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ABSTRACT: The remarkable distinctions between the larval and adult nervous systems of
echinoderms prompt inquiries into their potential developmental continuity and evolution-
ary origins. To address these questions, it is imperative to discern the conservative aspects
of neurogenesis from its adaptive features related to the larval lifestyle. In this study, we
explored the influence of direct development on the formation of both larval and adult ner-
vous systems in Eupentacta fraudatrix, a species of holothurians with lecithotrophic larvae.
Gastrula, vitellaria, and pentactula stages were analyzed via double labeling with antibod-
ies targeting serotonin (5-HT) and acetylated a-tubulin (AcTub). First 5-HT-positive cells
of the larval nervous system emerge in the ectoderm of the animal hemisphere during the
gastrula stage. By the vitellaria stage, 5S-HT-positive cells and fibers become concentrated
in a band-like network surrounding the base of the preoral lobe. Notably, this network is
exclusively superficial and lacks cell clusters resembling an apical organ. In the late vitel-
laria stage, AcTub-positive fibers become visible within this network. Upon settlement,
5-HT-positive elements disappear entirely, while some AcTub-positive fibers from the
larval network persist in the basiepidermal regions of pentactula. Within the developing
adult nervous system, AcTub staining reveals the formation of a circumoral nerve ring and
aventral cord at the vitellaria stage. Subsequently, five radial cords and a caudal nerve ring
gradually emerge during settlement, leading to the establishment of a pentaradial nervous
system in juveniles. No 5-HT-positive elements were detected among the rudiments of
adult nervous system. Despite the coexistence of both larval and adult nervous systems
for extended period during the vitellaria stage, no morphological connection between them
was observed. Our findings revealed that the structure of the larval nervous system in E.
fraudatrix exhibits significant differences from planktotrophic larvae of holothurians and
shows a closer resemblance to the lecithotrophic larvae of other echinoderms. Meanwhile,
the formation of the adult nervous elements in E. fraudatrix does not differ from that of
holothurians with planktotrophic larvae. Thus, the lecithotrophic lifestyle appears to influ-
ence the structure of the larval nervous system, leaving the development of the adult nervous
system unaffected. Consequently, these distinct nervous systems demonstrate disparate
adaptive plasticity and likely evolved independently.
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Pasnuuua B pa3aBUTUN HEPBHOW CUCTEMbI FIMYUHKHU
W B3POCIIOro y ronotypum ¢ npsiMbiM passutmem
Eupentacta fraudatrix cBuaeTenbCTBYIOT 00 NX
He3aBMCUMOW 3BONOLUN
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PE3IOME: 3nauntenbHbIC pa3mudus MEXKAY CTPOCHHEM HEPBHBIX CHCTEM JIMYWHKU H
B3POCIIOTO MIIOKOYKETO BBI3BIBAIOT BOMPOCHI 00 MX MPOMCXOXKICHUN U BO3MOXHOM TIpe-
€MCTBCHHOCTH B ITPOLECCE pAa3BUTUA. I[J'[S[ N3YYCHHA OTUX BOIIPOCOB HeO6XO}II/IMO OTJINYaTh
KOHCEpBAaTHBHBIC aCIEKThl HEHpOreHes3a OT ero ajanTtaluid K o0pasy *XHU3HU JIMYMHKH. B
HAIIEM UCCJIC[IOBAHUU Mbl OLIEHWIN BIHUSHUE NPSMOTrO Pa3BUTUS HA HEHPOTrE€HE3 UIVIOKO-
KHX, Hccsenys (popMHUpoBaHUE JIMIMHOYHOM U B3POCIION HEPBHOU cuCcTeMbl y Eupentacta
fraudatrix, romotypuu ¢ TeIUTOTPOGHON TUINHKON. ISt 5TOTO MBI TIPOBENH JABOWHOE
MapKHpOBaHWE JTMYMHOK aHTUTENaMHu MPOTUB cepoToHuHa (5-HT) n anmetunmpoBaHHOTO
anbga-tyoynuna (AcTub) Ha cragMu racTpyibl, BUTEIUIIPUM M NEHTaKTyJbl. [lepBbie
5-HT-nonoxurenbHble KIETKH THMUNHOYHON HEPBHON CUCTEMBI MOSABISIOTCA B 9KTOAEPME
aHMMaJbHOro nomnroca ractpyisl. K craguu Butemuapuu S-HT-nonoxuTensHble KIETKU U
HX OTPOCTKH KOHLICHTPUPYIOTCSI B HEPBHOM CETH, OTIOSCHIBAIOIIECH OCHOBAHHE [TPEOPATHHON
nonacty. JlaHHAs CETh UMEET UCKITIOUNTENFHO PACCESTHHOE PACTIONOKEHHE U HE COACPIKUT
CKOIUIEHHUH KJIETOK, HAIIOMHUHAIOIINX alMKalbHbI opraH. Ha craanu mosmHel BUTEIIS-
pHH B 9TOI CETH TaKKe IMOSBIISIOTCS BOJOKHA, TIO3UTUBHO pearupytomue Ha AcTub. Y
IOBEHWJIBHBIX 0co0ell S-HT-mo3uTHBHBIE 3IEMEHTHI OJHOCTHIO MCYE3al0T, B TO BpEeMs
Kak HekoTopble AcTub-n03UTHBHBIC BOJIOKHA U3 JIMYMHOYHON HEPBHOW CETH COXPaHSIOT-
csl B OasudnHIepMalIbHBIX pallOHaX TICHTAKTYIBL. B pa3BuBaromieiicss B3poCioil HepBHOU
cucreme AcTub HaUMHACT BBIABIATHCS B OKOJIOPOTOBOM HEPBHOM KOJIBIIE M BEHTPAIHHOM
HEpPBHOH CTBOJIEC HAa CTAJANHU BUTEIUIIPUU. B mporiecce oceanust y INUNHOK MOSBIISIOTCS
BC€ IIATH paaraJIbHbBIX CTBOJIOB U KayJ1aJIbHOC HECPBHOC KOJIbIO, YTO MPUBOAUT K (I)OpMI/I-
POBaHMIO NIEHTapaINalbHON HEPBHON CHCTEMBI Y IOBEHWIBHBIX 0co0eil. BHyTpu 3auarka
B3pocIioit ocodu 5-HT-nonoxkuresnbHbIX CTPYKTYp HEe 0OHapyxkeHo. HecmoTpst Ha To, 4TO
00e HepBHbIE CHCTEMBI IIPHCYTCTBYIOT B BUTEIUISIPUH OJHOBPEMEHHO B TeUEHHE OOJbIIeH
YaCTH Pa3BUTHs, MOP(OIOTHIECKNX CBA3EH MEXIy HUMU He 0OHapyxeHo. Harm pesyib-
TaThl N0KA3aJIM, YTO JTMYMHOYHAS HEpBHAs cucteMa E. fraudatrix CUIBHO OTINHYAETCs OT
HEPBHOIl CUCTEMbI TUIAHKTOTPO(HBIX JINUMHOK TOJOTYpHid U UMeeT 0O0JIbILIOE CXOJCTBO C
JIeHUTOTPOMHBIMH JIMYMHKAMU JIPYTUX UIIOKOKUX. [Ipn aToM, popmupoBanue B3pocioit
HEepBHOU cucteMsl E. fraudatrix ocTaércs TaKMM 5Ke KaK y TOJIOTYPHH C IITAHKTOTPO(GHBIMU
TnauHKaMA. Takum 00paszoM, 1euToTpodHbII 00pa3 )KU3HH BIUSET TOIBKO HA CTPYKTYPY
JTMYUHOYHON HEPBHOW CHCTEMBI, U HE OTPa)KaeTCsl Ha pa3BUTHH B3POCION. DTH JIBE HEPB-
HBIE CHCTEMbI 001aJat0T PA3IMYHOM aJallTHBHON IIIACTUYHOCTBIO U, TI0 BCEH BUJMMOCTH,
SBOJIIOIIOHHPOBAJIM HE3aBUCUMO.

Kax nmtupoBars a1y crareio: Kurtova A.l., Girich A.S., Dolmatov I.Yu., Voronezhskaya
E.E. 2024. Divergence in developmental patterns of larval and adult nervous systems in



Eupentacta fraudatrix nervous system development

121

direct-developing holothuria Eupentacta fraudatrix suggests their independent evolution
// Invert. Zool. Vol.21. No.2. P.119-139, Suppl. Fig. S1. doi: 10.15298/invertzool.21.2.01

KJIFOUEBBIE CJIOBA: nuarHOYHAast HEPBHAS CUCTEMA, BUTSIUISIPHS, TIEHTAKTYJIA, IPIMOE
pa3BUTHE, HEPBHBIE CTBOJIBI, FOJIOTYPUH, UITIOKOXKHE.

Introduction

Echinoderms encompass a diverse spec-
trum of marine organisms, showcasing various
morphologies, larval forms and developmental
strategies. This diversity extends to their ner-
vous system architecture, characterized by the
presence of two distinct parts: the adult nervous
system exhibiting pentaradial symmetry and
the larval nervous system displaying a bilateral
structure (Chia et al., 1978; Chee et al., 1999;
Beer et al., 2001; Nakano et al., 2006). The
structure of these nervous systems raises inquiries
regarding their development, mutual influences,
and evolutionary origin. Resolving these issues
requires distinguishing evolutionarily conserva-
tive aspects of neurogenesis in echinoderms from
adaptations to developmental strategies. This
underscores the necessity for a comprehensive
examination of the development of both larval
and adult nervous systems in echinoderms
exhibiting diverse larval forms and lifestyles.

Echinoderms manifest a broad spectrum of
larval forms and developmental strategies (Fig.
1). Their adults can develop either indirectly
through a metamorphosis from a planktotrophic
larva or directly through a gradual development
of a lecithotrophic larva (Raff, 1987; Kaul-
Strehlow, Réttinger, 2015). The planktotrophy is
considered as ancestral developmental strategy
(Raff, Byrne, 2006). The nervous system of the
planktotrophic larva typically consists of one or
two anterior ganglia that contain serotonergic
neurons, as well as a network of neurons and
nerve fibers associated with the ciliary bands
(Chee, Byrne, 1999; Beer et al., 2001; Lacalli,
Kelly, 2002; Byrne et al., 2007). This nervous
system plays arole in regulating the feeding and
swimmingbehavior (Wadaetal., 1997; Buznikov
et al., 2005). During metamorphosis, the larval
nervous system undergoes regression, while the
adult nervous system emerges within the form-
ing adult rudiment (Chia, Burke, 1978; Nakano
et al., 2006). Throughout this transition, larval
serotonin-positive structures disappear and no
serotonin-positive elementswere detected in the

pentaradial nervous system of juvenile and adult
echinoderms (Nakanoetal.,2006; Diaz-Balzac,
Garcia-Arraras, 2018; Formery et al., 2021).

Thealternative direct developmental strategy
occurswithoutdrastic metamorphosisand isalso
foundinall classes of echinoderms (McEdward,
Miner, 2001) (Fig. 1). Species with such type of
developmenthave large eggs with high yolk con-
tentand non-feeding larvae. Their lecithotrophic
larvae display partial or complete reduction of
ciliary bands and undergo non-feeding acceler-
ated development (Emlet, 1994; Wray, 1996).
Investigations of the nervous system develop-
ment in lecithotrophic species could provide
valuable insights into echinoderm neurogenesis.
Currently, the larval nervous system has been
investigated in a few lecithotrophic species
among sea urchins, starfish, and ophiuroids
(Bisgrove, Raff, 1989; Katow et al., 2009; Elia
et al., 2009; Sweet et al., 2019). Although the
acquired data have elucidated differences from
planktotrophic larvae, they do not provide de-
tails about developmental dynamics of specific
nerve elements and possible relations between
larval and adult nervous systems during direct
development.

Holothuroidea is a class of echinoderms
with a large number of species exhibiting direct
development (Smiley et al., 1991; McEdward,
Miner, 2001) and well-studied adult pentaradial
nervous system (Diaz-Balzac et al., 2010, 2014,
2016; Mashanov et al., 2006, 2007, 2009, 2015;
Hoekstraetal.,2012; Dolmatov etal.,2018). Like
other echinoderms, the adult nervous system of
holothurians comprises a circumoral nerve ring,
five radial nerve cords, peripheral nerves, and a
basiepidermal nerve plexus. General principles
of the adult nervous system formation have been
studied in planktotrophic Apostichopus japonicus
(Nakanoetal.,2006; Dolmatov etal.,2018) and
lecithotrophic Eupentacta fraudatrix (Mashanov
et al., 2007). The study of the larval nervous
system in holothurians has been limited to spe-
cies with planktotrophic larvae, which undergo
indirect development through two larval stages
known as auricularia and doliolaria (Burke et
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Fig. 1. Diversity of larval forms in echinoderms. Planktotrophic larvae highlighted in blue, lecithotrophic
larvae are denoted by a yellow in all echinoderm classes. Lecithotrophic larvae exhibit reduced ciliary bands
(cilia location indicates by red) and accelerated development (water-vascular system of the adult rudiment
marked by purple). The representations of planktotrophic larvae are adapted from Ivanova-Kazas (1978)
and Amemiya et al. (2015). The depictions of lecithotrophic larvae are based on the following references:
Eupentacta fraudatrix (Dolmatov, Yushin, 1993), Cucumaria planci (Ivanova-Kazas, 1978), Heliocidaris
erythrogramma (Emlet, 1995), Peronella japonica (Lijima et al., 2009), Stegnaster inflatus (Zamora et al.,
2018), Leptasteris hexactis (Ivanova-Kazas, 1978), Garganocephalus caryi (Patent, 1970), Ophioplocus
esmarki (Sweet et al., 2019), Notocrinus virilis (Mortensen, 1920).

Puc. 1. PaznooOpasue TUUUHOYHBIX (HOPM HIVIOKOKHX. B pa3HBIX Kilaccax MIMIOKOXKUX IUIAHKTOTPO(HBIE
JIMYUHKH BBIACJICHBI FOJ'IyGBIM IBECTOM, a J'IeLIPITOTpO(bHBIe KCIITBIM. .HCLU/ITOTpOd)HLIe JIMYUHKHU OTJIMYAr0T-
Cs penyKuHeﬁ PECHUYHBIX MOsAACOB (pacnonoxceHne PECHUYCK YKa3aHO KpaCHbIM I_lBeTOM) 1 YCKOPEHHbIM
pasButHeM (amOynakpaibHas CHCTEMa 3a4aTKa B3pOocioil ocodn obo3HaueHa (GuoneToBbiM). M300paxenus
IUIAHKTOTPO(HBIX JMYMHOK CliellaHbl Ha ocHOBe pabor Ivanova-Kazas (1978) u Amemiya et al. (2015).
CxeMbl IenUTOTPO(HBIX JIMYNHOK CHAETaHBl HA OCHOBE CIEHYIONIMX MCTOYHHUKOB. Eupentacta fraudatrix
(Dolmatov, Yushin, 1993), Cucumaria planci (Ivanova-Kazas, 1978), Heliocidaris erythrogramma (Emlet,
1995), Peronella japonica (Lijima et al., 2009), Stegnaster inflatus (Zamoraet al., 2018), Leptasteris hexactis
(Ivanova-Kazas, 1978), Garganocephalus caryi (Patent, 1970), Ophioplocus esmarki (Sweet et al., 2019),
Notocrinus virilis (Mortensen, 1920).

al., 1986; Chen et al., 1995; Byrne et al., 2006;
Nakano et al., 2006; Bishop, Burke, 2007,
Zheng et al., 2022). The larval nervous system
in planktotrophic larvae comprises neurons,
distributed along the ciliary bands and within
bilateral apical ganglia, and completely disap-
pears during metamorphosis (Byrne etal., 2006;
Nakano et al., 2006; Bishop, Burke, 2007). On
the other hand, the larval nervous system in the
holothurians with lecithotrophic larva remains
unstudied. These species undergo accelerated
development during which the adult nervous
systemforms very early (Mashanov etal., 2007),

and develops in parallel with the larval nervous
system. However, their spatial relationship and
mutual influence have not been investigated,
leading to significant gaps in our understanding
of neurogenesis in lecithotrophic species.

In this study, we investigate the appearance
of specific nerve elements in larvae and settled
juvenile of Eupentacta fraudatrix Djakonov
et Baranova, 1958 (Holothuroidea, Dendro-
chirotida), a holothurian species with direct
developing lecithotrophic larva (Dolmatov,
Yushin, 1993) with the emphasis of the relation
between larval and adult nervous systems. The
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objective of our research is to evaluate how
lecithotrophic strategy affects structure of larval
and adult nervous systems and their possible
interactions. To visualize specific nerve ele-
ments, we utilized antibodies targeting specific
neuronal markers: acetylated a-tubulin (AcTub)
and serotonin (5-HT). The pan-neuronal marker
AcTub was used to visualize both larval and
adult nerve elements in echinoderms (Carter
et al., 2021; Formery et al., 2021; Zeng et al.,
2022). 5-HT is widely distributed in the larval
nervous system of echinoderms, particularly in
the apical ganglia (Bisgrove, Raff, 1989; Chee,
Byrne, 1999; Nakajima et al., 2004), but com-
pletely absent in the developing nerve cords of
the adult nervous system (Nakano et al., 2006;
Byrne etal., 2006; Katow et al., 2009; Formery
et al., 2021). This combination of antibodies
allows the differentiation between larval and
adult nervous structures. In our investigation,
we identified distinct characteristics of the larval
nervous system that we propose are linked to the
lecithotrophic lifestyle. Meanwhile, the adult
pentaradial nervous system has similar structure
to other holothurians, thus remained unaffected
by lecithotrophic development. No morpho-
logical connections were found between larval
nervous elements and rudiment of adult nervous
system. We speculate that these distinct nervous
systems exhibit disparate adaptive plasticity and
likely evolve independently.

Material and methods

Mature individuals of E. firaudatrix were collected
in Peter the Great Bay (Sea of Japan, Vladivostok) in
June 2023. The animals were placed in the aquarium
where spontaneous spawning occurred at the begin-
ning of July. Larvae were cultivated in glass vessels
with filtered aerated seawater at a temperature of
15-17 °C. Animals were selected for fixation at
gastrula, vitellaria and pentactula stages which were
determined according to the time after spawning and
morphological features according to Dolmatov &
Yushin (1993) (Fig. 2).

Fixation was carried out using 4% paraformal-
dehyde in seawater for 2 hours at room temperature.
After triple washing with 0,01M phosphate-buffered
saline (PBS) (Sigma P4417, USA), the animals were
dehydrated in ascending concentrations of alcohol,
transferred to 100% methanol, and stored at —20 °C.

Forwhole mount immunohistochemical staining,
fixed animals were rehydrated in descending concen-
trations ofalcohol and washed in PBS. To permeabilize
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the larval membranes, the larvae were incubated in 1%
TritonX in PBS for 1-3 days. Then they were washed
in PBS with 0.1% TritonX (PBST) and incubated in
a blocking solution of 3% goat serum in PBST for
30 minutes. For double immunolabeling of nervous
structures, rabbit antibodies against serotonin (5-HT)
(Immunostar, 200800, USA) and mouse antibodies
againstacetylated o-tubulin (AcTub) (Sigma, T-6793,
USA), diluted in PBST with 1% goat serum, were used.
The negative control sampleswere incubated in PBST
with 1% goat serum. After overnight incubation at
4 °C, the samples were washed three times in PBST.
Then, the samples were incubated in diluted in PBST
with 1% goat serum in different combinations of fol-
lowing secondary antibodies: goatanti-rabbitantibody,
Alexa Fluor™ 488 (Thermo Fisher A-11008, USA),
goatanti-rabbit antibody, Alexa Fluor™ 647 (Thermo
Fisher A-21244, USA) and goat anti-mouse antibody,
Alexa Fluor™ 546 (Thermo Fisher A-21422, USA).
After the overnight incubation at 4 °C and washing
with PBST, the samples were stained with DAPI
(Thermo Fisher D21490, USA). Then the animals were
transferred in glycerine for cleaning and mounted on
glass slides. Samples were examined under confocal
laser scanning microscope (Zeiss LSM 880, Carl
Zeiss, Germany), the acquired serial confocal Z-stacks
were processed using the ZEN (Carl Zeiss, Germany)
and Fiji (Schindelin et al., 2012) software programs.
Images of negative control samples are available in
Supplementary (Fig. S1 A—C).

Results

LARVAL NERVOUS STRUCTURES.
Throughout the development of the larval
nervous system, 5-HT-positive elements were
observed at all investigated stages, while AcTub
expressionemerged only fromthe vitellariastage
onwards. In general, 5-HT-positive elements
of the larval nervous system appear during the
gastrula stage (Fig. 3A, B), concentrated in a
band-like network by the vitellaria stage (Fig.
3C-E), and gradually diminish in settled pen-
tactula (Fig. 3H, I). The surface of the gastrula
and vitellariais evenly covered with cilia, which
are visualized by antibodies against AcTub (Fig.
3A-G). Surface ciliadonotaggregate intociliary
bands or other ciliated structures and disappear
in settled pentactula (Fig. 31).

First 5-HT-positive cells emerge in the ec-
toderm of the animal hemisphere at the gastrula
stage (Fig. 4A). These cells lack processes (Fig.
4B) and do not form any clusters at the animal
pole (Fig.4 C—C”’). Nocell bodies were found in
the vegetal hemisphere (Fig. 4A, C—C”). During
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Fig. 2. Development of Eupentacta fraudatrix. The free-swimming lecithotrophic larva vitellaria forms at the
late gastrula stage when archenteron divides into the gut and the enterocoel. On the ventral side of vitellaria
appears the indentation, vestibulum, separating the larva into a preoral lobe, filled with yolk, and a zone of
adult rudiment. Enterocoel spreads around the gut and separates into the hydrocoel and somatocoel, which
give rise to the channels of the ambulacral system and the coelomic wall, respectively. The ambulacral sys-
tem comprises five tentacle canals and a circular canal, from which five radial canals extend posteriorly. At
the late vitellaria stage, the amount of yolk in the larva decreases, five primary tentacles emerge through the
vestibulum opening, and two primary podia appear on the ventral surface. By the pentactula stage, the mouth
breaks out at the bottom of vestibulum, pentactula settles and starts to feed using tentacles. The timeline and
schematic images of the larvae are adapted from Dolmatov & Yushin (1993).

Abbreviations: ar— archenteron; cc — circular canal; dc — dorso-lateral canal; dps — days post spawning; ec — enterocoel;
g — gut; hc — hydropore canal; hy — hydrocoel; Ic — ventro-lateral canal, o — vestibulum opening; p — podia; pv —
polian vesicle; s — somatocoel; t — tentacle; tc — tentacle canal; v — vestibulum; vc — mid-ventral canal; y — yolk.
Puc. 2. PasBurue Eupentacta fraudatrix. CBoOOOHO IIIaBaromas JenUTOTpodHAs TMYMHKA BUTCIUIIPHSL
(dbopmupyeTcst Ha CTaJUM TO3IHEH racTpylbl, KOIjla apXeHTEPOH Pa3/IesseTcs] Ha 3a4aToK KHIIKU U JHTe-
porenb. Ha BEeHTpaspHON TOBEPXHOCTH BUTEIUISIPUH MOSIBISIETCS YIIyOleHHe, BECTHOYITYM, pasesstoniee
JMYUHKY Ha NPEAPOTOBYIO JIONACTb, 3aITIOJIHEHHYIO JKENTKOM, U 30HY (opMmHpyloIeiics B3pociIoi 0coou.
DHTEepOLEeIb OKPYXKAeT KHIIKY ¥ pa3aelisieTcs Ha THAPOLENb U COMATOLElb, KOTOPBIE JAI0T HAaYajI0 KaHalaM
aMOyaKpabHON CHCTEMBI M BBICTHJIKE [IEJIOMa COOTBETCTBEHHO. AMOYakpasbHasi CHCTeMa COCTOHT U3 IISTH
KaHAJIOB IIyIajel ¥ KPyroBoro KaHaja, 0T KOTOPOTo OTXOAAT Ha3a[l IATh paanaibHbIX KaHaioB. Ha craauu
TIO3/THEH BUTEIISIPUHU KOJIMYECTBO JKEITKA B JIMUUHKE YMEHBIIACTCS, IS Th ICPBUYHBIX I{yIIajIel] BBIXOIAT Ha
MOBEPXHOCTB Yepe3 OTBEPCTHE BECTHOYIIyMa, a Ha OPIOIIHOW CTOPOHE MOSBIISIFOTCS JIBE NEPBUYHBIC HOXKKH.
Ha craguu NeHTaKTyIbl Ha THE BeCTHOYIIyMa IPOPBIBACTCS POT, HEHTAKTYJA OCEAAeT U HAYMHACT MUTAThCS
C NOMOIIBIO IIymnajel. BpemeHHas Iikaia U cXeMaTHYeCKUe M300paKeHUs JIMYMHOK aJalTHPOBaHBI U3
Dolmatov & Yushin (1993).

OG6o3HaueHus: ar — archenteron; CC — KOJIBIIEBOM KaHalt; dc — HOpCOJ’IaTCpaHLHL]ﬁ KaHal; dpS — JIHU I10CJIC HEpECTA,
€C — DHTEPOLEeNb; g — KHUIlIKa; hc — KaHal ruAponopsl; hy — ruaponens; Ic — BeHTpoiaTepaIbHbIil KaHal; 0 — OT-
BEpPCTHE BECTHOYIyMa; p — HEPBUYHAS HOXKKA; PV — IOJMEB Iy3bIPb; S — COMATOLEINb; t — IIynable; tc — KaHal
mrymnainpla; v— BCCTI/IﬁyIIyM; Ve — BeHTpaHLHLIﬁ KaHal; y — JKCJITOK.

the preoral lobe; F-H — maximume-intensity Z-projections of the late vitellaria stage, 5-HT-positive network
splits into separate clusters (F, G) and gradually disappears (H); I — maximum-intensity Z-projection of the
settled pentactula, remnants of the larval 5-HT-positive structures are indicated by arrowheads.
Abbreviations: ad — adult rudiment; an — animal pole; hc — hydropore canal; nr — circumoral nerve ring; o — oral
opening; p — podia; pl — preoral lobe; rc — radial canal; t — tentacle; tc — tentacle canal; veg — vegetal pole; v— ves-
tibulum. Axes directions: a — anterior; p — posterior; v — ventral; d — dorsal; R — right; L — left. Scale bars: 50 um.
Puc. 3. Pa3Butne nmnunnouHoit 5-HT-ummyHONno3uTHBHON HEpBHOM cucTeMbl Eupentacta fraudatrix. A, B —
MaKCHMAaJIbHBIC IIPOCKLUY TacTpyibl, nepBble S-HT-UMMyHONO3UTHBHBIC KIETKU HMOSBIISAIOTCS B aHUMAIIb-
HoM nonymapun; C—E — Z-npoekyu Butemisipun, S-HT-umMmyHOno3uTnBHas ceTh popMHUpYETCs BOKPYT
OCHOBaHUs NpeopanbHoil Jonactu; F-H — Z-npoexkuun nosaxeit suressapuu, S-HT-uMMyHONo3UTHBHAS
ceTb pacnaaercst Ha orenbHble kiacteps! (F, G) n mocrenenno ncuesaer (H); | — Z-npoexnust ocesrreit
MEHTAaKTYJIbl, OcTaTKu 5-HT-MMMyHONO3UTHBHOM TUUMHOYHON HEPBHOW CUCTEMBI YKa3aHbl CTPEIKAMH.
CoxpateHust: ad — 3a4aTok B3pOCIIOii 0Co0H; an — aHUMAIBHBII MOJTC; he — KaHa THAPOIOPE; N — OKOIOPOTOBOE
HEPBHOE KOJIBLIO; 0 — POTOBOE OTBEPCTHE; p — IEPBHYHAS HOKKA; pl — HpeopanbHas JIOMACTh; IC — PafHaIbHbIi KaHAIT;
t—mynan},ue; tc—xaHai Hryraibla, VengeI‘eTaTI/IBHBH\/’I TIOJTIOC; V*BGCTI/I6yHyM. HanpaBneHmI ocei: a—nepez{mﬂ?{;
P — 3axHMi; vV — BEeHTpanbHbIl; d — nopcanbHblif; R — npaeiid; L — neBbiid. Macita6: 50 MkM.
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Fig. 3. Development of the larval 5-HT-positive nervous system of Eupentacta fraudatrix. A, B— maximum-
intensity Z-projections of the gastrula stage, first 5S-HT-positive cells appear in the animal hemisphere; C—-E —
maximum-intensity Z-projections of the vitellaria stage, 5-HT-positive band-like network forms at the base of
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the late gastrulastage, 5-HT-positive cellsextend
processes that combine into a network with the
emerging multipolar neurons (Fig. 4D, E, F).
From this stage 5-HT-positive structures start
to converge in the equatorial area at the level
of the base of the preoral lobe (Fig. 4D, F—F”).
No difference was observed in ciliary coverage
between this area and other regions of the larval
surface (Fig. 4D, F).

By the vitellariastage, 5-HT-positive neurons
and their processes form a dense band-like net-
work surrounding the base of preoral lobe (Fig.
5A-C). 5-HT-positive neurons are dispersed
throughout this network and do not form distinct
ganglia. Thin 5-HT-positive fibers extend to the
vegetal half of the larva (arrowheads in Fig. 5C),
but no 5-HT-positive cell bodies are present in
this region. At this stage, AcTub appear in some
5-HT-positive fibers of larval nervous network
(Fig. 5D). Within this network, bipolar 5-HT-
positive cells extend to the surface and bear
cilia (arrowheads in Fig. 5E), while multipolar
5-HT-positive cells are situated beneath the ec-
toderm (Fig. 5E, F). All 5-HT-positive structures
are exclusively superficially located and are not
found in the forming adult rudiment (Fig. 5G).
Occasionally,small 5-HT-positive granules were
observed near the anterior region of the adult
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rudiment in certain optical sections (Fig. 5G).
These spherical structures lack nuclei (Fig. 5G”)
and are absent in the negative control samples
(Supplementary, Fig. S1 C). Projections through
this area reveal their location at the base of the
vestibulum (Fig. SH-H”).

During the late vitellaria stage, the primary
tentacles of the adult rudiment start to extend
through the larval oral opening (Fig. 6A—A”).
5-HT-positive larval network breaks into several
clusters, positioned below the oral opening and
onthelarva’s dorsal side (Fig. 6A). S-HT-positive
projections connectthese clustersandencircle the
oral opening, as well as the base of the primary
podia. All 5-HT-positive cells and fibers are
located either in the ectoderm or immediately
below it (Fig. 6A’), while AcTub is present in
the adult nerve structures within the larva (Fig.
6A’), as well as in the larval nervous network on
the surface (arrowheads on Fig. 6A”). Some of
these fibers contain both 5-HT and AcTub, while
others display only AcTub-positive staining
(Fig. 6B). Single fibers containing only AcTub
penetrate deeper into the body wall (arrowheads
in Fig. 6C-C”).

During settlement, the 5-HT-positive nervous
structures begin to degrade. Throughout this
process, 5-HT is preserved only insmall granules

cells do not aggregate into clusters; D — maximal projection of the late gastrula, 5S-HT-positive cells start
gathering around the base of the preoral lobe; E — transverse section of the ectoderm, 5-HT-positive cells
emanate processes, arrowheads indicate the multipolar neurons; F—F” — section through the late gastrula,
with a longitudinal projection through the whole larva (F’), showing localization of 5-HT-positive cells only
in the animal half, and transverse projection through the base of the preoral lobe (F”’), which demonstrate
the uniform distribution of 5-HT-positive cells in this zone, dotted lines indicate the areas of projections.
Abbreviations: ad — adult rudiment; an — animal pole; ar — archenteron; ec — enterocoel; g — gut; pl — preoral lobe;
veg — vegetal pole; v — vestibulum. Axes directions: a — anterior; p — posterior; v — ventral; d — dorsal; R — right;
L — left. Scale bars: 50 pm.

Puc. 4. 5-HT-uMMyHOIIO3UTHBHAS TMYMHOYHASI HEPBHAS CUCTEMA Ha CTaJIUU racTpyibl Eupentacta fraudatrix.
A —Z-npoexnust racTpyisl, nepbie 5-HT-MMMyHONO3UTHBHBEIE KIETKH pacIpeleNeHbl M0 JKTOJepMe
AQHUMAJILHOTO KOHIA; B — nomnepeunslit cpe3 3kroaepMel ractpyinbl, 5-HT-UMMyHONO3UTHBHBIE KIETKH HE
UMErOT 0TpocTKOB; C—C” — onTHYeCKHii cpe3 racTpysibl, ¢ nonepeunoi (C”) u npogonsHoi (C”) mpoekuu-
SIMH, IeMOHCTpHUpyIomye Haanare 5-HT-MMMyHOIIO3UTHBHBIX KJIETOK TOJIHKO B AaHMMAJILHOM TTOJTYIIApHH,
MTyHKTUPHBIE JTUHUH YKA3bIBAIOT O0JIACTH IacTPYIIbl, BOIIEAINE B IpoeKuuy; C*”’ — Z-npoeKuus BepIIHBI
racTpyJibl, BUJ C QHUMAJIBHOTO Tojoca. 5-HT-MMMyHOIIO3UTHBHEIE KIIETKH He 00pa3yloT CKoIuieHui; D —
Z-npoexiys 1o3aHeil ractpynsl, 5-HT-MMMyHONIO3UTHBHBIC KIETKH HAUHMHAIOT COOMPATHCSI BOKPYT OCHO-
BaHUs NpeopasbHOil Jonacth; E — cpe3 creHku ractpyibl, OTpOCTKU 5-HT-UMMYyHONO3UTHUBHBIX KIIETOK
TOSIBJISIFOTCSL T10J1 9KTOJEPMOM, CTPEJIKH YKa3bIBAIOT HA MYJBTUIIONSIpHBIE HelpoHbl; F—F” — ontuueckwuii
cpe3 MO3AHeH racTPyIIbl, ¢ IPOIOIBHOI poeknuei yepes Bcro TnInHKY (F), mokaseIBaromel ToKann3amnnio
5-HT-MMMyHOIIO3UTUBHBIX KJIETOK B €€ aHUMaJIbHOM I10JIOBUHE, U IIONEPEYHOM TPOEKIMEN Uepe3 OCHOBaHHE
nipeopasibHOM JJonactH (F”’), koTopas ieMoHCcTpUpyeT paBHOMEpHOE pactipezesnenue S-HT-MMMyHOo3UTHBHBIX
KJIETOK B TOH 30HE. [IyHKTHpPHBIC TMHUU yKa3bIBAIOT OOIACTH JIUYNHKH, BOLICAIINE B TIPOCKIINH.
COKpaH.ICHI/IﬂZ ad — 3auaTok B3p00J'IOI7[ 0006"; an — aHUMaJIbHBIN TIOJIKOC; ar — apXEHTEPOH; €C — SHTEPOLECIb; g —
KHIIKa; pl — npeopaibHas JIONacTh; Veg — BEreTaTUBHbIH MOTI0C; V — BecTHOYIyM. HanpaBneHust oceii: a— nepeaHuii;
P — 3a1HMit; v — BeHTpanbHbIi; d — nopcanbHslil; R — npassiii, L — nesbiit. Macmrad: 50 MkM.
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gastrula

late gastrula

Fig. 4. 5-HT-positive larval elements at the gastrula stage of Eupentacta fraudatrix. A— maximum-intensity
Z-projection of the gastrula, the first S-HT-positive cells dispersed throughout the ectoderm of the animal
hemisphere; B — section through the ectoderm of the gastrula, 5-HT-positive cells have no processes;
C—C” — section through the gastrula with transverse (C”) and longitudinal (C”) projections showing the
distribution of 5-HT-positive cells in the animal hemisphere only, dotted lines indicate the areas of projec-
tions. C”” — maximum projection of the top of the gastrula, viewed from the animal pole. 5-HT-positive
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located in the area previously occupied by the
larval nervous system (Fig. 6D, E). At the same
time, the larval AcTub-positive network remains
in this area (Fig. 6E). In settled juveniles, 5-HT-
positive elements are no longer detected, but
larval AcTub-positive fibers remain visible on
the surface (arrowheads in Fig. 6F).

ADULT NERVOUS SYSTEM. The adult
nervous system of E. fraudatrix completely
lacks 5-HT-positive elements, but is effectively
revealed by the antibody against AcTub. This
marker also visualizes ciliaof luminal epithelium
of the water-vascular canals, making it useful for
studying their development as well.

In the early vitellaria stage, AcTub is exclu-
sively presentin the cilia within the rudiments of
the tentacular and radial water-vascular canals,
as well as in the hydrophore canal (Fig. 7A). As
the mid-ventral and dorso-lateral radial canals
extend to the caudal part of the larva, acircumoral
nerve ring becomes visible under the base of the
tentacles (Fig. 7B, C). Nerve ring consists of a
cluster of thin AcTub-positive fibers surround-
ing the gut and extending into the walls of the
tentacles (Fig. 7C). Additionally, a mid-ventral
nerve cord becomes apparent along the mid-
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ventral water-vascular canal (Fig. 7C, D). This
cord comprises numerous fibers originating from
the circumoral ring and terminates as a brush of
ramified fibers at the base of the primary podia.

During the late vitellaria stage, all five nerve
cords become visible. Two dorso-lateral nerve
cords emerge alongside the dorso-lateral canals
(Fig. 7E). Atthelevel of the ventro-lateral canals,
small rudiments of ventro-lateral nerve cords
extend from the circumoral nerve ring (Fig. 7E).
The mid-ventral nerve cord exhibits increased
thickness and extends farther towards the cau-
dal region in comparison to other developing
nerve cords.

In the settled pentactula, all five radial nerve
cords reach the caudal region (Fig. 7F, G). The
mid-ventral cord gives some fibers into the pri-
mary podia and run towards the anal opening (Fig.
7G, H). Paired dorso-lateral nerve cords joint the
mid-ventral nerve cord and their fibers form a
caudal nerve ring around the anal opening (Fig.
7H). Later, the fibers of the paired ventro-lateral
nerve cords merge into the caudal ring (Fig.
71). Thus, the juvenile nervous system consists
of circumoral and caudal nerve rings, and five
radial nerve cords connecting these two rings.

Fig. 5. Larval nervous elements at the vitellaria stage of Eupentacta fraudatrix. A~C — maximum-intensity
Z-projections of the vitellaria stage, demonstrating 5-HT-positive band-like network at the base of the preoral
lobe, arrowheads in C indicate thin nerve endings in the vegetal part of the larva; D — frontal section of the
larval nervous network displays both 5-HT- and AcTub-positive nerve elements. Regions containing both
markers are depicted in the colocalization channel (Coloc); E — cross-section through the ectoderm, open
arrows indicate 5-HT-positive cells with cilia; F — frontal section of preoral lobe with 5-HT-positive multi-
polar neurons under the ectoderm; G — frontal section through the vitellaria, 5S-HT-positive cells are absent
inside the adult rudiment. G’ — enlarged image of G with 5-HT-positive granular structures; H-H” — section
of the vitellaria, with a longitudinal (H”) and transverse (H”) projections through the vestibulum (circled
by a dotted curve on projections). Solid arrows indicate 5-HT-positive granular structures in the bottom of
vestibulum, dotted lines indicate the areas of projections.

Abbreviations: ad — adult rudiment; pl — preoral lobe; tc — tentacle canal; rc — radial canal; v — vestibulum. Axes
directions: a — anterior; p — posterior; v — ventral; d — dorsal; R — right; L — left. Scale bars: 50 pm.

Puc. 5. DneMeHTH THYNHOYHOW HEPBHOM CHCTEMBI Y BUTEIUIIpHU Eupentacta fraudatrix. A—C — Z-npoexyn
BUTEIUIIPHUH, iIeMOHCTpupytomye 5-H T-uMMyHONO3UTHBHYIO HEPBHYIO CETh, BOKPYT OCHOBAHHSI IPEOPaTbHOIT
nonacTy, cTpenku Ha C yka3bIBalOT Ha TOHKHE HEPBHBIE OKOHUAHUS B HIKHEH MONOBUHE TMYMHKH; D —
(pOHTANBHBIH Cpe3 TMINHOYHON HEPBHOH ceTH ieMoHCTpupyeT Kak 5-HT-, tak m Ac Tub-MMMyHOIIO3UTHBHEIE
HepBHEIE 211eMeHThL. O0macTu, coaeprkaire 00a Mapkepa, 0ToOpaskeHbI B KOJIOKai3anuoHHoM karaie (Coloc);
E — nonepeunslii cpe3 5KTOAEPMBI, CTPENKH YKa3bIBaOT Ha 5-H T-MMMYyHONIO3UTHBHBIE KIIETKH C PECHUYKAM;
F — ¢poHTaneHbIi cpe3 NpeopalibHOM JIOMACTH C MYJIBTHUITOISIPHBIME HEHpPOHaMHU 1071 SKToaepmoil; G —
(poHTanbHBI cpe3 Butemipuy, S-HT-o3uTHBHBIC KIETKH OTCYCTBYIOT BHYTPH 3a49aTKa B3pOCIIOif 0co0wH;
G’ — yBennueHHoe n3obpakenue G ¢ 5S-HT-MMMyHONO3UTHBHBIMY TPaHYJIPHBIMU CTPYKTYpaMu. H-H” —
cpe3 BUTEIUIIpUY ¢ npopoibHoi (H’) u monepeunoit (H”) nmpoexunsiMu Ha ypoBHe BecTHOY:TyMa (00BeneH
ITyHKTUPHBIMY KPUBBIMHA Ha MPOEKIHAX ). CTpenku yka3sIBaioT Ha 5-H T-MMMyHOTIO3UTHBHBIE CTPYKTYPBI HA
JIHE BeCTHOYITyMa, yHKTUPHBIE TUHUN 0003HAYaI0T 00aCTH, BOLIECAIINE B TIPOEKIIUH.

Coxpamenus: ad — 3a49aToK B3pOCIIOil 0cobu; pl — mpeopaibHasi JIOMACTh; tc — KaHaJ I[yIaibla; IC — paJHalbHbII
KaHaJ; v — BecTuOyayMm. Hanpasienue oceii: a — nepeaHuii; p — 3a/iHui; v — BeHTpalbHbIi; d — popcanbhblii; R —
npaBblif; L — nessrif. Macmra6: 50 M.
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Among these radial nerve cords, the mid-ventral
cord remains notably larger than the paired
ventro-lateral and dorso-lateral cords (Fig. 71).

Discussion

Features of larval nervous system
development

We have provided the first description of
5-HT- and AcTub-positive nerve elements in a
holothurian species with lecithotrophic larva.
Our findings unveil significant differences in the
structure of the 5-HT-positive nervous system
between E. firaudatrix and planktotrophic larvae
of holothurians.

Unique distribution of first 5S-HT-positive
cells. The initial localization of first 5-HT-
positive cells varies in different echinoderms
classes. In planktotrophic larvae of sea urchins
and holothurians, 5-HT-positive cells emerge
directly at the sites where ganglia and nerve
tracts will form, specifically at the apical pole
and along the ciliary bands (Nakajima et al.,
2004; Garner et al., 2016; Nakano et al., 2006;
Bishop, Burke, 2007; Zeng et al., 2022). In sea
stars, 5-HT-positive cells are evenly scattered
throughout gastrula ectoderm and then migrate
towards the ciliary bands (Chee, Byrne, 1999;
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Nakajima et al., 2004; Yankura et al., 2013).
In E. fraudatrix, the first 5-HT-positive cells
appear exclusively in the animal hemisphere of
the gastrula and then begin to cluster around the
base of the preoral lobe (Fig. 8A). It is unclear
whether these cells migrate in this region or are
displaced due to larval growth. Therefore, the
distribution pattern of early 5-HT-positive ele-
mentsin E. fraudatrix differs from that observed
in all described echinoderms.

Absence of a distinct apical organ at the
animal pole. In planktotrophic echinoderm lar-
vae, the most prominent larval nervous structure
— the apical organ — consists of sensory 5-HT-
positive neuronswhichare typically concentrated
at the anterior pole (Chia, Burke 1978; Byrne et
al., 2007). The structure of the apical organ can
vary: in sea urchins, itisadistinct ganglion with
anoticeable neuropil (Beeretal.,2001; Nakajima
etal., 2004), while in sea stars and holothurians,
itconsists of multiple clusters associated with the
lateral loops of the preoral ciliary band (Lacalli,
Kelly, 2002; Nakano et al., 2006; Byrne et al.,
2006; Bishop, Burke, 2007). The majority of
5-HT-positive neurons in the planktotrophic
holothurian larva auricularia are located in the
apical ganglia, where it comprises 6-22 cells
(Byrne et al., 2006). On the contrary, at the api-
cal pole of E. fraudatrix, there are no distinct
clusters of 5-HT-positive neurons; instead, they

larval nervous network; F — surface projection of pentactula, arrowheads indicate AcTub-positive fibers in
the region where 5-HT-positive nervous system was located.

Abbreviations: ¢ — cilia; dn — dorso-lateral nerve cord; nr — circumoral nerve ring; o — oral opening; p — podia;
bnp — basiepidermal nerve plexus; tn — tentacle nerve; vin — mid-ventral nerve cord. Axes directions: a — anterior;
p — posterior; v — ventral; d — dorsal; R — right; L — left. Scale bars: 50 um.

Puc. 6.I1loctenennoe ucuezHoseHue S-HT-MMMYyHOIIO3UTUBHBIX HEPBHBIX 3JIEMCHTOB B TEUECHHE [TO3/JHETO pa3-
ButHs Eupentactafraudatrix. A— cpe3 4epe3 IOBEpXHOCTH ITO3HEN BUTEIUIIpHH, 5-H T-HMMYyHOITO3UTHBHAS
HEpBHAs CeTh pa30MBaeTCs Ha HECKONBKO KIacTepoB; A’ — cpe3 uepe3 cepeluHy MO3THEH BUTEIUIIPUH,
5-HT-nMMyHONO3UTHBHBIE CTPYKTYPBI PACHOJIOXKEHBI TIOBEPXHOCTHO, B TO BpeMst kak AcTub npucyrcrByer
B HEPBHBIX CTBOJIAX BHYTPH 3a4aTKa B3pOCIOi 0co0u. A” — cpe3 MOBEPXHOCTH No3aHeH BuTeiuspun, AcTub
BBIBIISICTCS B BOJIOKHAX TMYMHOYHOM HEPBHOH CUCTEMBI (YKa3aH cTpenkamu); B — yBennmueHHoe n3o0paske-
HUe KJIacTepa HeHpoHOB U3 A, HecepoToHepruueckre AcTub-MMMyHOIIO3UTHBHBIE BOJIOKOHA MTOSIBIISIIOTCS B
JIMYUHOYHOI HEPBHOH CHCTEME, 30HBI COZIepIKaIIie 00a MapKepa IpeACTaBlIeHbI B oTAeIpbHOM KaHaue (Coloc);
C-C” — yBenuueHHoe n300paxkeHHe M3 A’, CTPENKH MOKa3bIBAIOT TOHKHE AcTub-MMMyHOMO3UTHBHbBIC
BOJIOKHA, HAYyIIHE U3 0a3MANHIePMalIbHOTO CINIETCHHUS B HIDKeNeKanye Tkauu; D — ucuesnoBenue 5-HT-
MMMYHOIIO3UTHBHOM HEPBHOI CUCTEMBI HA CTaINH MO3HEH BUTEIUIApHY; E — yBennueHHOe n300paxeHune
u3 D, ocrarku 5-HT-MMMyHOMO3UTHBHBIX 3JIEMEHTOB PaCHOIOKeHBI psioM ¢ AcTub-nMMYyHOMO3UTHBHBIMU
BOJIOKHAMH, KOTOPBIE COXPAHSIOT MOP(HOIOTHIO HEPBHOM CETH JMYMHKH; F — MOBEpXHOCTHAs MPOESKINS
MICHTAKTYIIBI, CTPEJIKH YKa3blBaloT Ha AcTub-MMMYHOITO3UTHBHBIC BOJIOKHA B paiiOHE, TJIE pacrojaraiach
5-HT-uMMyHONO3UTHBHASL HEPBHAS CUCTEMA.

COKpaIJ_IeHI/IﬂZ C — PECHUYKH, dn— z[opconaTepanLHmﬁ HepBHBIﬁ CTBOJI; NT — OKOJIOPOTOBOEC HEPBHOEC KOJIBIIO; O — PO-
TOBOE OTBEPCTHE; P — HEPBHYHAS HOXKKA; bnp — 6asudmuaepMaIbHOe HEPBHOE CIUIETCHHUE; th — HEpPB Iy HaJIbLa; Vil —
BEHTpaJIbHBIH HEPBHEI cTBOJI. HamnpaBneHus oceil: a — IepeqHuil; p — 3aJHUI; V — BEHTPaIbHEI; d — JOpCalbHbIH;
R — npasblit; L — neBblit. Macmrad: 50 Mxm.
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Fig. 6. Gradual disappearance of 5-HT-positive elements in the course of late development of Eupentacta
fraudatrix. A — surface section of the late vitellaria, larval 5-HT-positive band-like network splits into
separate clusters. A’ — mid-section of the late vitellaria, 5-HT-positive structures are located superficially,
while AcTub is present in nerve cords inside the adult rudiment. A” — surface section of the late vitellaria,
AcTub-positive fibers in the larval nervous system (arrowheads); B — enlarged image of cell cluster from A,
AcTub-positive non-serotonergic fibers appear in the larval nervous system, colocalization channel (Coloc)
displays the areas containing both markers; C—C” — enlarged image from A’, arrowheads indicate thin
AcTub-positive fibers extending from the basiepidermal nerve plexus into the underlying tissues; D — dis-
appearance of 5-HT-positive elements at the late vitellaria stage; E — enlarged image from D, the remnants
of 5-HT-positive elements are located alongside AcTub-positive fibers, which retain the morphology of the
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are abundant in the nervous network at the base
of the preoral lobe (Fig. 8A, B). Consequently,
without specific markers, it becomes challeng-
ing to determine whether the apical organ is a
component of this band-like network, is entirely
absent, or if this entire network is an enlarged
and displaced apical ganglion.

Absence of the nerve cords, associated
with ciliary bands. In planktotrophic larvae of
holothurians, the larval nervous elements are
organized into nerve cords, which are closely
associated with the ciliary bands (Burke et al.,
1986; Chen et al., 1995; Nakano et al., 2006;
Byrne et al., 2006; Bishop, Burke, 2007; Zheng
et al., 2022). The architecture of the larval
nervous system of E. fraudatrix vitellaria does
not resemble the nerve cords of planktotrophic
auricularia and doliolaria (Fig. 8B). Further-
more, there are no ciliary bands on the surface,
and the whole larval body is uniformly covered
with cilia. In echinoderm larvae the reduction
of ciliary bands is associated with the evolution-
ary shift to non-feeding development (Emlet,
1994; Wray, 1996). In lecithotrophic holothurian
larvae, the extent of this reduction can vary;
some larvae are uniformly ciliated, while others
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develop 2-5 ciliary bands (Dolmatov, Yushin,
1993; McEdward, Miner, 2001). Information
regarding the structure of the nervous system in
these species is lacking. Thus, it is unclear how
variations in ciliary bands numbers influence
the structure of the larval nervous system and
what relationships exist between ciliary cells
and larval neurogenesis.

Similarity of larval nervous systems in
lecithotrophic larvae across different classes
of echinoderms. 5-HT-positive nervous system
of E. fraudatrix show significant similarities
to lecithotrophic larvae of other echinoderm
classes. For example, in sea urchins that undergo
direct development, such as Heliocidaris eryth-
rogramma and Holopneustes purpurescens, the
first 5-HT-positive neurons emerge at the animal
pole, similar to urchins with planktotrophic
larva (Bisgrove, Raff, 1989; Katow etal., 2009).
However, during development, 5-HT-positive
neurons disappear at the animal pole and form
a network that encircles the larva at the level of
the vestibulum. The structure of this network is
very similar to what we found in E. fraudatrix
(Fig. 8B). In the vitellaria of direct-developing
ophiuroid Ophioplocus esmarki larval nervous

nerve cords reach the posterior region, note the absence of 5-HT-positive elements; G — maximum-intensity
Z-projection of pentactula, mid-ventral and dorso-lateral nerve cords connect in the caudal region (arrow); H,
| — maximum-intensity Z-projection of settled one month pentactula, the mid-ventral nerve cord is thicker
than paired ventro-lateral and dorso-lateral cords, caudal nerve ring appear near anal opening. 5-HT-positive
elements are absent.

Abbreviations: dc — dorso-lateral canal; dn — dorso-lateral nerve cord; hc — hydropore canal; lc — ventro-lateral canal;
In— ventro-lateral nerve cord; nr — circumoral nerve ring; p — podia; pc — podia canal; pn — podia nerve; tc — tentacle
canal; tn — tentacle nerve; ve — mid-ventral canal; vin— mid-ventral nerve cord; y — yolk. Axes directions: a— anterior;
p — posterior; v — ventral; d — dorsal, R — right; L — left. Scale bars: 50 pm.

Puc. 7. ®opmupoBanne B3pocIoil HepBHOH cucTeMbl Eupentacta fraudatrix. CTpenKky yKa3bIBaloT Ha pac-
MOJIOKEHHBIE HCKITFOYMTENBHO ITOBEPXHOCTHO 5-H T-MMMYHOIIO3UTHBHBIE SJIEMEHTHI. A — MeIHaIbHBIH Cpe3
panHel BuTesusipuu, AcTub BBISBISIETCS TONBKO B PECHUYKAX BHYTPH KaHAJIOB aMOy/IaKpalIbHOH CHCTEMBI
(oOBeneHa MyHKTHUpPHOI MHHUEH); B — MenuanbHblil cpe3 BuTemsipun, AcTub-IMMYHOIIO3UTHBHEIE HEPB-
HBIE BOJIOKHA ITOSIBJISIOTCS B OKOJIOPOTOBOM HEPBHOM KOJIBLIE M HEpBax LIymajel, aMOylakpaibHas cucTeMa
obBeneHa myHktupHoi juHuel; C, D — MenuanbHble cpes3bl BUTEUIIpUH, AcTub-HMMYHOIIO3UTHBHBIE
BOJIOKHA TIOSIBIISIIOTCS. B BEHTPAJIHHOM HEPBHOM CTBOJIE, ()OPMHUPYIOMIEMCS BIOJIb BEHTPAIBLHOTO amOyra-
KpaJIbHOTO KaHana; E — menuanbHbI cpe3 mo3nHel Butemuisipun, AcTub-UMMyHOIO3UTHBHBIE BOJIOKHA
MOSABJISIIOTCS B 3a4aTKax J0pPCO-JIaTepalbHbIX U BEHTPO-JIaTePaIbHBIX HEPBHBIX CTBOJIOB. F — Z-npoekius
paHHe# TeHTaKTyIbL, Bee AcTub-UMMYHOITO3UTHBHEIE paIiaIbHBIC HEPBHBIE CTBOIIBI JOCTHTAIOT KayIaTbHOTO
paiiona; G — Z-npoeKIysl IEHTAKTYIIbI, BOJIOKHA BEHTPAIBHOTO U JJOPCO-IaTePaTbHOTO HEPBHBIX CTBOJIOB
KOHTaKTHUPYIOT B Kay/lajbHOM paiioHe (ykazaHo crpeinkoid); H, [ — makcumasbHast mpoeKiyst OAHOMECSUHOM
TEHTAKTYJIbl, BEHTPAJIbHbII HEPBHBII CTBOJI TOJIILE, YEM [TAPHBIE BEHTPO-JIaTepalibHbIe U JJ0PCO-JIaTepalibHbIe
CTBOJIBI, Kay1aJIbHOE HEPBHOE KOJIBLIO MOSABISIETCS OKOJIO aHAJIbHOTO oTBepcTHs. S-HT-nMMyHono3utuBHele
UIEMEHTBI IOJIHOCTBHIO OTCYTCTBYIOT.

Coxkparenus: dc — popcosarepanbHblil KaHai, dn — jopconarepaibHblii HEpBHBIH CTBOJ;, he — KaHall TMIPOIIOPSI;
lc — BeHTpoOJIaTepasbHBIN KaHA; In — BEHTpOJIaTepasIbHbII HEPBHBIN CTBOJI; NI — OKOJIOPOTOBOE HEPBHOE KOJIBIIO; P —
TepBUYHAsL HOXKKA; PC — KaHaJl NePBUYHON HOXKKH; pn — HEPB MEPBUUHON HOXKKH; tC — KaHaJ LIyNajubla; th — HEepB
LIyTajbla; Ve — BEHTPAJIbHBIN KaHall; VIl — BEHTPaJIbHBII HEPBHBIH CTBOI; y — skenTok. Hanpasienus oceii: a— nepen-
HUIi; p — 3a/IHUI; V — BEHTpasbHbIN; d — nopcanbHblil; R — npasbiii; L — neBbiid. Maciita6: 50 MxM.
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Fig. 7. Formation of the adult nervous system of Eupentacta fraudatrix. Arrowheads indicate an exception-
ally superficial arrangement of 5-HT-positive elements. A — mid-section of the early vitellaria, AcTub is
present in cilia within the water-vascular system canals only (outlined by dotted line); B — mid-section of
the vitellaria, AcTub-positive fibers form the circumoral nerve ring and the nerves of the tentacles, canals of
water-vascular system outlined by dotted line; C, D — mid-sections of the vitellaria, AcTub-positive fibers
appear in the mid-ventral nerve cord, which forms along the mid-ventral water-vascular canal; E — mid-
section of late the vitellaria stage, AcTub-positive fibers mark the rudiments of dorso-lateral and ventro-lateral
nerve cords; F — maximum-intensity Z-projection of the early pentactula stage, all AcTub-positive radial
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E.fraudatrix

vitellaria |L__pentactula
B Holothurioidea Echinoidea
a planctotrophic lecitotrophic lecitotrophic
auricularia doliolaria vitellaria vitellaria
R+L
Y
S. japonicus ) H.purpurensis
- 5-HT-positive larval nervous system [J - adult nervous system - oral opening

Fig. 8. Nervous system in lecithotrophic larva of Eupentacta fraudatrix. A — 5-HT-positive larval and
AcTub-positive adult nervous system at different stages of E. fraudatrix development. During the second
half of development, both nervous systems are present in the larva simultaneously, but they do not form
connections; B — a comparison of the nervous system in planktotrophic and lecithotrophic larvae. The
adult nervous system in holothurians remains unchanged across larvae with different lifestyles (doliolaria
of S. japonicus and vitellaria of E. fraudatrix). While 5-HT-positive larval nervous system in vitellaria of E.
fraudatrix exhibits significant differences with plancthotrophic larvae and shows greater resemblance to the
lecithotrophic larvae of other classes of echinoderms (vitellaria of H. purpurensis). The schemes of Stichopus
japonicus and Holopneustes purpurensis are based on Nakano et al. (2006) and Katow et al. (2009).

Axes directions: a — anterior; p — posterior; v — ventral; d — dorsal; R — right; L — left.

Puc. 8. HepBHas cucrema nenutotpodHoi muunnaku Eupentacta fraudatrix. A— 5-HT-UMMyHOTIO3UTHBHAS
nmurHoYHas ¥ AcTub-MMMyHONIO3UTHBHAS B3pOCiasi HEPBHAsI CHCTEMAa Ha Pa3sHBIX CTAAMSAX pa3BUTHA E.
fraudatrix. Bo BTopoii mosioBuHe pasBuTHsi 00€ HEPBHBIE CHCTEMbI OJHOBPEMEHHO MPHUCYTCTBYIOT B JIMYHH-
Ke, HO OHH He 00pa3yloT cBsi3eil; B — cpaBHeHMe HEPBHOM CHCTEMBI INITAHKTOTPO(HBIX U JICHUTOTPODHBIX
JMYUHOK. Pa3BuTHe B3pOoCioi HEPBHON CHCTEMBI TOJIOTYPHI OCTAeTCs HEN3MEHHBIM Y JINYHHOK C Pa3HBIM
00pa3oM xu3HE (Honuossipud S. japonicus u Buresuisipuu E. fraudatrix). B To Bpems kak 5-HT-no3uTuBHas
JTMYMHOYHAS HepBHAs cucteMa E. fraudatrix 3Ha4NTENBEHO OTIINYASTCS OT INIAHKTOTPOQHBIX IMYMHOK U ITPO-
SIBIIIET OOJIBIIIEE CXOJCTBO C JICUTOTPOGHBIMH JTHINHKAMH JPYTUX KIACCOB UINIOKOXKHX (BHTEIUIIpUeH H.
purpurensis). Cxemsl HepBHBIX cucTeM Stichopus japonicus u Holopneustes purpurensis cienansl Ha OCHOBE
pa6ot Nakano et al. (2006) u Katow et al. (2009).

Hamnpanenus oceii: a — nepeqHuii; p — 3aQHUIL; Vv — BEHTpalbHblif; d — gopcanbhblii; R — npasblit; L — neBblit.

system also occupies the region surrounding Parvulastraexiguaisconcentrated inthe attach-
the base of preoral lobe (Sweet et al., 2019). mentcomplex located in the preoral region (Elia
Similarly, the nervous elements in lecithotro- et al., 2009). Thus, these species share many
phic larvae of sea stars Meridastra calcar and common features with E. fraudatrix, such as
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the localization of the larval nervous system at
the base of the preoral region and the absence
of neural cords associated with ciliary bands.
Additionally, there is no distinct apical ganglion
at the animal pole. Therefore, it appears that the
structure of the larval nervous system is more
affected by the larval lifestyle than by phylo-
genetic position. Our results are insufficient to
determine whether these shared features evolved
independently in different classes of echino-
derms. On the one hand, phylogenetic studies
suggest that lecithotrophic development arose
independently in each class (McEdward, Janies,
1997; Raff, Byrne, 2006), so the modification of
the larval serotonergic nervous system may be
a consequence of convergent evolution. On the
other hand, the apical organ of primary ciliated
larvae is the most evolutionarily conserved ner-
vous structure among Bilateria (Nielsen, 2015;
Arendt et al., 2016). Some authors have sug-
gested ahomology between the preoral ganglion
of direct-developing sea urchins and the apical
ganglion of planktotrophic plutei (Katow et al.,
2009). However, comparative gene expression
studies have not been conducted to confirm it.
Thus, further research is needed to elucidate the
influence of lecithotrophy on the formation of
the apical ganglion and to fully understand the
evolution of the serotonergic nervous system in
echinoderm larvae.

Features of adult nervous system
development

Although the development of the adult
nervous system in E. fraudatrix shows no sig-
nificant differences from that of holothurians
with planktotrophic larvae (Nakano et al., 2006;
Dolmatov et al., 2018; Zheng et al., 2022), we
have identified unique features that set apart the
adult neurogenesis of holothurians from other
echinoderm species.

Early establishment of the adult nervous
system. The first structures of the adult nervous
system in E. fraudatrix, circumoral nerve ring
and mid-ventral nerve cord, were detected using
antibodies targeting AcTub in the middle of the
vitellariastage. However, Mashanov etal. (2007)
demonstrated, through electron microscopy, the
presence of the precursor of the circumoral nerve
ring in E. fraudatrix significantly earlier than
what can be visualized using antibodies targeting
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AcTub. According to Dolmatov et al. (2018),
during the early stages of holothurian develop-
ment, the adult neural structures lack nerve fibers
and comprised only of neuroblasts. Acetylation
of tubulin in nerve fibers is necessary for the
mechanical stability, restriction of branching
and transport of neuronal vesicles, and occurs
during late neuronal differentiation (Moutin et
al., 2021). Therefore, AcTub was not detected in
the early rudiments of the adult nervous system
of E. fraudatrix. However, subsequent matura-
tion of the adult nervous structures delineated
by AcTub staining is consistent with findings
from electron microscopic studies (Mashanov et
al., 2007). In planktotrophic holothurian larvae,
the circumoral nerve ring and mid-ventral nerve
cord are detected at doliolaria stage, which is
equivalent to the vitellaria stage in E. fraudatrix
(Nakano et al., 2006; Dolmatov et al., 2018;
Zhengetal., 2022) (Fig. 8B). It seems that early
establishment of the adult nervous system is a
characteristic feature for all holothurians irre-
spective of the larval lifestyle. In planktotrophic
and lecithotrophic sea stars and sea urchins, the
elements of the adult nervous system were ini-
tially observed inthe podia feetand subsequently
appear in the circumoral nerve ring and radial
nerve cords (Eliaetal.,2009; Katow etal., 2009).
In holothurians, the rudiments of circumoral
nerve ring and ventral nerve cord are formed
earlier, before the emergence of the podia feet
(Nakano et al., 2006; Mashanov et al., 2007,
Zheng et al., 2022; this study). These findings
underscore the diverse mechanisms underlying
nervous system developmentacross holothurians
and other echinoderm species.

Asymmetrical development of radial
nerve cords. The mid-ventral nerve cord of E.
fraudatrix differs from the other radial cords by
its earlier formation, thickness and accelerated
development. Only several months after settle-
ment, all radial nerve cords in E. fraudatrix
reach the same size (Mashanov et al., 2007). In
juvenile holothurians with planktotrophic larvae,
the mid-ventral nerve cord also predominates the
other radial cords (Nakano et al., 2006; Dolma-
tov et al., 2018; Formery et al., 2021; Zheng et
al., 2022). To the contrary, in juvenile sea stars,
brittle stars, and sea urchins, the radial nerve
cords appear simultaneously and have similar
thickness (Elia et al., 2009; Sweet et al., 2019;
Formery et al., 2021). In juvenile crinoids, the
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radial nerve cords are also equal in size (Nakano
et al., 2009; Omori et al., 2020). These data
suggest that the initial bilateral symmetry ob-
served during the formation of the adult nervous
system in holothurians is unique. While some
fossil echinoderms demonstrated bilateral adult
forms (Smith, 2005), discerning whether the
asymmetric development of radial nerve cordsin
holothurians is an ancestral trait or a secondarily
acquired feature remains challenging.

Caudal nerve ring connects the radial
nerve cords. For the first time we revealed cau-
dal ring that connect radial nerve cords near the
anal openingin E. fraudatrix juveniles. Previous
studies have described the central nervous sys-
tem in holothurians as open in the caudal region
(Mashanov et al., 2006, 2009; Hoekstra et al.,
2012). However, these studies were conducted
on large adult specimens, which do not allow
for detailed whole-mount investigations. Similar
ring-like nerve structures have been observed
on aboral side of the other echinoderms. For
instance, sea urchins possess an aboral nervous
ring around the anus that regulates gonad con-
traction (Yoshida et al., 1987). Crinoids have a
large aboral nervous system (Hyman 1955; Bohn,
Heinzeller, 1999), which appears after the oral
oneindevelopment (Nakanoetal.,2009). While
aboral nervous structures found in all classes of
echinoderms, their homology has a long story
of debate (Hyman, 1955).

Adultand larval nervous system prob-
ably develop independently

The regions involved in the formation of
larval and adultnervous systems are significantly
distinct, and larval nervous elements were not
detected in the central adult nervous system of
E. fraudatrix. However, the potential existence
of these structures in its peripheral regions can-
not be discounted.

Larval and adult nervous systems have
no morphological connections. Throughout
an extended period of development (vitellaria
stage), both the larval and adult nervous systems
coexist in E. fraudatrix larval body. However,
we did not find any morphological connections
between these two nervous systems. It is pos-
sible that the markers we used do not identify
all larval nervous structures, and expanding the
panel of markerswill provide new data. However,
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at the moment, research on other echinoderms
using the pan-neuronal marker synaptotagmin
also demonstrates that the larval nervous system
of most echinoderms lacks anatomical connec-
tions with the forming adult nervous system
(Chia, Burke, 1978; Nakano et al., 2006; Diaz-
Balzac, Garcia-Arraras, 2018; Formery et al.,
2021). As an example of a possible exception,
5-HT-positive larval fibers have been described
at the tops of the primary podia of the adult ru-
diment during development of sea urchin with
lecithotrophic larva (Katow et al., 2009). This
innervation disappears by the end of the larval
development, whereas non-serotonergic fibers
persist in the podia. Since 5-HT-positive fibers
are absent in the forming adult nervous cords,
this transient innervation is attributed to the
larval nervous system (Katow etal., 2009). In E.
fraudatrix we did not detect any 5-HT-positive
structures in the primary podia of the adult ru-
diment. Meanwhile, during late development,
these regions are actively innervated by AcTub-
positive fibers extending from the mid-ventral
radial cord, thus indicating their association with
the adult nervous system.

5-HT-positive elements disappear in
settled juveniles. The adult nervous system
of E. fraudatrix exhibits a distinction from the
larval nervous system due to the absence of
5-HT-positive structures. The disappearance of
5-HT-positive cells and fibers during echinoderm
developmenthas been noted by various research-
ers (Nakano et al., 2006; Byrne et al., 2006;
Katow etal., 2009; Formery et al., 2021). Thus,
this phenomenon occurs in both planktotrophic
and lecithotrophic species and consider to be a
possible consequence of the unique evolution of
echinoderms pentaradial nervous system. How-
ever, there are several inconsistences regarding
the presence of 5-HT-positive cells in the adult
echinoderms. While 5-HT has not been detected
inthe nerve cords of adult echinoderms (Squires
etal.,2010; Diaz-Balzac, Garcia-Arraras, 2018;
Formery et al., 2021), there are few reports of
5-HT-positive structures in their peripheral tis-
sues (Carnevali et al., 1996; Inoue et al., 2002;
Sugni et al., 2004). Moreover, pharmacological
experiments have elucidated the presence of
5-HT receptors and metabolic enzymes in adult
echinoderms, along with the influence of 5-HT on
muscle contraction and tissue regeneration (Inoue
et al., 2002; Sugni et al., 2004; Squires et al.,
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2010). Hence, it is plausible that 5-HT-positive
neurons mightexistinthe adult peripheral tissues
and their presence and role in adult echinoderms
remains understudied.

Basiepidermal nerve plexus as indepen-
dent peripheral part of the adult nervous
system. While 5-HT-positive cells and fibers
disappear upon settlement of E. fraudatrix, the
AcTub-positive basiepidermal nerve plexus
persists in juveniles. It is possible that at least
some of that non-serotonergic nerve fibers
presented in the larval nervous system became
integrated into the basiepidermal nerve plexus
in adult. In species like Holothuria glaberrima
and Holothuria mexicana, the peripheral plexus
of adults contains catecholaminergic neurons
and fibers (Garcia-Arraras et al., 2001; Diaz-
Balzacetal., 2010). Itis quite possible that these
nervous structures are descendants of the larval
nervous systemand persists in adults. In juvenile
sea urchins, the basiepidermal nerve plexus
consists of neurites without a clear hierarchy
and operates relatively independently from the
central nervous system (Formery et al., 2021).
Theauthors of the aforementioned study propose
that ancestral echinoderms possessed two inde-
pendent parts of the adult nervous systems: the
basiepidermal nerve plexus for local sensitivity
andthe central nervous system for motor outputs
generation and overall coordination (Formery et
al., 2021). In such a case the autonomy of the
basiepidermal nerve plexus may be attributed to
its independent origin as part of the remaining
larval nervous system.

Conclusion

Our investigation provides adetailed analysis
of 5-HT- and AcTub-positive nerve elements
in lecithotrophic holothurian larvae, ranging
from the swimming gastrula stage to settled
juveniles. Notable differences in the structural
organization of the larval nervous system are
observed compared to planktotrophic larvae of
other holothurian species. These include a dis-
tinct distribution pattern of larval 5-HT-positive
cells and the absence of a well-defined apical
organ and nerve cords associated with locomo-
tory cilia. However, despite these differences,
the development of the adult nervous system
in vitellaria resembles that of planktotrophic
doliolaria larvae. Throughout ontogenesis, ele-
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ments of the larval and adult nervous systems
are situated in separate regions of the body and
remain disconnected. Our findings suggest that
larval and adult holothurian nervous systems
likely develop independently, exhibiting differ-
ing adaptive plasticity, and may be influenced
by distinctevolutionary pressures. Obtained data
underscores the potential for species with direct
development to serve as convenient models for
investigating adult neurogenesisinechinoderms
and emergence of neurogenic zones.
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Suppl. Fig. S1. Images of control samples, incu-
bated without firstantibodies of Eupentacta fraudatrix.
A — maximume-intensity Z-projection of pentactula.
B, C — cross sections of vitellaria. Note the absence
of specific immunopositive signal in all channels.
Theareaswhere 5-HT-positive non-cellular structures
were detected are delineated by dotted lines. Whole
mount labelling with goat anti-rabbit antibody Alexa
Fluor™ 488 (a-rab Al-488), goat anti-rabbit antibody
AlexaFluor™ 647 (a-rabAl-647) and goat anti-mouse
antibody Alexa Fluor™ 546 (a-m Al-546), nuclear
staining by DAPI. Scale bars: 50 pm.
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