB THATAIFHAX CETMEHTIB, MU IIPOIIOHY€EMO HOBHH BapiaHT €BOJIIOLI FOJIOBH YWICHHCTOHOTUX.
Mu BBa)kaeMo, 110 301IBIIEHHS TPEAKOBOT OJJHOCETMEHTHOT FOJIOBH BiOyocs ipH repexoi Bix Radiodonta 1o Deuteropoda
y CTOBOYpHIii rpyIi WIEHHCTOHOTUX. 301IbIlICHA TOJI0BA PO3ALIMIACS HA TP CETMEHTApHI €IEMEHTH, KOKEH 13 SKuX 30epir
JesKi CTPYKTypH IIpeAKoBoi ronosu. Llei BapiaHT y3roKyeThes 3 THM, IO HaM BiIOMO IIPO €BOJIOLIIO T'OJIOBU 3 OMMKCIB
CKaM STHIIOCTEH, 1 JoroMarae BUPILIMTH JEsKi CYIIePeyuKH PO PAaHHIO SBOJIOLII0 YWICHHCTOHOTHX.

French Homologie en série et identité des segments dans la téte de I’arthropodes
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Oren Lev, Gregory D. Edgecombe and Ariel D. Chipman

L’unité la plus antérieure du plan corporel des arthropodes du groupe couronne comprend trois segments, les segments pré-
gnathaux, qui contiennent trois neuromeéres qui, ensemble, constituent le cerveau. Des études récentes sur le développement
de cette région antérieure ont montré que ses trois unités présentent de nombreuses différences de développement avec les
segments plus postérieurs, au point quelles ne doivent pas étre considérées comme des homologues sérielles. Basés sur cette
révision de notre compréhension du développement des segments pré-gnathaux, nous proposons un nouveau scénario pour
’évolution de la téte des arthropodes. Nous postulons une expansion d’'une téte ancestrale mono-segmentaire lors de la transi-
tion de Radiodonta a Deuteropoda dans le groupe souche des arthropodes. La téte élargie était divisée en trois unités segmen-
taires, chacune conservant certaines des structures de la téte ancestrale. Ce scénario est cohérent avec ce que nous savons de
I'évolution de la téte a partir des archives fossiles et aide a concilier certains débats sur les stades premiers de I'évolution des
arthropodes.

Spanish  Homologia serial e identidad de los segmentos en la cabeza del artrépodos
Oren Lev, Gregory D. Edgecombe and Ariel D. Chipman

La parte mas anterior del plano corporal del grupo corona de los artrépodos incluye tres segmentos, los llamados segmentos
pregnatales, que a su vez contienen tres neuromeros que constituyen el cerebro en su conjunto. Estudios recientes sobre el de-
sarrollo de esta region anterior han demostrado que sus tres unidades muestran muchas diferencias de desarrollo con respecto
a los segmentos posteriores, por lo que no deberian considerarse homologos seriales. Teniendo en cuenta el desarrollo de los
segmentos pregnatales, sugerimos un escenario alternativo para la evolucién de la cabeza de los artrépodos. Proponemos la
expansion de una cabeza ancestral con solo un segmento en la transicion evolutiva de Radiodonta a Deuteropoda en el grupo
troncal de los artropodos. La cabeza expandida se subdividi6 en tres unidades segmentales, cada una de ellas manteniendo
algunas de las estructuras de la cabeza ancestral. Este escenario es consistente con nuestro conocimiento de le evolucion ce-
falica en el registro f6sil y facilita la reconciliacién de algunos de los debates sobre las etapas tempranas en la evolucion de los
artrépodos.

Italian  Omologia seriale e identita degli segmenti nella testa degli artropodi
Oren Lev, Gregory D. Edgecombe and Ariel D. Chipman

La parte piti anteriore dell’asse del corpo del gruppo crown degli artropodi comprende tre segmenti, i segmenti pre-mandibulari,
che a loro volta contengono tre neuromeri che costituiscono l'encefalo nel suo insieme. Studi recenti sullo sviluppo di questa
regione anteriore hanno dimostrato che le tre unita che la compongono mostrano molte differenze rispetto ai segmenti piu
posteriori, al punto che non dovrebbero essere considerate omologhi seriali dei segmenti piti posteriori. Sulla base di questa
riveduta interpretazione dello sviluppo dei segmenti pre-mandibulari, suggeriamo uno scenario alternativo per l'evoluzione del
capo degli artropodi, ovvero lespansione di una regione cefalica ancestrale con un solo segmento nel passaggio evolutivo da
Radiodonta a Deuteropoda, nel gruppo stem degli artropodi. Il capo espanso si sarebbe diviso in tre unita segmentali, ciascuna
delle quali conserva alcune delle strutture del capo ancestrale. Questo scenario ¢ coerente con le conoscenze sullevoluzione
del capo nella documentazione fossile e aiuta a conciliare opinioni diverse nel dibattito sulle prime fasi dellevoluzione degli
artropodi.

Background

Arthropods have been the dominant animals on Earth
since the early Cambrian. Today, they are the most
species-rich phylum, and in almost all invertebrate
fossil assemblages with exceptional preservation they
are the most prolific group represented. In the Cam-
brian fossil record, we find a mix of species descended
from the most recent common ancestor of extant
arthropods—so called crown-group arthropods—
together with species that branched off before the ap-
pearance of this ancestor—the stem-group (Edgecombe
2020). The earliest assemblages contain a mix of coeval
stem- and crown-group arthropods and present a series
of character states that can inform about the evolution

of key arthropod features (Giribet and Edgecombe
2019). Fossils representing the stem-group do not
display all the characters that define extant arthropods.
Notably, they display diverse head structures and head
segmental organizations that differ substantially from
those found today (Ortega-Hernandez et al. 2017).
The debate about the specific homologies of the
head-related structures in fossil arthropods and their
relatives, and indeed, what constitutes the “head,” re-
mains one of the great unresolved questions in arthro-
pod evolution. The question of homology of segmental
structures in extant arthropod heads has been resolved
in the past 20 years (Scholtz 2015; Ortega-Hernandez
et al. 2017) through a combination of embryonic gene



expression (Damen et al. 1998; Telford and Thomas
1998; Posnien et al. 2010; Janssen et al. 2011) and neu-
roanatomy (Mittmann and Scholtz 2003; Loesel et al.
2013). It is now well accepted that extant arthropod
heads include a conserved anterior region composed of
three segments and that the appendages of these three
segments can be homologized across extant arthropods.
Each of these anterior segments contains a large dorsal
ganglion, and these three ganglia together comprise the
arthropod brain. The segments are usually named after
the ganglia they contain; the protocerebral, deutocere-
bral, and tritocerebral segments are the first, second,
and third anteriormost segments, respectively. Alterna-
tively, they are named after the appendages they carry,
which differ between arthropod classes. In mandibu-
lates, the deutocerebral segment carries the first pair of
antennae and the tritocerebral segment carries the sec-
ond pair of antennae, or in the case of hexapods and
myriapods, lacks an appendage. In chelicerates, the deu-
tocerebral appendage pair is the chelicerae (chelifores in
pycnogonids) and the tritocerebral appendages are the
pedipalps. In all arthropods, the protocerebral segment
carries the eyes either in the form of eye spots, sim-
ple eyes, or compound eyes, the latter either stalked or
sessile. Although eyestalks reveal anatomical and phys-
iological correspondences with appendages (reviewed
by Strausfeld et al. (2016)), eyes are not usually as-
cribed an appendicular identity, being generated by
a distinct gene regulatory network different from ap-
pendages (Friedrich 2003). There has, however, been
little work on the developmental genetics of stalked eyes
in extant arthropods, so an appendicular origin cannot
be refuted. The protocerebrum also bears the labrum,
a structure that expresses appendage-related genes dur-
ing development (Browne et al. 2005; Kimm and Prpic
2006; Posnien et al. 2009; Jockusch 2017). Because in in-
sects, the three segments lie anterior to the mouthparts,
they are referred to more generally as the pre-gnathal
segments (PGS). We use this term here for consistency,
acknowledging that these segments are not actually an-
terior to gnathal elements in all arthropods. We refer
to all other segments as “post-gnathal” or “trunk” seg-
ments to distinguish them from the three segments of
the anterior region.

In contrast with the resolution in extant arthro-
pods, the homology of anterior segments and their
appendages in fossil arthropods remains in flux, with
some aspects resolved and others hotly contested. It is
reasonably well-established that several fossil taxa, rela-
tively distantly related to crown-group arthropods, had
a head composed of a single segment. Evidence for this
comes from exceptionally preserved fossils of the stem-
group arthropods Kerygmachela (Park et al. 2018) and
Lyrarapax (Cong et al. 2014) that preserve remains of
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neural tissue suggesting that the brain of these species
was composed of a single neuromere. This single
neuromere has been attributed to the protocerebrum,
as in the brain of tardigrades (Smith et al. 2017; Gross
et al. 2021). Since phylogenomic data support a sister
group relationship between tardigrades and the other
two panarthropod phyla, Onychophora and Arthro-
poda (Campbell et al. 2011) (Fig. 1), these data to-
gether suggest a single-segment head to be primi-
tive for Panarthropoda as a whole (Ortega-Hernandez
et al. 2017; Park et al. 2018). Additional evidence
for an ancestral single-segment head is provided by
the presence of a single pair of head appendages,
large raptorial appendages, in a range of stem-group
taxa. In the rare fossils with preserved neural tissue,
this appendage pair either houses a nerve emanat-
ing from the anteriormost part of a unipartite brain
(Park et al. 2018) or, when the frontal appendage
is arthropodized, is served by a frontal ganglion
(Cong et al. 2014).

The situation is complicated by evidence from ex-
tant arthropods that suggests the protocerebrum is
composed of two domains, the prosocerebrum and
the archicerebrum (Urbach and Technau 2003). The
prosocerebrum includes several main processing cen-
ters such as the central body and neurosecretory cells,
and innervates the labrum (Urbach and Technau 2003;
Lan et al. 2021). The archicerebrum innervates the
compound eyes. The prosocerebrum and its associated
structures are generally considered to represent an aseg-
mental anterior region (Posnien et al. 2009; Steinmetz
et al. 2010), which may be homologous to an anterior
region that expresses the homeobox gene Six-3/optix in
all bilaterians (Steinmetz et al. 2010).

The frontal pair of appendages in those fossil
taxa with a single-segment head is attributed to the
prosocerebrum (Lan et al. 2021), and they are thus in-
terpreted as being homologous to the labrum (Ortega-
Herndndez et al. 2017; Budd 2021). Under this interpre-
tation, the compound eyes of Lyrarapax and its relatives,
the radiodonts such as Anomalocaris, are innervated by
the archicerebrum, like the compound eyes of extant
arthropods. The radiodont head shows evidence for be-
ing bipartite, the genus Amplectobelua having an oval
head shield likely aligned with the frontal appendages
and a pair of plates called P-elements associated with
the eyes (Cong et al. 2017) but collectively these can be
ascribed to the two domains of the protocerebrum.

Some Cambrian taxa have been argued to show a
head composed of three segments, corresponding to the
PGS of extant arthropods. Notably, exceptionally pre-
served fossils of the Cambrian arthropod Fuxianhuia
are consistent with a tri-partite brain (Ma et al. 2012),
each neuromere of which innervates one anterior head
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Fig. I The change in head structure mapped on alternative phylogenetic trees of Panarthropoda. (1) Panarthropoda. (2) Total group Arthro-
poda (stem + crown). (3) Deuteropoda. (4) Crown group Arthropoda. Each taxon is represented by a scheme of the head and the first trunk
segment (marked in white). In lower-stem taxa the head is composed of the protocerebrum only (including the prosocerebrum), marked
in green. Evidence for eyes in Kerymachela (Park et al. 2018) is equivocal (Lan et al. 2021). In Deuteropoda (Node 3) the head is shown as
composed of three segments, marked in different shades of green to indicate their shared ancestry; other interpretations of fossilized neu-
roanatomy delay the change from a protocerebral brain to a tripartite brain to node 4 (Budd 2021). The dorsal ganglion/ganglia are marked
with a dotted outline within the head segments. The anterior raptorial appendage is shown on the anterior, prosocerebral domain in lower-
stem taxa in two shades of blue. In Deuteropoda the labrum is shown as an anterior medial structure in light blue and the deutocerebral
appendage is shown in dark blue, indicating their putative shared derivation from the original anterior raptorial appendage. Eyes are repre-
sented as black circles in the protocerebral segment. The third (tritocerebral) segment is shown to be reduced in Myriapoda and Hexapoda,
where it becomes the appendageless intercalary segment. The onychophoran second segment is shown in pink, to indicate that it is probably
not homologous to the deutocerebral segment in Deuteropoda. The relationships of extant taxa are based on phylogenomic data. (A) Fuxi-
anhuiids and leanchoiliids interpreted as stem-group arthropods. The relative positions of Fuxianhuia and Leanchoiliidae alternate in published
trees adopting this framework (Budd 2021, fig. 9B versus Legg et al. 2013), so they are shown as a trichotomy with crown-group Arthropoda.
(B) Fuxianhuiids and leanchoiliids interpreted as crown-group arthropods (topology from Zeng et al. 2020, Extended Data, Fig. 9a).



segment. Leanchoiliid “great appendage arthropods”
likewise have been attributed proto-, deuto-, and
trito-cerebral segmental input to the brain, with the
deutocerebrum innervating the anteriormost ap-
pendage; this tripartite brain is preceded by a
prosocerebrum that sends nerves to ganglia that
innervate the labrum (Lan et al. 2021). However, the
neuroanatomical interpretations of these fossils (both
fuxianhuiids and leanchoiliids) having tripartite brains
was disputed by Budd (2021), who proposed alternative
schemes in which they instead have single-segment
(protocerebral) brains as in more stemward arthropods
like Kerygmachela and Radiodonta.

Many Cambrian arthropods with tri-partite brains
display anterior raptorial appendages that are often sim-
ilar in structure to those found in the taxa with a single-
segment head (Chen et al. 2004; Haug et al. 2012; Aria
and Caron 2015; Zeng et al. 2020). The raptorial ap-
pendage is undoubtedly found on the anterior-most,
single head segment in taxa that are low on the arthro-
pod stem. However, there are two opposing views as to
the segmental identity of the raptorial appendage in the
more crownward fossils with a tri-partite head such as
leanchoiliids. Some authors argue that the raptorial ap-
pendage belongs to the deutocerebral segment and is
therefore not homologous to that found in the lower-
stem (Chipman 2015; Ortega-Hernandez et al. 2017).
Others argue that the great appendages of different taxa
are similar enough and have the same topological rela-
tionships to other parts of the head (such as the eyes and
an anterior sclerite) to argue for homology and there-
fore must all be located on the same segment (Haug et al.
2012; Aria and Caron 2015; Aria et al. 2020).

In a framework in which fuxianhuiids, leanchoili-
ids, and other fossil taxa with (at least) a three-
segmented head are assigned to the arthropod stem
group (Fig. 1A), they and crown-group arthropods are
collectively named Deuteropoda, for the presence of
deutocerebral appendages (Ortega-Hernandez 2016).
However, the status of fuxianhuiids and leanchoiliids
as stem-group arthropods has been challenged by phy-
logenetic analyses that instead place them inside the
arthropod crown group, as stem-group Mandibu-
lata and as stem-group Chelicerata, respectively
(Zeng et al. 2020; Aria et al. 2021); under this phy-
logeny, Deuteropoda is equivalent to crown-group
Arthropoda (Fig. 1B). We stress that the hypothesis for
the evolution of the PGS we develop below is robust
to the discordance between these two alternative phy-
logenetic schemes when both agree that the contested
fossils have tripartite brains.

In essence, the difficulty with understanding the
early evolution of the arthropod head hinges on
the transition from the lower-stem arthropods to
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Deuteropoda. Over a single node on the currently
best supported phylogenetic trees, a large number of
character state transformations occur (Fig. 1). The
single-segment head is transformed into a three-
segment head, with a one-neuromere brain turning into
a three-neuromere brain. The anterior raptorial ap-
pendage is reduced to a labrum, while in parallel, a new
appendage appears on the deutocerebral segment. The
trunk appendages undergo arthropodization, possibly
through recruitment of the limb patterning gene regu-
latory network from the anterior raptorial appendage to
the trunk appendage (Chipman and Edgecombe 2019).
This is a dramatic series of concerted changes that is dif-
ficult to reconcile with our understanding of the evolu-
tion of morphology (Chipman 2015). The fact that there
are currently no known fossils that exhibit an interme-
diate stage of this transition suggests that it happened
fairly rapidly, and that these character state transforma-
tions may arise from the same process.

Development of the PGS

The understanding that the three PGS in insects are
developmentally different from the gnathal segments
of the head is not new (Gallitano-Mendel and Finkel-
stein 1997). Development of the PGS is not regulated
by pair-rule genes (Rogers et al. 2002; Choe and Brown
2007; Posnien and Bucher 2010), and Hox genes are
not expressed in the two anterior pre-gnathal segments.
The PGS form earlier than or at the same time as
post-gnathal segments (Schonauer et al. 2016; Stahi
and Chipman 2016; Hunnekuhl and Akam 2017), their
structure during the embryonic germband stage is very
different from the structure of all other segments, and
they are arranged in distinctive structures known as the
head lobes. Previous work suggested that these differ-
ences are consequences of the divergent structure of the
anterior head segments (Gallitano-Mendel and Finkel-
stein 1997), implicitly suggesting that segmental pat-
terning of the PGS underwent changes relative to the
original state, following their incorporation into the six-
segment head of extant insects.

Recently, Lev and Chipman (2021), reviewing data
from the literature and introducing new data for the
milkweed bug Oncopeltus fasciatus, showed that the
gene regulatory network underlying the development
of the PGS is fundamentally different from that of
all other segments. One of the findings from that
study is stripe splitting in the expression of the seg-
ment polarity gene hedgehog during PGS formation in
Oncopeltus. Expression of hedgehog begins as a sin-
gle stripe that splits into two domains that act as
borders within the PGS. This pattern of hedgehog
expression pattern in the developing PGS can also
be seen in chelicerates, myriapods, and other insects
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(Miyawaki et al. 2004; Farzana and Brown 2008;
Kanayama et al. 2011; Janssen 2012; Hunnekuhl and
Akam 2017; Barnett and Thomas 2018) and can thus be
inferred for the last common ancestor of crown-group
arthropods. In chelicerate and myriapod head devel-
opment, hedgehog stripe splitting results in either two
or three stripes, while in all studied insect species, it
ends with two stripes. This expression pattern is un-
like hedgehog’s conserved segmental expression pattern
seen in the post-gnathal segments of arthropods. In a
series of parental RNAi experiments, Lev & Chipman
(2021) showed different interaction between the seg-
ment polarity genes in the PGS compared with post-
gnathal segments. They also showed that when hedge-
hog is knocked down, the outcome is severely reduced
anterior appendages and structures such as the labrum
and antenna in affected embryos, with no effect on post-
gnathal segmental appendages. This functional manip-
ulation of hedgehog expression has not been done in
other arthropod species, at least not during the devel-
opment of the pre-gnathal segments. However, hedge-
hog expression patterns in the relevant time frame of
development across arthropods are nearly identical, so
deducing a similar function is valid, pending further in-
vestigation of additional species.

Lastly, several studies noted that engrailed, a segment
polarity gene crucial to segmentation, is expressed later
than hedgehog in the PGS and after the segments are
morphologically evident (Brown et al. 1994; Gallitano-
Mendel and Finkelstein 1997; Janssen 2012; Stahi and
Chipman 2016). This makes it unlikely that engrailed
plays an important role in early PGS formation, as it
does in the other segments.

Based on this body of evidence that includes differ-
ence in developmental timing, morphology and genetic
interactions, Lev & Chipman (2021) suggested that the
PGS do not share a developmental gene regulatory net-
work with all the other segments and therefore should
not be seen as serially homologous, in the sense of not
being patterned by the same network (Wagner 2014;
Tomoyasu et al. 2017). This lack of serial homology in-
dicates a separate evolutionary trajectory, and probably
a different evolutionary source for the pre-gnathal seg-
ments.

The development of segmental identity

The process of segment generation is a tiered process,
consisting of several inter-dependent developmental
steps. While there is a significant amount of diversity
in some of the steps, the general principles are con-
served across arthropods (Peel et al. 2005). The first
stage in the process is the generation of a repeated pre-
pattern. This is the most variable stage, with differences
in the dynamics of setting up the pre-pattern and in the

precise identity of the genes involved (Peel et al. 2005;
Clark et al. 2019). These differences are detected both
between species and even within the embryo of a single
species, where different segments can be pre-patterned
through different processes. Examples include sequen-
tial segmentation vs. simultaneous segmentation be-
tween gnathothoracic and abdominal segments in some
insects (Stahi and Chipman 2016; Auman et al. 2017)
and between prosomal and opisthosomal segments in
spiders (Hemmi et al. 2018). Comparative work on
arthropod segmentation shows that even very similar
segments can be pre-patterned through different pro-
cesses.

The next tier is the determination of segment bound-
aries. This is the most conserved stage of the process
(Damen 2002; Janssen et al. 2004; Peel et al. 2005;
Janssen 2012; Auman and Chipman 2017; Chipman
2020). A group of genes known as segment-polarity
genes (which includes the aforementioned hedgehog)
interact in a conserved regulatory network to generate a
stable molecular boundary between adjacent segments
(von Dassow et al. 2000). This process is common to all
segments in all arthropods studied to date with the ex-
ception of the pre-gnathal segments, for which the inter-
actions and dynamics of the segment polarity genes are
different (Lev and Chipman 2021). We identify the seg-
ment polarity network as the character identity network
(ChIN—sensu Wagner (2007)) of the arthropod seg-
ment (DiFrisco and Wagner 2022). The different net-
work in the PGS led Lev and Chipman (2021) to suggest
that they are not serial homologs of the trunk segments.

The third tier is the conferring of segmental
identity—the specific structure of the segments and of
segmental appendages. This is mediated largely by the
Hox genes, although there is probably some input from
the genes of the pre-pattern stage (Auman and Chip-
man 2017). While Hox genes are conserved in arthro-
pods, and indeed across all Bilateria, the boundaries be-
tween their expression domains are variable between
the different higher taxa within arthropods (Hughes
and Kaufman 2002). The extent of Hox expression do-
mains is linked to differences in segmental identity
(Akam 1998a; 1998b).

Based on this developmental understanding of how
segments form and assume their identity, we suggest a
novel scenario for arthropod head evolution that can
defuse many of the inherent difficulties in our current
understanding of the process.

Implication for the evolution of the
arthropod head

A segmented body with an anterior head tagma pre-
dates the most recent common ancestor of arthropods



(Budd 2002; Edgecombe and Legg 2014; Chipman
and Edgecombe 2019; Giribet and Edgecombe 2019).
The presence of a single brain neuromere in both
tardigrades (Smith et al. 2017; Gross et al. 2021) and
in lower-stem arthropods (Cong et al. 2014; Park
et al. 2018) suggests that this is the primitive condi-
tion for Panarthropoda. Thus, the earliest branching
stem-group arthropods, exemplified by Kerygmachela
and we presume by even more stemward lobopodian
total-group arthropods that share a similar annulated,
non-arthropodized frontal appendage (Jianshanapo-
dia, Megadictyon, and Siberion; (Dzik 2011; Edgecombe
2020)) probably had a head made up of a single unit—
the protocerebrum, with a single raptorial appendage
pair. Most models for the evolution of the arthropod
head (e.g., (Mayer et al. 2010; Ortega-Hernandez et al.
2017) suggest that the transition to a three-segmented
head occurred through the recruitment of two trunk
segments into the head region. Implicitly, the sugges-
tion is that the second PGS, the deutocerebral segment,
is homologous with the first trunk segment of lower
stem arthropods and tardigrades, and the third PGS,
the tritocerebral segment, is homologous with the
second trunk segment. If this scenario were true, we
would expect at least the two “new” head segments to
be serially homologous to the trunk segments, that is, to
develop using the same character identity network—the
canonical segment-polarity gene regulatory network.
The embryological data introduced in the previous
sections are not consistent with such a scenario.

We suggest that the transition between a single-
segmented head in lower-stem arthropods and a three-
segmented head in Deuteropoda involved the elabora-
tion of an ancient single head unit into three (Fig. 1). In
the early history of arthropods, lobopodians like Jian-
shanapodia and Megadictyon depict a body made up of
a series of homonomous trunk segments, with a single
unit making up the head and in it (fide the more crown-
ward Kerygmachela) a single neuromere functioning as
a brain. This anterior unit was different to all segments
by virtue of it being an apical unit, that is, a unit that
is connected to other units on only one side. Evidence
from fossils (Cong et al. 2014; Lan et al. 2021) is consis-
tent with neural lineage-specific domains of the embry-
onic insect brain (Urbach and Technau 2003; Richter
etal. 2010; Steinmetz et al. 2010) that suggest this apical
structure was already differentiated into two regions—
the prosocerebrum and the archicerebrum. We sug-
gest that the original head was patterned and differen-
tiated via a separate developmental pathway than the
trunk segments, using some of the same genes that
were used in the trunk segments, but with different in-
teractions. As the brain expanded, it elaborated into a
tri-partite brain by adding new neuromeres that sub-
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divided from the existing neuromeres, concomitantly
splitting the surrounding morphological structures into
three distinct units and incorporating new develop-
mental processes to pattern the new head. The three
new units are not “regular” segments, but subdivisions
of the ancestral head that have elaborated to take on
certain segmental characteristics. The stripe splitting
of hedgehog preserves an evolutionary remnant of this
process.

It is worth reiterating that the anteriormost unit,
the protocerebral segment, is in itself made up of two
distinct units, so the arthropod brain might also be
described as “quadripartite.” However, we prefer to
maintain the conventional terminology of a tri-partite
brain and anterior head, following the expression of
three stripes of hedgehog and other segmental genes.
Also worth noting is that the two-segment brain of
Onychophora represents a convergent expansion of
the ancestrally protocerebral brain under any scenario
(Martin et al. 2022).

We can draw a heuristic analogy with molecular evo-
lution. When a gene undergoes duplication, often each
new copy takes on part of the roles originally carried
out by the parent gene, a phenomenon known as sub-
functionalization. We suggest that when the ancestral
head split to become what is now recognized as a three-
segmented head, each of the new subdivisions took up
some of the structures and functions of the ancestral
head. This suggestion provides a possible solution
to the debate regarding the homology of the deuto-
cerebral raptorial appendage of Deuteropoda such as
leanchoiliid “great appendage” arthropods and Kylinxia
(Zeng et al. 2020) and the frontal raptorial appendage
of lower-stem arthropods such as Kerygmachela and
radiodonts. When the ancestral single head segment
split, the second of the resulting segments (the deuto-
cerebral segment) inherited the raptorial appendage of
the original single segment. The two appendages can
thus be seen to be homologous, despite their different
segmental position, as already alluded by Zeng et al.
(2020). This distribution of characters among the three
new segments might also explain the partial appendage
identity of the labrum, as the new protocerebral seg-
ment maintained the appendage patterning network,
without the axial elaboration of the original protocere-
bral appendage. The single-axis structure of the deuto-
cerebral appendages in extant (and fossil) arthropods
can also be attributed to its origin from the primitively
single-axis appendage of lower stem arthropods. In
contrast, all appendages derived from the post-gnathal
segments primitively display a biramous structure
(Boxshall 2004; Boxshall 2013). There are rare cases
of deutocerebral appendages with a biramous struc-
ture (e.g., malacostracan antennules and pauropod
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antennae), but these are clearly derived. The biramous
state of many tritocerebral appendages may be due
to adoption of partial trunk identity, as we describe
below.

Indeed, we can say the three PGS are not serial ho-
mologs of each other, but rather—adopting once again
the terminology from gene evolution—paralogs of each
other. After splitting, they continued to evolve indepen-
dently, free from the constraints of a shared gene regu-
latory network. This is consistent with the differences in
the specifics of gene expression among the different PGS
(Lev and Chipman 2021). The degradation of the trito-
cerebral segment to a rudimentary intercalary segment
in insects led to reduced and late expression of several
of the segment-polarity genes in the insect intercalary
segment.

Later in arthropod evolution, following the
chelicerate-mandibulate split, additional segments
were recruited to the three-segment head to give the
six-segment head of mandibulates and the seven-
segment prosoma of chelicerates. These additional
segments were normal trunk segments that were in-
tegrated into the head/prosoma and changed their
adult morphology but maintained their embryological
similarity to the limb-bearing thoracic/opisthosomal
segments. These segments continue to be patterned
through the canonical segment-polarity network, de-
spite being recruited to the head. Their former trunk
identity was preserved with their expression of pair-
rule genes and the canonical expression of engrailed,
both of which are missing in PGS development.

A possible caveat to this model is the fact that in
many cases, the appendage of the tritocerebral segment
is indistinguishable from that of a trunk segment. This
can be seen in the pedipalps of horseshoe crabs and
in the biramous tritocerebral appendages of the upper-
stem (Fig. 1A) or total-group chelicerate (Fig. 1B) fossils
of the Leanchoiliidae. This trunk-like identity of PGS
can potentially be explained by the intrusion of ante-
rior Hox expression into the tritocerebral segment. As
detailed above, segment identity is largely conferred by
Hox expression, independently of the mode of segment
generation, and in a separate and later developmental
stage. We suggest that some aspects of the morphol-
ogy of the tritocerebral segments may be controlled by
the anterior Hox genes that are expressed there and are
linked with the evolution of head structures in many bi-
laterians (Hombria et al. 2021). The distinct evolution-
ary history of the tritocerebral segment is still evident
in the earlier stage of segment generation.

This phenomenon of a mismatch between the
evolutionary history of the segment and its develop-
mental identity is similar to that shown in the evolution
of the wing during the dinosaur-bird transition.

Wagner and Gauthier (1999) argued that digits 2,
3, 4 adopt morphological identities of digits 1, 2, 3,
leading to the mismatch. Similarly, the tritocerebral
segment adopts a trunk-like identity mediated by Hox
expression.

Conclusions

We posit that the three PGS have an evolutionary ori-
gin that is independent from post-gnathal segments
and suggest they evolved through the expansion of an
ancestral single-segment head. This new insight en-
ables reinterpretation of the changes in head morphol-
ogy throughout arthropod evolution, as represented in
the fossil record. It also opens the door for more de-
tailed analyses of the development of the head in extant
arthropods with the aim of reconstructing the precise
changes in developmental regulation that led to the evo-
lution of the complex head we see today.
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