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Regenerative abilities and their evolution in the different animal lineages have fascinated
generations of biologists. While some taxa are capable of restoring entire individuals
from small body fragments, others can regrow only specific structures or lack struc-
tural regeneration completely. In contrast to many other protostomes, including the
segmented annelids, molting animals (Ecdysozoa) are commonly considered incapable
of primary body axis regeneration, which has been hypothesized to be linked to the
evolution of their protective cuticular exoskeleton. This holds also for the extraordinarily
diverse, segmented arthropods. Contradicting this long-standing paradigm, we here
show that immatures of the sea spider Pycnogonum litorale reestablish the posterior
body pole after transverse amputation and can regrow almost complete segments and
the terminal body region, including the hindgut, anus, and musculature. Depending
on the amputation level, normal phenotypes or hypomeric six-legged forms develop.
Remarkably, also the hypomeric animals regain reproductive functionality by ectopic
formation of gonoducts and gonopores. The discovery of such complex regenerative
patterns in an extant arthropod challenges the hitherto widely assumed evolutionary loss
of axial regeneration during ecdysozoan evolution. Rather, the branching of sea spiders
at the base of Chelicerata and their likely ancestral anamorphic development suggests
that the arthropod stem species may have featured similar regenerative capabilities.
Accordingly, our results provide an incentive for renewed comparative regeneration
studies across ecdysozoans, with the aim to resolve whether this trait was potentially
even inherited from the protostome ancestor.

Arthropoda | Pycnogonida | evolution | segmentation | development

The study of animal regeneration and its evolution has a long history and continues to be
avibrant research field (1-4), not least since a detailed understanding of the developmental
mechanisms governing the restoration of damaged tissues and lost body parts holds great
promise for regenerative medicine. Notably, the regenerative potential varies considerably
between animal taxa and is unevenly spread across the animal tree of life (2, 5, 6). While
representatives of some groups (e.g., cnidarians, flatworms, echinoderms) may regenerate
entire individuals from tiny body pieces, others can restore only certain structures (such
as legs or tails) or are incapable of any structural regeneration (7).

The segmented arthropods (chelicerates, myriapods, crustaceans, and hexapods) rep-
resent today’s most diverse animal lineage that inhabits virtually all aquatic habitats and
has successfully conquered land and air in the course of its impressive evolutionary radi-
ation (8). Regeneration of appendages is well-documented for various arthropod lineages
(2, 5,9, 10) and may in some taxa even follow self-amputation of limbs at predefined
breaking points (autotomy) to escape predation or during molting complications (11).
By contrast, the ability to restore lost elements of the primary body axis (anterior and
posterior body regions and body segments) is commonly acknowledged to be lacking
(5, 12). Like all molting animals (Ecdysozoa), arthropods need to shed their relatively
rigid cuticle to grow (13) and it has been proposed that the evolution of this protective
exoskeleton has had an antagonistic effect on the regenerative capabilities of ecdysozoans
(5, 7). This implies that the potential benefits of axial regeneration for individual fitness
did not contribute to the success of ecdysozoan evolution, including the unparalleled
diversification of arthropods. Notably, this situation differs from many other protostome
lineages, such as the likewise segmented annelid worms, which comprise many taxa with
outstanding axial regenerative abilities that can be traced back all the way to the annelid
ancestor (6, 14).

Discordant with the hypothesis of an ecdysozoan-wide loss of axial regeneration, how-
ever, there are some indications that the marine sea spiders (Pycnogonida) may be able to
regenerate lost trunk segments (TSs) at the posterior body pole (15). Notably, this would
not only be exceptional for Arthropoda (7, 9, 16) but may potentially also represent an
ancestral trait, given that the pycnogonid lineage diverged near the base of the arthropod
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Significance

Unlike many other animals, the
molting ecdysozoans are thought
to lack the potential of main body
axis regeneration after traumatic
injury. This includes today’s most
diverse lineage—the segmented
Arthropoda—implying that axial
regenerative capabilities did not
contribute to its extraordinarily
successful evolutionary radiation.
Challenging these long-held
views, we show that sea spiders
can regrow a functional hind-
body region after experimental
removal, including the
restoration of the reproductive
system. Given the branching of
sea spiders near the base of the
arthropod tree, this leads us to
suggest that the arthropod stem
species may have been capable
of posterior axial regeneration.
Pending additional studies on
nonarthropod ecdysozoans, this
may even represent a trait
inherited from the protostome
ancestor.
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tree and forms the sister group of all other extant chelicerate taxa
(horseshoe crabs, spiders, scorpions, and relatives) (8, 17, 18).
Most pycnogonids are octopodous, i.e., their trunk is equipped
with four leg pairs (SI Appendix, Fig. S1 A-C), but few extra-leg-
ged genera with five or six leg pairs exist (19). In contrast to most
fossil and extant chelicerates, the pycnogonid body does not show
the characteristic subdivision into a prosoma and opisthosoma
(20). Rather, the ultimate leg-bearing TS bears an unsegmented
anal tubercle (AT; the so-called abdomen) that contains the hind-
gut and features the terminally positioned anus. The nine-articled
legs are penetrated by diverticula of the midgut (S/ Appendix,
Fig. S1D) and the gonads, with gonopores opening on the coxae
2 of one to all leg pairs (21). The pycnogonid central nervous
system is composed of separate segmental ganglia (22), which
likely reflects the ancestral chelicerate condition (23, 24). Given
stem lineage fossils with additional limbless TSs (25, 26) and the
transient formation of supernumerary posterior ganglion anlagen
during pycnogonid development (27-29), the AT of extant rep-
resentatives has been alternatively interpreted as largely reduced
opisthosoma without telson (20, 25) or as fusion product of ves-
tigial opisthosoma segments with the terminal telson (28).

While the leg regeneration potential of pycnogonids is well-
established (27, 30, 31) (8] Appendix, Fig. S1), dedicated experi-
ments aiming to clarify the presence and extent of axial regenerative
capabilities in this old arthropod lineage are lacking to this day.
To address this issue, we performed amputation experiments on
different developmental instars and adults of the long-lived sea
spider Pycnogonum litorale (Strom, 1762) (Fig. 1 A and B).

Results

Normal Development of Mesodermal and Ectodermal Tissues at
the Posterior Body Pole. To pinpoint the timing of mesodermal
and ectodermal tissue differentiation at the posterior body pole
during normal development of P litorale, we studied at which
developmental stage the formation of the hindgut and its associated
musculature occurs in the AT anlage. Concordant with recent
histology-based findings (32), fluorescent phalloidin staining
of F-actin-rich structures reveals that the proctodeal dilatator
muscles, which flank the hindgut and open the slit-shaped anus,
as well as the proctodeal ring musculature become first detectable
in late stages of postembryonic instar IV (Fig. 1 C'and C) and
are well-developed from early instar V onward (Fig. 1 D and
D). Accordingly, instar V was chosen as the youngest stage for
posterior amputation experiments, as successful axial regeneration
would have to restore terminally differentiated mesodermal and
ectodermal dissues of the AT, including the anus itself.

Survival after Posterior Amputation. A total of 23 specimens were
subjected to posterior amputation (S Appendix, Table S1). These
animals belonged to different developmental stages, and the extent
of posterior amputation varied (Fig. 2 and S/ Appendix, Table S1),
ranging from the removal of only the AT and the tips of posterior
limb buds in instar V (Fig. 3 A-C) to the complete amputation of
TS2 to TS4 and the AT in one juvenile (S Appendix, Fig. S34).
Irrespective of the amputation extent, the wound expelled
hemolymph only during the first minutes, after which it was
closed by hemolymph coagulation. All 23 specimens survived the
treatment and were actively moving in the next days. However, two
of them died during the first two post-amputation weeks (Fig. 2
and SI Appendix, Table S1). One of these (InsV_4) appeared to be
malnourished and may not have been feeding after amputation.
The other was the single specimen (Juv_6) that had been subjected
to TS2 to TS4 amputation, which died 4 d after the treatment
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during an unsuccessful molt. Another animal (InsV_5) could not
be relocated after its first molt (Fig. 2 and S7 Appendix, Table S1),
which—judging by the exuvia found in the cage—appeared to
have been successful. Excluding this lost specimen, the long-term
survival after amputation amounts to 90.9 % (20/22).

Frequency of Posterior Axial Regeneration. The surviving
specimens were continually monitored, and any molts and
concurrent morphological changes were documented (Figs. 24 and
SI Appendix, Figs. S2 and S3). Notably, all of the 16 long-term
surviving immature animals molted at least once, but typically
multiple times. With the exception of two animals, all of them
initiated posterior regeneration and primordial regenerates emerged
after the first molt to continue differentiation with ongoing
development (Figs. 3 and 4 and S7 Appendix, Figs. S2 and S3).
Thus, posterior regeneration processes occurred in 87.5 % (14/16)
of the immature specimens. By contrast, none of the four adults
molted and regenerated during the course of the study. Two of
them died more than 10 wk after the treatment, whereas the other
two were still alive but unchanged after more than a year (Fig. 2
and ST Appendix, Table S1). These observations support previous
suggestions of a terminal anecdysis in P /litorale after it reaches
adulthood (33, 34), which impedes regrowth of lost body parts
(34, 35). Accordingly, the structural regenerative capability of P
litorale seems to be restricted to its immature instars, as has been

previously proposed for other pycnogonids (36).

Amputation at the TS3 to TS4 Border and through the TS4 Anlage
Leads to Regeneration of TS4 and AT. To assess whether immature
P litorale are able to regenerate the posterior-most TS4 and the
terminal AT after having attained the complete body organization,
we performed transverse amputation between TS3 and TS4 on
four specimens in the epimorphic growth phase (2x juvenile,
2x subadult), which internally leaves all ganglia of the central
nervous system unharmed (Fig. 44). After one or two molts, all
four animals regenerated TS4 with a complete leg pair and the
AT (Fig. 4B and SI Appendix, Fig. S3C). Using microcomputed
X-ray Tomography (uCT) to study the internal anatomy after
regeneration, we could confirm the regular array of the four ventral
ganglia, the midgut diverticula, and a functional hindgut with
musculature (Fig. 5 4 and B).

Additionally, one specimen in the last anamorphic stage
(InsVI_1) was subjected to the same treatment, with a surplus
removal of the legs of TS3 (SI Appendix, Fig. S2 A and C). Over
two molts, it regenerated leg pair 3 and TS4. However, the AT
remained vestigial (S/ Appendix, Fig. S2C), lacking the anus, hind-
gut, and its dilatator muscles.

Finally, in a penultimate anamorphic instar (InsV_6), the tips
of TS3 limb buds and complete AT were removed, which also
affected the interior limb primordia of TS4, but not the afliliated
ventral ganglion (Fig. 3 A and B). After two molts, TS3 and TS4
were externally and internally normally formed. A vestigial AT was
likewise developed (Fig. 3B) but had failed to differentiate the
anus, hindgut, and its dilatator musculature. Five subsequent molts

did not change its organization (S/ Appendix, Fig. S4 E and F).

Amputation at the TS2 to TS3 Border Mostly Leads to
Regeneration of TS3 and AT. In a second step, we tested whether
more than one TS can be rebuilt by transverse amputation of
all body parts posterior to TS2, which entails the removal of
the posterior-most ventral ganglion 4 (Figs. 34 and 44 and
SI Appendix, Fig. S2A).

In six out of the eight monitored specimens (1x InsV; 2x InsVI;
2x juvenile; and 1x subadult), posterior regeneration was initiated.
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Fig.1. Anamorphic development and hindgut differentiation in P. litorale. (A) Copulating male and female in dorsal view. (B) Selected instars (ventral view) illustrate
the anteroposterior developmental gradient during the anamorphic post-embryonic development. (C and (') First bundles of the hindgut dilatator musculature
(arrow) and the anlage of the slit-shaped anus (asterisk) are recognizable in late instar IV (ventral view). (D and D) Proctodeal dilatator muscles (arrow), ring
musculature of the through-gut (arrowhead) and the open slit-shaped anus (asterisk) are well-developed in instar V (ventral view). AF, cuticular autofluorescence;
ELM, extrinsic leg muscles; G1-4, ventral ganglia 1 to 4; ILM, intrinsic leg muscles; NUC, nuclear staining; PHA, phalloidin labeling; 1 to 4, leg pairs 1 to 4.

Four of the younger instars regenerated TS3 with completely artic-
ulated legs and a fully developed AT in the course of two molts
(Figs. 3D and 4D and SI Appendix, Figs. S2B and S4C). Notably,
however, TS4 was not formed, resulting in hypomeric, six-legged
specimens. While these hypomeric animals consistently feature a
functional through-gut with dilatator muscles of the hindgut
(81 Appendix, Fig. S4D), the ventral ganglion 4 is missing, con-
comitant to the lack of TS4 with its leg pair (SI Appendix,
Fig. $4D). Interestingly enough, these results provide plausible

PNAS 2023 Vol.120 No.5 2217272120

causal explanations for hypomeric, six-legged specimens previously
reported in field-collected pycnogonids (37, 38). Hitherto, poten-
tial causes leading to such forms were obscure, but our experiments
now demonstrate that TS3+4 loss in immatures—for instance,
due to predation—followed by incomplete posterior axial regen-
eration may account for this phenotype.

One juvenile of this experimental batch (Juv_3) displayed a
bilaterally asymmetrical regeneration pattern, leading after three
molts to a seven-legged final body organization. In addition to

https://doi.org/10.1073/pnas.2217272120 3 of 10
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Fig. 2. Survival and molting of experimental animals after posterior amputation. Specimens in four immature developmental stages and adults were included
in the amputation experiments (left side). The horizontal bars represent single individuals. At the border between differently colored sections of a single bar,
the specimen underwent a molt. The stippled outlines of bar sections at the far right indicate that experimental animals reached maturity.

TS3, the left half of TS4 was regenerated, being flanked on its
right side by the newly formed AT (Figs. 4D and 5C). Its hindgut
is normally developed and displays the characteristic proctodeal
dilatator musculature (Fig. 5 D—F). Deviating from the normal
arrangement, however, the unpaired leg 4 is innervated by two
nerves emanating from ventral ganglion 3 and its gut diverticulum
branches off the diverticulum of the left leg 3 (Fig. 5 D and F).
In correspondence to the six-legged forms, a previously described
seven-legged female of P /litorale collected in the wild closely
resembles our amputation-induced seven-legged phenotype (39).

The single subadult specimen subjected to this amputation
treatment (Subad_3) molted only once (S Appendix, Fig. S3B),
followed by a 50-wk-intermolt period terminating in its death
(Fig. 2). It regenerated only a shallow posterior protrusion and a
small bud that may have represented an early limb bud stage
(SI Appendix, Fig. S3B).

Notably, two of the eight specimens subjected to the treatment
did not show posterior regeneration (Fig. 3D and SI Appendix,
Fig. S2B). While one of them (InsVI_4) was directly fixed after its
first molt, the other one (InsV_1) was monitored for two additional
molts, which did not result in further changes at the posterior pole
(Fig. 2 and ST Appendix, Fig. S4A). Accordingly, both animals lack
the TS3, TS4, AT, and anus (Fig. 3D and S/ Appendix, Fig. S2B). In
line with this, pCT analysis of the specimens revealed a blind-ending
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midgut and the lack of posterior ganglia (S/ Appendix, Fig. S4B).
Despite the absence of a through-gut, the animals were actively feed-
ing and occasionally observed to regurgitate gut contents.

Amputation with Oblique Cutting Plane Leads to Bilaterally
Symmetrical Regeneration Patterns. The previous experiments
resulted in a bilateral anteroposterior regeneration pattern. To
assess how regeneration patterns are affected by a bilaterally
asymmetrical loss of body parts, we subjected two individuals to
posterior amputation with an oblique cutting plane.

One juvenile (Juv_2) was obliquely amputated between TS3
and TS4, so that not only the complete TS4 but also the right half
of TS3 was partly removed (Fig. 4C), without affecting the ventral
ganglia. After 6 d, it molted for the first time (Fig. 2) without
external signs of regeneration, but subsequently regenerated the
amputated body parts in the course of the two following molts,
concomitant with a normal arrangement of ganglia, gut divertic-
ula, hindgut, and dilatator muscles.

In anamorphic InsV_2, the AT, the right side of the TS4 anlage
and the right limb bud of TS3 were obliquely amputated (Fig. 3 A
and C). After two molts, this specimen had formed a normal TS3
with legs, that was additionally equipped with a dorsally inclined
AT and an aberrant, posteroventrally projecting unpaired leg anlage

with a distal bifurcation (Fig. 3C). This transient phenotype shows
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- (L3 tips, partial
, TS4 & AT)

AT vestigial

Fig. 3. Axial regeneration patterns in anamorphic instar V. (A) Ventral detail of instar V depicting the different section planes (colored arrows, colors matching
with details shown in B-D) in the posterior amputation experiments. The small inset in the Left Bottom corner shows instar V in dorsal view. (B) After partial removal
of the primordial fourth TS and the AT, an eight-legged phenotype with vestigial AT (arrowhead) is formed (S/ Appendix, Fig. S4 E and F). (C) Oblique amputation
affecting the AT, the TS4 primordium and the right limb bud of TS3 resulted in the transient regeneration of an AT (asterisk) and an aberrant bifurcating leg 4
(“4", SI Appendix, Fig. S5 A-F). After shedding of both regenerated structures with the next molt, a hypomeric, six-legged phenotype with vestigial AT (arrowhead)
is formed. (D) Transverse amputation at the TS2 to TS3 border results in no regeneration (right column; S/ Appendix, Fig. S4 A and B), or a hypomeric, six-legged
phenotype (left column; S/ Appendix, Fig. S4 C and D) with anus-bearing AT (asterisk). AF, cuticular autofluorescence; G1-4, ventral ganglia 1 to 4; L, leg; NUC,

nuclear staining; r, right; 1 to 4, leg pairs 1 to 4.

striking similarities to previous reports of pycnogonids with poste-
riorly directed bi- or tri-furcating legs (30, 40). With the third molt,
however, the AT and aberrant leg were shed (S7 Appendix, Fig. S5
C and D), leaving only a tiny posterior protrusion without anus
(Fig. 3C). Two subsequent molts did not result in further changes
of this body organization (87 Appendix, Fig. S5A) and similar to the
other six-legged phenotypes, the specimen lacks ventral ganglion 4
(81 Appendix, Fig. S5B). Instead of a through-gut, it features only
a tiny posterior midgut protrusion that ends blindly in TS3
(81 Appendix, Fig. S5B). Micro-CT analysis of the exuvia shed with
the third molt reveals a slit-shaped anus, proctodeal musculature,
and the characteristic distal ampulla of the gut in the AT
(SI Appendix, Fig. S5E), demonstrating that the initial regeneration
resulted in the differentiation of correct AT structures. Also, the
misdeveloped unpaired leg anlage contained tissues, including mus-
cle fibers (SI Appendix, Fig. S5F), but the bad tissue condition indi-

cates an onset of degradation prior to the molt.

PNAS 2023 Vol.120 No.5 2217272120

Ectopic Reproductive Structures in Regenerated Legs. In contrast
to most other pycnogonids, only the ultimate leg pair 4 of 2 litorale
develops gonoducts and gonopores (32). To assess whether the
posterior regenerative processes also include the respecification and
correct development of these distal reproductive structures and
thereby reestablish the functionality of the reproductive system, we
monitored eight of the experimental animals until full maturation
(Fig. 2).

After partial amputation of the TS4 primordium and the AT
in anamorphic instar V (n = 1; InsV_6), a regular pair of gonopores
is present on the fully formed leg pair 4 of the mature adult
(SI Appendix, Fig. S4F).

Following amputation at the TS3 to TS4 border (n = 3), two
of the experimental specimens (Juv_4, Subad_2) formed gonopores
on the regenerated leg pair 4, targeted by gonoducts and equipped
with regular gonopore musculature (Fig. 5B). The third specimen
was a subadult female that molted only once after the amputation

https://doi.org/10.1073/pnas.2217272120
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- (TS4 & AT)
n=2

normal phenotype

Fig. 4. Axial regeneration patterns in epimorphic juvenile instars. (A) Sagittal extended optical section through a juvenile (anterior to the left) illustrating two of
the three different section planes (colored arrows, colors matching with details shown in B and D) in the amputation experiments. The small inset in the Right
Bottom corner shows a juvenile in dorsal view. (B) After removal of the ultimate leg-bearing TS and the AT (asterisk), a normal eight-legged phenotype is formed
after two molts. (C) After oblique amputation of the AT, TS4 and part of the right TS3 half, a normal phenotype is likewise restored. Note coagulating hemolymph
at the wound site after the amputation procedure (white arrowhead). The stippled blue arrow indicates an additional molt that is not shown. (D) Transverse
amputation at the TS2 to TS3 border resulted in a hypomeric, six-legged phenotype with anus-bearing AT (left column) and a seven-legged specimen with normal
AT. AF, cuticular autofluorescence; BR, brain; G1-4, ventral ganglia 1 to 4; L, leg; MG, midgut; NUC, nuclear staining; r, right; TUB, tubulin immunolabeling; 1 to

4, leg pairs 1 to 4.

(Subad_1, Fig. 2). Although its regenerated leg pair 4 remained
smaller than normal and did not develop any gonopores, the pres-
ence of mature oocytes in the trunk and other leg pairs indicate
that it had reached maturity.

After amputation at the TS2 to TS3 border (n = 3), the two mon-
itored six-legged specimens (InsVI_3, Juv_5) and the one seven-
legged specimen (Juv_3) displayed an untypical pattern. Regenerated
legs of TS3 may bear ectopic gonopores with associated musculature
and regular gonoduct but not necessarily in both body halves (Fig. 5 £
and F and SI Appendix, Fig. S5G). Moreover, even if the gonopore
itself and its musculature are not formed in the regenerated leg 3, a
gonoduct may still target the inner side of the coxa 2 cuticle.

Oblique amputation of TS4 and one half of TS3 (n = 1; Juv_2)

resulted likewise in the ectopic formation of a slightly smaller

https://doi.org/10.1073/pnas.2217272120

gonopore with gonoduct in the regenerated leg 3, in addition to
the normal pair of gonopores on leg pair 4 (57 Appendix, Fig. S5H).

Discussion

Sea Spiders Can Regenerate Almost Complete Segments and
the Posterior Body Pole. Prior to this study, the only indications
for posterior axial regeneration in arthropods stem from some
amputation experiments on insect larvae and pycnogonids from
the turn of the 19th to the 20th century (16, 41, 42). However,
these studies suffered from extremely high mortality rates of
treated animals, as well as often only partial ablation of terminal
segments or insufficient characterization of the regenerated
structures’ internal anatomy. Consequently, the nature of the
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CNS
muscles

cuticle

Fig. 5. Internal anatomy of experimental animals after reaching maturity. (A and B) Adult male specimen (Juv_4), four molts after amputation at the TS3 to TS4
border, ventral views. (A) The normal phenotype has regenerated, with midgut diverticula (1 to 4) in all four leg pairs, the hindgut with slit-shaped anal opening
(asterisk), and a complete ventral nerve cord (arrowheads mark ganglia 3 and 4). (B) The regenerated leg pair 4 displays regular ventral gonopores (arrowheads),
targeted by vasa deferentia and equipped with gonopore muscles (GM). The slit-shaped anus (asterisk) is opened by regular proctodeal dilatator musculature
(PM). (C-F) Adult female specimen (Juv_3), five molts after amputation at the TS2 to TS3 border, dorsal (C and E) and ventral (D and F) views. (C) A hypomeric, seven-
legged phenotype has formed. (D) All legs are penetrated by midgut diverticula (1 to 4) and the hindgut with slit-shaped anal opening (asterisk) is regenerated,
but ventral ganglion 4 is missing (arrowhead highlights ganglion 3). (E) While a gonopore (arrowhead) connected with a regular oviduct (OD) and gonopore
musculature (GM) is present on the two regenerated legs in the left body half, it is lacking on the right leg 3 (stippled oval). (F) The nerves targeting the unpaired
leg 4 and the proctodeum (LN4 and PN, respectively) emanate from the posterior side of ventral ganglion 3 (G3). The midgut diverticula of the right leg 3 and of
the unpaired leg 4 branch off at untypical locations (arrows). AM, distal gut ampulla; CX2, coxa 2; LD, leg diverticulum; LN, leg nerve; OV, ovary; VD, vas deferens.

de novo formed body parts has remained ambiguous. In the
case of pycnogonids, this has led to a debate between the two
famous experimental biologists Jacques Loeb and Thomas Hunt
Morgan regarding the interpretation of a regenerated structure in
Phoxichilidium femoratum (Rathke, 1799) either as a posteriorly
directed malformed leg or as newly formed posterior TSs (15, 36).
More than a century after this unresolved discussion, our study
not only demonstrates remarkable resilience to traumatic injury in
the sea spider P litorale but unequivocally confirms that posterior
axial regeneration is a common phenomenon in its immature
specimens. In contrast to our results, Loeb and Morgan failed to
follow the regeneration processes until complete differentiation in
their pioneering experiments. This was likely due to suboptimal
experimental conditions, as the animals were kept in sea water-
filled petri dishes without food (15, 36). Given that starvation is
one of the key factors known to cause significant molting delays
in juvenile sea spiders (34), insufficient nutrition likely accounts
for the low frequency of molting and posterior regeneration
encountered in the previous studies.

Odur results leave no doubt as to the identities of the de novo-
formed structures and reveal that sea spiders are capable of
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rebuilding a functional terminal body region as well as almost
complete segments comprising the majority of the serially iterated
structures along the main body axis, such as a body ring, fully
articulated legs with musculature and leg nerves, and the diver-
ticula of the midgut and the gonads. Hence, the axial regeneration
patterns in pycnogonids show a degree of complexity hitherto
unknown for arthropods, with several correspondences to those
of some annelid taxa (6, 14). This challenges the prevailing dogma
of the virtual absence of axial regeneration in arthropods (5, 6, 9),
which has been alternatively suggested to be causally linked to the
early determination of the body poles during arthropod embryo-
genesis (12) or to the evolution of the rigid exoskeletal cuticle that
necessitates molting (5, 7). Our findings refute the validity of these
explanation attempts for arthropods as a whole and should serve
as an incentive for rigorous reinvestigations of the regenerative
potential in more arthropod taxa.

The Extent of Trunk Regeneration Relies on the Presence
of Segmental Ganglia. Anterior to the AT, the trunk displays
amputation plane-dependent regeneration patterns. In this context,
our results point to the presence or absence of segmental ventral
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ganglia as a potential key factor for TS regeneration. In P fitorale,
the ventral ganglia are forward-shifted in relation to the external
TS borders (22, 32). Consequently, transverse amputation at the
TS3-TS4 border does not affect ganglion 4 and its segmental nerve
roots, correlating with the subsequent complete regrowth of the
remaining TS4 elements. By contrast, amputation at the TS2 to
TS3 border entails the loss of ganglion 4, and neither the ganglion
itself nor the remaining elements of TS4 are reformed (although
the AT is), leading to hypomeric, six-legged phenotypes. A notable
exception to this pattern is the seven-legged specimen with a one-
sided leg 4. But also in this case, ganglion 4 failed to regenerate and
the unpaired leg 4 is innervated by ganglion 3 instead. Together with
the aberrant origin of the unpaired leg’s gut and gonad diverticula
from the ones of leg 3, this innervation points to a duplication of
the left half of TS3 as a consequence of irregular regeneration, rather
than partial regeneration of a regular TS4.

An intact nerve supply at a wound site and concomitant
nerve-dependent signaling is known to be key for reparative regen-
eration processes in many animal taxa (43, 44), including limb
regeneration in vertebrates (45) and potentially in arthropods (2,
46), as well as body segment regeneration in annelid taxa (47-49).
However, while many annelids readily replace complete body seg-
ments with their ganglia as long as the wound region contains
some nervous tissue, pycnogonids seem to regrow only the missing
serial structures of those segments of which the ganglia and their
nerve roots have not been affected by the injury. In contrast to
annelids, this renders the restored pycnogonid segments a mosaic
of previously existing and de novo-formed elements.

A New Hypothesis on the Nature of the Pycnogonid AT. The
pycnogonid AT has been interpreted as a strongly reduced
chelicerate opisthosoma without a telson (20, 25) or as a
fusion product of vestigial opisthosoma segments and the anus-
bearing telson (28). This has been deduced from the ubiquitous
occurrence of an opisthosoma in the other Chelicerata [including
pycnogonid stem lineage representatives (25, 26)] and from one
or two transient ganglion anlagen found during pycnogonid
development, posterior to the ventral ganglion that targets the
ultimate leg pair (27-29).

Notably, however, we here document complete AT regrowth
even in hypomeric animals that failed to regenerate the ultimate
TS4. This strongly suggests that the AT does not comprise any
segmental elements but rather represents the asegmental terminal
telson only. Further support for this interpretation may be derived
from a comparison with posterior regeneration patterns in the
segmented annelids. Here, regrowth and differentiation of the
asegmental, anus-bearing pygidium predate the restoration of
segmental structures anterior to it (6, 48, 50), and the number of
segments that are eventually regenerated may vary and fall short
of the preamputation state (14). Accordingly, regeneration of the
asegmental terminal pygidium of annelids mirrors the situation
in pycnogonids, where the restoration of the terminal AT is decou-
pled from the number of regrown segmental structures. If the
entire AT corresponds to the asegmental telson, the transient pos-
terior ganglion anlagen formed during development (27, 28)
suggest the inclusion of vestigial opisthosoma segments in stem
lineage representatives into the ultimate TS of crown group pyc-
nogonids. This hypothesis is supported by the observation that
these transient ganglion anlagen fuse into the posterior side of the
ultimate leg ganglion of adult pycnogonids (23).

Ectopic Gonopore Formation May Rescue Reproductive
Functionality. Normally, gonoducts and gonopores are exclusively
formed by the ultimate leg pair in P litorale (32). Unexpectedly,
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we found that not only regenerated leg pairs 4 differentiate these
structures after posterior amputation, but also the ultimate leg pair
3 in hypomeric phenotypes, even if not in all cases completely.
Consequently, even failure to regenerate TS4 after loss of TS3+4
does not necessarily impede successful reproduction of hypomeric
specimens, as the functionality of their reproductive system is
reestablished by ectopic formation of its distal elements in TS3.
To date, the gene regulatory networks governing posterior axis
patterning and elongation, segmentation, and segmental identity
are virtually unstudied in pycnogonids. In spite of this, our find-
ings strongly indicate that specification and differentiation of the
distal reproductive structures in 2 litorale are instructed by sign-
aling from the developing posterior body pole, rather than being
predefined for a specific TS number. Further support for a poste-
riorly instructed identity of the gonopore-bearing TS in pycnogo-
nids may be derived from the polymeric genus Pentapycnon, which
is closely related to Pycnogonum (18) and features five instead of
four leg-bearing TSs (19). Concordant with Pycnogonum, the
gonopores of Pentapycnon are exclusively formed on the ultimate
leg pair 5, whereas the penultimate leg pair 4 lacks them (51, 52).

Is Posterior Axial Regeneration an Ancestral Feature of
Arthropoda? As the sister group of all other extant chelicerates
(8, 17) with a Paleozoic onset of crown group diversification
(18, 53), the primary marine sea spiders can help to illuminate
carly chelicerate and arthropod evolution. Notably, within
pycnogonids, the anamorphic development of P fitorale likely
represents the ancestral developmental pathway (54), aligning with
the hypothesized plesiomorphic anamorphic development via a
segment-poor hatching stage in the marine arthropod ancestor
(55, 56). Hence, by extension from pycnogonids, this suggests
that also representatives of the marine arthropod stem group may
have exhibited similar resilience to traumatic posterior segment loss
followed by axial regeneration, which increased individual survival
and reproduction success and thus contributed to the successful
carly radiation of the arthropod lineage. To put this hypothesis
to the test, modern regeneration studies on other arthropod taxa
as well as nonarthropod ecdysozoans (other than nematodes) are
needed. Recent advances in functional and comparative genomics
have led to a significantly better characterization of the cellular
and molecular basis of regeneration in various invertebrate lineages
(4, 57). With comparative investigations of more nonmodel
protostome taxa, these approaches have the potential to inform
the long-standing debate whether and at what level regenerative
processes are homologous across the various taxa (12, 57, 58). This
concerns also the open question of whether the pattern similarities
of pycnogonid and annelid axial regeneration i) reflect a shared
inheritance of this trait from the protostome ancestor or rather
ii) constitute a by-product of the restoration of a segmented body
organization, which likely evolved independently in arthropods

and annelids (59).
Materials and Methods

Choice of Experimental Animal. P fitorale was chosen as the experimental
animal for several reasons: i) It is long-lived and can be kept together with its
prey in reproducing laboratory cultures (60). This permits long-term experiments
under controlled conditions with optimal food supply. ii) Deviating from most
other pycnogonids, P, litorale possesses only one pair of gonopores on its ultimate
leg pair4(32). Hence, if posterior trunk regeneration were to occur, not only the
overall body plan but possibly also the normal segmental identity of regenerated
posterior legs can be assessed. iii) The postembryonic development of P, litorale
follows the most common mode in pycnogonids (54) and is well-documented
(32, 61), permitting experimental targeting of defined developmental stages.
Starting from a minute hatching protonymphon larva, a stereotypical series of
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six anamorphic molts with successive segment differentiation at the posterior
body pole (Fig. 1B) leads to the first juvenile instar. This instar already shows the
overall adult body organization (32) (Fig. 2) and passes through an epimorphic
growth phase including five to seven additional molts before reaching maturity
(61), with advanced larger juveniles being here referred to as subadults (54).

Animal Collection and Laboratory Husbandry. Adultand juvenile specimens
of P, litorale were collected during low tide in the rocky intertidal of the German
offshore island Helgoland (North Sea), transferred to Greifswald University, and
maintained in artificial seawater (ASW) tanks (ca. 30 %o salinity, 16 to 18 °C)
equipped with a recirculating filter system. The actinian Metridium senile
(Linnaeus, 1761)-one of the preferred preys of adult and juvenile P, litorale-and
colonies of the hydrozoan Clava multicornis (Forsskal, 1775)-the prey of the first
five postembryonicinstars-were obtained from the Biologische Anstalt Helgoland
(Alfred-Wegener-Institute for Polar and Marine Research). The pycnogonids were
kept in mixed female-male groups in breeding cages (16.5 x 12.5 x 13 ¢m)
together with 2 to 4 polyps of M. senile. At least twice per week, cages were
checked for males carrying egg batches, which were stripped of the ovigers with
fine forceps and subsequently reared in separate ASW-containing plastic con-
tainers under continuous aeration. Upon hatching of the protonymphon larvae,
small pieces of the batches were placed on colonies of C. multicornis, which were
grown on plastic plates (ca. 10 x 8 cm)and fed once or twice per week with freshly
reared nauplius larvae of Artemia salina (Linnaeus, 1758). After attachment of the
protonymphon larvae to their prey, the C. multicoris colonies were checked daily
undera stereomicroscope to monitor the postembryonic development. Following
theirfifth molt, instars Vl were removed from the colonies and placed in breeding
cages to prey on M. senile during the juvenile developmental phase.

Adult and juvenile specimens of Endeis spinosa (Montagu, 1808) were col-
lected in the rocky intertidal at Station Biologique de Roscoff (Bretagne, France)
inJuly 2019.

Amputation Experiments, Monitoring of Survival, and Documentation
of Regeneration. P, litorale specimens selected for amputation experiments
were anesthetized in petri dishes containing freshly carbonated ASW produced
with a SodaStream sparkling water maker. After relaxation, amputation was
performed with surgical microscissors under a stereomicroscope. Animals were
photographed after surgery and placed in petri dishes with untreated ASW to
recover. Once recovered (usually after 5 to 10 min), they were placed in cages
with M. senile and individually monitored on a daily basis. Deviating from this
procedure, the minute instars V were amputated while attached to the stolons
of C. multicornis and directly photographed and monitored on the plastic plates.
Only after their molt to instar VI, they were transferred into cages with M. senile.
Following each new molt, experimental animals were anesthetized, photo-
graphed, and returned to the cages.

Images of the experimental animals were taken with a Nikon SMZ25 stere-
omicroscope coupled to a Nikon DSRi2 camera. Z-stacks were generated with the
complementary NIS Elements AR software (ver. 4.51, Nikon Corporation, Tokyo,
Japan; RRID:SCR_014329). The stacks were i) either directly combined into an
image with extended depth of field or ii) exported as tiff-files and subsequently
merged using Helicon Focus software (ver. 6.7.1, Helicon Soft, Kharkiv, Ukraine;
RRID:SCR_014462). In addition to brightfield images, the green autofluores-
cence of the cuticle of P litorale when exposed to blue light (62) was used to
document the external morphology of regenerated structures, as it permits ready
identification of the number of leg articles and the presence of gonopores.

Live images of the P, litorale copula and of E. spinosa specimens were taken
with a Nikon D7100 digital camera equipped with a Nikon AF-S Micro Nikkor
105 mm lens.

Microcomputed X-ray Tomography. To complement the external morphology,
the experimental animals were individually fixed after completion of regenera-
tion, and their internal anatomy was subsequently analyzed in uCT scans. For this
purpose, animals were fixed and stored in Bouin's fluid (10% formaldehyde, 5%
glacial acetic acid in saturated aqueous picric acid) at room temperature (RT).
Specimens were briefly rinsed in phosphate-buffered saline (PBS; 1.86 mM
NaH,PO,, 8.41 mM Na,HPO,, 175 mM NaCl, pH 7.4; at least 3x 5 min), trans-
ferred into deionized water, dehydrated via an ascending ethanol series, incubated
in atissue contrasting solution of 2% iodine (resublimated; Carl Roth; #X864.1)in
99.5% ethanol for 48 h at RT, rinsed in 99.5% ethanol (3 to 4x 10 min), and critical
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point-dried with a LeicaEM CPD300. Dried specimens were placed in plastic tubes
for overview scans. For higher resolution scans of the posterior body region with
the regenerated structures, they were subsequently attached to plastic welding
rods with hot glue. Scans were performed with an Xradia MicroXCT-200 (Carl Zeiss
Microscopy) under 40 kV/200 puA/8 W or 30 kV/200 pA/6 W settings. Depending
on the specimen size and region of interest, a 4x, 10x, or 20x objective was
chosen. Exposure times were individually adjusted for each scan, ranging from
0.75 to 6.5 5. To reduce noise, binning 2 was applied during data acquisition.
Tomography projections were reconstructed with the XMReconstructor software
(Carl Zeiss Microscopy) with binning 1 (= full resolution) and TIFF format image
stacks as output.

Fluorescent Histochemistry and Immunohistochemistry. Post-larval and
juvenile instars were fixed for 1 hin 4% paraformaldehyde in PBS (PFA/PBS; 16%
methanol-free formaldehyde [Electron Microscopy Sciences, #15710] diluted 1:4
in PBS) at RT. Prior to staining, cuticle and tissue permeability was improved by
bath ultrasonication (5 to 10 brief pulses) followed by incubation in PBTx (PBS +
0.5% Triton X-100) for 2 h at RT.

Forvisualization of the musculature, F-actin labeling of whole specimens was
performed with TRITC-conjugated phalloidin (Sigma-Aldrich, #P19571, 50 pg/mL
in PBTx; RRID:AB_2315148) overnightat 4 °C, in adaptation of previous staining
protocols for pycnogonids (40). After inspection of the staining quality by epif-
luorescence stereomicroscopy, incubation was variably extended to maximally
four nights at 4 °C.

To visualize cytoskeletal microtubules, a monoclonal mouse primary anti-
body (anti-ac-o-tub IgG 2b Isotype, clone 6-11 B-1, Sigma-Aldrich, #16793;
RRID:AB_477585)was applied in conjunction with a Cy3-coupled secondary goat
antibody (anti-mouse IgG (H+L), Jackson ImmunoResearch Labs, #115-165-146;
RRID:AB_2338690). The primary antibody was raised against acetylated
alpha-tubulin of the sea urchin Strongylocentrotus purpuratus (Stimpson, 1857).
Acetylation is a common post-translational modification of alpha-tubulin in which
an acetyl group is reversibly added to Lys40, representing a prominent feature of
stable microtubule assemblies (63). The antibody's suitability to label cytoskeletal
microtubules and thus visualize the microtubule-rich nerves and tracts of the
central nervous system has been previously confirmed for pycnogonids (28, 29).
Prior to antibody incubations, specimens were blocked in PBTx + 1.5% dimethyl
sulfoxide + 5% normal goat serum (Thermo Fisher Scientific, #31873). Antibodies
were diluted 1:200 in PBTx + 1.5% dimethyl sulfoxide; incubation times lasted
72t0 120 hand were followed by rinsing in PBTx with gentle rotation for at least
6 h at RT, with occasional extension overnight at 4 °C. Omission of the primary
antibody in the procedure resulted in complete loss of signal.

For nuclear staining, the DNA marker Hoechst (H33342, Invitrogen Molecular
Probes’ #H1399, 1 pg/mLin PBS) was applied. Incubation lasted minimally 1 h
at RTand was occasionally extended overnight at 4 °C.

After final rinsing in PBS, specimens were transferred to Vectashield” Mounting
Medium (Vector Laboratories, Inc. #H-1000; RRID:AB_2336789) and mounted on
microscopic slides. Tiny pieces of plasticine pieces were attached to the coverslip
corners to avoid sample compression.

Confocal laser scanning microscopy (CLSM) was performed with a Leica DMI
6000 CS microscope coupled to a LeicaTCS SP5 I1'scan unit (RRID:SCR_018714).
Laser lines were chosen according to the excitation spectra of the fluorescent
markers (405 nm for Hoechst and cuticular autofluorescence; 543 nm for Cy3
and TRITC), the Z-increment between optical planes ranging from 1.5to 2 um.

CLSM and pCT Data Analysis, 3D Reconstruction, and Data Presentation.
The CLSM image stacks were analyzed and visualized in Imaris (ver. 7.00; Bitplane
AG, Zurich, Switzerland, RRID:SCR_007370). Snapshots show 3D volume render-
ings in maximum intensity projection.

The pCT image stacks were analyzed with the software package Amira (ver-
sion 5.6; FEI Visualization Sciences Group; RRID:SCR_007353) and visualized
in a similar fashion as previously described (22). In brief, organ systems were
manually segmented as different materials and visualized as texture-based 3D
volume renderings (module "Volren, mode "VRT") with specular shading. Color
and transparency of the 3D volume renderings were defined by adjusting the color
field and alpha-scale values of each material's transfer function. As an external
morphological reference system, the unsegmented structures of the data stacks
are shown in semitransparent grayscale values. To ensure the visibility of internal
structures, filtered oblique slicers were selectively applied in different perspectives.
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Global contrast and brightness as well as sharpness of images were adjusted

using Adobe Photoshop (ver. 12.1, Adobe Systems Incorporated, San Jose, CA,
USA, RRID:SCR_014199). Stereomicroscopic autofluorescence images were black
and white converted in Adobe Photoshop. All figures were assembled with Adobe
llustrator (ver. 15.1, Adobe Systems Incorporated, RRID:SCR_010279).

Data, Materials, and Software Availability. All data needed to evaluate the
conclusions in the paper are present in the paper and the S/ Appendix. All uCT
raw datasets can be openly accessed at https://doi.org/10.5281/zenodo.7497684.
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