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Abstract

Ontogeny is of paramount importance to understand evolutionary relationships of organisms. However, in the fossil record,
early developmental stages are rarely preserved because of their unmineralized skeleton. Here, we describe the ontogeny of
the Devonian jawless fish, Euphanerops longaevus, based on observations from more than 3500 specimens. The ontogeny of
Euphanerops is compared with the development of the median fins of the extant jawless fish, the sea lamprey (Petromyzon mar-
inus). From a subsample of 216 specimens of Euphanerops, we define three ontogenetic stages: larvae (2-38 mm total length
(TL), mostly composed of “Scaumenella mesacanthi”), juveniles (28-98 mm TL), and adults (>90 mm TL) based on the degree of
skeletal development, chemical and microscopic compositions. Larvae display three cranial plates, a simple branchial appa-
ratus, notochordal elements, and caudal fin supports. In juveniles, we document the development of paired anteroventral,
anal, and median dorsal fins. Given how little information is generally available on ostracoderm ontogeny, the growth series

of Euphanerops provides an unparalleled opportunity to understand the development of early vertebrate characters.
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Introduction

The study of the evolutionary history of vertebrates, and
especially of jawless vertebrates needs the complementar-
ity of fossil and extant species (Miyashita et al. 2019q). In-
deed, Palaeozoic jawless fishes are more diversified than ex-
tant ones (12 taxonomic groups contra two today (Larouche
et al. 2019)). Therefore, a better understanding of the evo-
lutionary history of early vertebrates should be gained by
the study of fossil fish in terms of morphology, develop-
ment, and ecology. Ontogenetic series are rare in the fos-
sil record of vertebrates but when preserved they provide
unparalleled evolutionary insights (Cloutier 2010; Delfino
and Sdnchez-Villagra 2010; Frobisch et al. 2010; Sdnchez-
Villagra 2010; Johanson and Trinajstic 2014; Chevrinais et al.
2017).

Systematic assessment of jawless fish of the

Miguasha Fossil-Fish-Lagerstatte

Among the fossils from the Upper Devonian Escuminac
Formation (Miguasha, Canada), Euphanerops longaevus was de-
scribed as a jawless fish with a dorsal fin and a heterocer-
cal caudal fin (Woodward 1900). The holotype specimen was
interpreted upside-down so the identified elements are in
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fact the anal fin and a hypocercal caudal fin, respectively.
Once reinterpreted, the combination of characters indicates
that Euphanerops longaevus is an anaspid. Subsequently, the
assignment of Euphanerops longaevus as an anaspid was chal-
lenged (Janvier 1981; Forey 1984; Maisey 1986) because of
the absence of anaspid synapomorphies such as triradiate
branchial spines and chevron-like scales. A second taxon
from Miguasha, Endeiolepis aneri (Stensio 1939), was first de-
scribed as an anaspid species (holotype and its counterpart,
Figs. 1B-1D). Endeiolepis aneri shows a dorsal fin along the
dorsal border of the trunk (documented as absent from Eu-
phanerops longaevus), an anal fin with a triangular shape, a
caudal fin and paired anteroventral fins, first described as a
modified ventrolateral paired fin-fold (Stensi6 1939). A third
anaspid-like taxon (new genus and species) from Miguasha,
Legendrelepis parenti (Fig. 2C), was erected by Arsenault and
Janvier (1991). This taxon was described based on differ-
ences with Euphanerops longaevus: less-developed nonminer-
alized squamation, differences in scale morphology, the ab-
sence of an annular cartilage, its more anteriorly placed anal
fin, the possible retention of a small anterior dorsal fin. Later,
Legendrelepis parenti was recognized as a junior synonym of
Euphanerops longaevus (Cloutier et al. 1996; Janvier 1996b;
Janvier and Arsenault 2007).
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Fig. 1. (A) Schematic reconstruction of Euphanerops longaevus (note that the interpretation of the positions and sizes of skeletal
elements and systems is influenced by taphonomic constraints). (B) Endeiolepis aneri, holotype SMNH (Swedish Museum of
Natural History). (C) 1308 and its counterpart C.1307 C. (from Stensié 1939, original legends for anatomical elements). (D)
Endeiolepis aneri almost complete specimen MNHM 01-159. Black arrows point anteriorly. (E) Histograms of the occurrence of
adult specimens of anaspid species found in the Escuminac Formation in relation to the lithofacies (from Cloutier et al. 2011).
Lithofacies: 1, sandstone; 2, siltstone; 3, laminites; 4, shale. A, absence of the species; P, presence of the species. Black bars
correspond to the number of beds for which the species has been found.
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The hypothesis of a synonymy between Endeiolepis aneri
and Euphanerops longaevus also emerges after the analysis of
the branchial apparatus of both species suggesting that the
observed morphological differences (presence or absence of
a dorsal fin, shape of the anal fin) are mainly due to vari-
ous taphonomical conditions (i.e., preservation in thinly lam-
inated beds, or laminites, for Euphanerops longaevus versus
sandy turbidite beds for Endeiolepis aneri) but the two species
remain by absence of definite evidence (Janvier et al. 2006;

270 Euphanerops

240 -
210-
180
1504
1204
904
60
304

N w0

-

Janvier and Arsenault 2007). The presence of those species
in three types of sediments, sandstone and shale for En-
deiolepis aneri and laminites for Euphanerops longaevus (Fig. 1E)
(Cloutier et al. 2011), lead to a difference in the preservation
of tissues. Specimens of Endeiolepis aneri are mainly preserved
as imprints (very poor preservation of mineralized tissues)
and sometimes filled with sediments (Figs. 1B-1D), whereas
Euphanerops longaevus shows 3D preservation and mineralized
skeletal elements (Figs. 1A and 2E).
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Fig. 2. Photographs and interpretative drawings of Euphanerops longaevus of different ontogenetic sizes. (A) NMS 2002.59.17. (B)
MHNM 03-1414. (C) MHNM 01-02 A. (D) MHNM 01-150. (E) MHNM 01-123. Large horizontal arrows point anteriorly. Anatomical
abbreviations: an. fin support, anal fin support; ann. cart, annular cartilage; arc. L, left side arcualia; arc. R, right side arcualia;
a-v fins, anteroventral fins; branchial app, branchial apparatus; d. fin support, dorsal fin support; dmr, dorsomedian rod; epi.
support, epichordal support; hypo. support, hypochordal support; int. org, intromittent organ; mm, mineralized matter in
the otic region; neuro. el, neurocranial element; no, notochord; pelv. d, pelvic disk. Scale bars: 1 mm (A, B) and 10 mm (C-E).
Abbreviations: MHNM, Musée d’Histoire Naturelle de Miguasha, Canada; NMS, National Museums of Scotland, Scotland.

In D&E: Spherulitic cartilage Alveolar superficial layer
D D -CaP signature

Added to this taphonomic difference, the recent descrip-
tion of the ontogeny of Euphanerops longaevus reveals the
presence of previously undescribed anatomical elements and
especially a dorsal fin extending from the posterior part of
the head to anterior to the epicercal lobe of the caudal fin
(Figs. 2C and 2E). The dorsal fin is made of a proximal dorso-
median rod and several dorsal fin supports made of stacked
chondrocytes. Some dorsal fin supports are bifurcating
distally as observed in other jawless fish such as the extant
sea lamprey, Petromyzon marinus.
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Therefore, the differences in taphonomic conditions and
the presence of a dorsal fin in Euphanerops longaevus as in
Endeiolepis aneri (Fig. 1) support the latter to be a junior
synonym of the former. Euphanerops longaevus is thus the
only species of “naked” anaspid from the Upper Devonian
Escuminac Formation. Finally, the family Euphaneropidae
comprises Euphanerops longaevus and other “naked” jawless
species, Cornovichthys blaauweni (Newman and Trewin 2001)
and Achanarella trewini (Newman 2002) from the Middle De-
vonian of Scotland (Text S1) (van der Brugghen 2017).
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Size series

Only a small subset of specimens has been available to pre-
vious authors to reconstruct a growth series of Euphanerops
longaevus, with the exception of Janvier and Arsenault (2007)
who noted immature specimens. In the first half of the 20th
century, Graham-Smith (1935) described Scaumenella mesacan-
thi based on 560 specimens from the Upper Devonian Es-
cuminac Formation (Miguasha, Canada) as a “chordate, and
probably a vertebrate” because of the presence of a head, a
thoracic region with branchial arches, a notochordal or verte-
bral region, and a hypocercal tail (Fig. 2A, holotype). Until the
late 1970s, Scaumenella mesacanthi was frequently mentioned
when dealing with the origin of vertebrates (Lehman 1957;
Tarlo 1960; Piveteau et al.1978) (see Chevrinais et al. 2015b
for complete literature review). Chevrinais et al. (2015a) iden-
tified some specimens of Scaumenella mesacanthi as early de-
velopmental stages of the acanthodian Triazeugacanthus affi-
nis, but this taxonomic attribution concerned only 31 spec-
imens. More than 3000 specimens of Scaumenella mesacanthi
show anatomical characteristics closer to jawless taxa (e.g.,
Achanarella trewini, Newman 2002) than to acanthodians and
then could be interpreted as a “naked-anaspid”.

The anatomy of Scaumenella mesacanthi is poorly known be-
cause of the small size of specimens (2-38 mm total length
(TL)). Most of the specimens of Scaumenella mesacanthi were
characterized by a peculiar morphology showing (1) the pres-
ence of three head plates (one median and two lateral plates)
(Fig. S1), (2) two aggregates of mineralized matter in the otic
region (mainly preserved in medium-sized specimens with
dorsoventral preservation of the body) (Figs. S1B, S1D, and
S1E), (3) a branchial apparatus extending from the head to the
anal fin(s), (4) anterior and posterior elements supporting the
notochord, and (5) proximal elements of the anal fin(s) (Figs.
2A and 2B). These anatomical elements are absent from spec-
imens of the acanthodian Triazeugacanthus affinis in which,
however, we observe the presence of three pairs of otoliths,
fin spines, and scales.

Numerous beds (horizons) of the Miguasha Fossil-Lagerstdtte
are recognized as a Konservat- and Konzentrat-Lagerstdtte
(Cloutier et al. 2011) allowing for the exceptional preser-
vation of unmineralized tissues (carbon signature) indicat-
ing weak decay in Scaumenella mesacanthi (Fig. 3) (Chevrinais
et al. 2015a). Thus, the anatomical structures recognized
in the specimens of Scaumenella mesacanthi were subjected
essentially to biomineralization processes and adequately
reflect which anatomical elements were preserved at the
death of the animal. Based on this peculiar morphology,
those specimens of Scaumenella mesacanthi are anatomically
closer to jawless fishes and especially to Euphaneropidae
(Janvier 1996¢; Janvier and Arsenault 2007) than to the acan-
thodian Triazeugacanthus affinis. In the Musée d’Histoire Na-
turelle de Miguasha, Canada (MHNM) collection, 2173 spec-
imens from hundreds of plates originally attributed to Tri-
azeugacanthus affinis are re-assigned to Euphanerops longaevus
(Table S1).

Among the two extant clades of jawless fishes, lam-
preys (Petromyzontiformes) are either considered as the
sister-group to living gnathostomes forming the Vertebrata
(Bardack and Zangerl 1971; Hardisty 1979, 1982; Janvier 1981;
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Donoghue and Sansom 2002), the sister-group to hag-
fishes (Myxiniformes) forming a monophyletic Cyclostomata
(Heimberg et al. 2010; Janvier 2010; Miyashita et al. 2019a,
2021), or the sister-group to anaspids forming a clade basal
to other vertebrates (Chevrinais et al. 2018). Lampreys have
many primitive traits of the vertebrate crown, such as neu-
ral crest cells (Green and Bronner 2014) and dorsal vertebral
elements (arcualia) (Shimeld and Donoghue 2012). However,
the homology of numerous skeletal elements between extant
agnathans and gnathostomes is unclear because extant cy-
clostomes have distinct morphology and comparative devel-
opment reveals few similarities (Miyashita et al. 2019b). In
lampreys, skeletal development can be followed through life
history. Our study is the first to describe the developmental
pattern and morphology of the skeletal elements forming the
axial (i.e., arcualia) and appendicular (i.e., fin supports) skele-
tons in the sea lamprey, Petromyzon marinus.

Similar to Janvier and Arsenault (2007) who re-described
the anatomy of Euphanerops longaevus in light of lamprey mor-
phology, Chevrinais et al. (2018) recently described the axial
skeleton and the paired appendages of Euphanerops longaevus.
To complete this description, we focus on ontogeny. Our main
objectives are to describe the growth of Euphanerops longaevus
in comparison with the ontogeny of living lampreys, and to
address the homology of the axial and appendicular skele-
tons in early vertebrates.

Materials and methods

Petromyzon marinus

The sea lamprey Petromyzon marinus was sampled from (1)
Lake Huron basin (ON, Canada) and the Sainte-Anne River
(QC, Canada) (Fish Collection of the Canadian Museum of Na-
ture (CMNFI)), (2) the Old Woman River (ON, Canada) (Bayfield
Institute (Fisheries and Oceans Canada)), and (3) the Saint
Lawrence River (QC, Canada) (Maurice-Lamontagne Institute
(Fisheries and Oceans Canada)). Specimens were cleared and
stained following Chevrinais et al. (2018).

To characterize the order of developmental events occur-
ring in the median fins of ammocoetes, generalized linear
models were fitted against the binary data set of skeletal
development and tested with x? statistic. These logistic re-
gressions describe the relationship between the continuous
predictor variable (i.e., TL) and the random component (i.e.,
developmental states for each element) and provide an esti-
mate of the TL at which half of the specimens possess the de-
veloped element (TLsg) (adapted from Fischer-Rousseau et al.
2009; Griinbaum et al. 2012). To minimize a potential inter-
populational variation, TLsy was performed only on the pop-
ulation of Sainte-Anne River (n = 54, TL = 19-129 mm).

Euphanerops longaevus

Specimens of Euphanerops longaevus come from the mid-
dle Frasnian Escuminac Formation (Miguasha, Canada)
(Cloutier et al. 1996). Specimens of Euphanerops longaevus and
Scaumenella mesacanthi are accessioned and catalogued in the
MHNM (2173 specimens), National Museums of Scotland,
Scotland (NMS) (1355 specimens), and the Natural History
Museum, London (NHM) (6 specimens). A subsample of 216
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Fig. 3. Anatomical structures, scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX) analyses of
Euphanerops longaevus. (A) Juvenile specimen of Scaumenella mesacanthi MHNM 01-224_1 with (B) SEM of head plates and respective
spectrum. (C) Juvenile specimen MHNM 01-257 with (D) SEM of mineralized matter in the otic region and corresponding
spectrum. (E) Juvenile specimen MHNM 01-02 A with (F) SEM of annular cartilage and corresponding spectrum. (G) SEM of
hypochordal supports of the caudal fin and corresponding spectrum and (H) SEM of anal fin supports and corresponding
spectrum. (I) Juvenile specimen NHM P6813 with (J) SEM of branchial elements and corresponding spectrum. (K) SEM of anal fin
basal elements and corresponding spectrum and (L) SEM of epichordal supports of the caudal fin and corresponding spectrum.
Chemical elements: Al, aluminum; C, carbon; Ca, calcium; F, fluorine; Fe, iron; P, phosphorus; O, oxygen; Si, silicon. Black
arrow points anteriorly. Red arrows indicate the EDX position. Scale bars: 5 mm (A, C), 500 um (B, F, G, K), 10 um (D), 10 mm
(E, I), 100 pm (H), and 50 um (J, L).
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specimens was selected based on (1) diagnostic features of Fu-
phanerops longaevus (e.g., three cranial plates, absence of three
distinct pairs of otoliths) (Fig. 1), (2) integrity of the specimens
(e.g., specimens without preparation artefacts), and (3) pres-
ence of representatives along an optimized size range. Speci-
mens have been observed under water immersion (Leica MZ
9.5), drawn using a camera lucida, and photographed (Nikon
D300). Continuous (length of skeletal elements and distances
among them) and discrete data (presence/absence of skeletal
structures) were collected (Table S2).

Linear regressions between logjo-transformed measure-
ments and TL have been calculated. The developmental tra-
jectory (Griinbaum et al. 2012), defined as the cumulative
number of 26 skeletal elements was calculated in relation to
TL and estimated TL. A histogram of the distribution of the TL
of specimens for each morphotype was constructed. Analyses
of variances (ANOVAs) for ratios (median plate length/TL and
lateral plate length/TL as a function of morphotypes) were
generated using a one-way ANOVA, then pairwise compar-
isons between groups have been done using a Tukey’s test.
All statistical analyses have been done with R 3.5.1 (R Core
Team 2022).

Elemental composition was analysed and interpreted fol-
lowing Chevrinais et al. (2018).

Results

Skeletogenesis of Petromyzon marinus

The development of the neurocranial and branchial skele-
ton occurs during the prolarval stage in Petromyzon marinus
(Text S2). In the adult, the branchial basket is composed of
seven branchial arches, interconnected dorsally by the sub-
chordal bar and ventrally by the hypobranchial bar (Fig. 4A).

The number, position, shape, and relative proportion of
the skeletal elements of the neurocranial, branchial, and ax-
ial skeletons remain unchanged for our sampled specimens,
ranging from 19 to 129 mm TL. However, the appendicular
skeleton (i.e., fin supports) shows progressive development
as the size of ammocoetes increases. Based on fin support de-
velopment, seven developmental steps were identified. Step
1 (Fig. S2A) is defined by the absence of cartilaginous fin
supports in the first (D1) and second dorsal (D2) fins (TL <
30 mm). Starting at 31.6 mm TLs, (Fig. S3; p value = 1.187e-
7), step 2 corresponds to the formation, in the anteriormost
region of D2 (Fig. S2B), of the first fin supports (unsegmented,
short, and cylindrical cartilaginous rods formed by continu-
ous stacking of flat chondrocytes (Fig. 5A)). Fin supports are
not linked to endoskeletal elements; thus, no connection ex-
ists between the fin supports and the axial skeleton. In step
3, fin supports develop anteroposteriorly in D2; supports are
present at between 75% and 100% of the length of D2 (Fig.
S2C). No fin supports were detected in other fins at this step.
In step 4, fin supports start to form bidirectionally in the epi-
chordal and hypochordal lobes at the posteriormost region of
the caudal fin (TLso = 34.4 mm, p value = 1.691e-10); simulta-
neously, fin supports appear in the anteriormost region of D1
(Fig. S2D). In step 5, well-developed supports in all three fins
(Fig. S2E) indicate the completion of the development. In step
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6, fin supports of the caudal fin are longer and dichotomously
branched (Fig. S2F); however, this latter condition is not ob-
served in every fin support, even in the later developmental
step. In step 7, bifurcation is present in D2 (TLso = 67.6 mm, p
value = 2.854e-11) and subsequently in D1 (TLso = 115.9 mm,
p value = 0.001). During this step, second-order bifurcation
appears in both lobes of the caudal fin (TLsp = 100.3 mm, p
value = 0.001); new branching is formed symmetrically or
asymmetrically on the existing bifurcation of the fin sup-
port. Second-order bifurcation appears first in the epichordal
and hypochordal lobes, and is occasionally observed in D2
in longer specimens (Fig. 5A). Anterior extension of fin sup-
ports in the epichordal lobe is spatially constrained by the
presence of D2; the hypochordal lobe is longer than the epi-
chordal lobe and therefore contains more fin supports.

The development of fin supports is positively correlated
with the length of ammocoetes as suggested by the results
from TLsg (Fig. S3). Fin supports develop following a general
sequence: fin supports form from anterior to posterior in D2
and in D1, while they form bidirectionally in both the epi-
chordal and hypochordal lobes of the caudal fin. Subsequent
skeletal events (i.e., bifurcation and proximal fusion of fin
supports) appear as ammocoetes length increases.

The dorsomedian rod is located dorsally to the neural tube
(Figs. S4A and S4C). Central chondrocytes are globular and
visibly larger than those at the periphery. Groupings of chon-
drocytes with a similar cellular morphology are present bi-
laterally on the dorsal part of the notochord (Figs. S4A and
S4D), revealing the presence of cartilaginous elements that
were not observed on cleared and stained specimens. These
elements were found only in the posteriormost region of the
caudal fin, attached to the elastic layer of the notochord.

The ventromedian rod lies ventral to the notochord and
is formed by a random stacking of globular cells (Figs. S4E
and S4F). This rod is at least two to three times higher than
the dorsomedian rod. Chondrocytes located ventrally are no-
ticeably different from those in the center. These cells repre-
sent the proximal extremity of the fin support, anchored in
the ventromedian rod. Increase in shape and size is visible
among the cells, as well as the delimitation between cells of
the ventromedian rod and the base of the fin support (Figs.
S4E-S4G).

Fin supports and branchial arches are similar at both
macro- and microscopic levels (Figs. 3E and 4A), and com-
posed of the same type of chondrocytes (closely stacked and
elongated with very little ECM) (Figs. S4 and S5). However,
the stacking and the shape of chondrocytes in the branchial
arches are slightly more regular between rows (Fig. 4E). In fin
supports, chondrocytes show various sizes and shapes with
largest chondrocytes being at the periphery (Fig. 5A).

Size series and skeletogenesis of Euphanerops

longaevus

The size series is composed of 216 specimens of Euphanerops
longaevus ranging from 2 to 278 mm TL (Fig. 6D) includ-
ing previously described Euphanerops longaevus and most of
Scaumenella mesacanthi. Of the specimens identified distinctly
as Euphanerops longaevus, three morphotypes are recognized
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Fig. 4. Annular cartilage and branchial apparatus in Petromyzon marinus and Euphanerops longaevus. (A) Adult skeleton of Petromy-
zon marinus (S4-1, 114.1 mm TL), apical cartilages not shown since not visible. (B) Adult specimen Euphanerops longaevus MHNM
01-123. (C) Head skeleton of juvenile specimen of Euphanerops longaevus MHNM 01-213. (D) Head skeleton of adult specimen of
Euphanerops longaevus MHNM 01-123. (E) Stacking of chondrocytes in mid-section of branchial arch 7 of ammocoete of Petromyzon
marinus (CMNFI 2013-0017-S1-41, 75.2 mm TL). (F) Developing cartilaginous protuberances during metamorphosis of Petromyzon
marinus, branchial arches 6 and 7 of a stage-5 ammocoete (S3-13, 142.9 mm TL). (G) Adult Euphanerops longaevus MHNM 01-135
three-sized branchial elements. (H) Adult Euphanerops longaevus MHNM 01-123 branchial skeleton. Anatomical abbreviations:
a, arcualia; ad, anterior dorsal; al, anterior lateral; ann.cart, annular cartilage; ba, branchial arch; br, branchial ring; co, cop-
ula; eh, extra hyal; ep, epitrematic bar; eppr, epitrematic protuberance; hy, hypotrematic bar; hyb, hypobranchial bar; hypr,
hypotrematic protuberance; inpr, inferior process; Iw, lateral wall of the neurocranium; mde, mediodorsal element; n, noto-
chord; nc, nasal capsule; oc, otic capsule; p, piston; pa, parachordal; pd, posterior dorsal; per, pericardial cartilage; pl, posterior
lateral plate; soa, subocular arch; soap, pillar of the subocular arch; st, stylet; sub, subchordal bar; supr, superior process; tr,
trabecula; va, velar arch; vp, velar plate. Large horizontal arrows point anteriorly. Scale bars: 5 mm (A), 3 mm (B-D), 0.1 mm
(E), and 1 mm (F).

based on (1) presence/absence of skeletal elements (Fig. 7 and
Table S2), (2) structure of the developmental trajectory with
alternation of thresholds (i.e., periods of numerous additions
of skeletal elements) and stases (i.e., periods of few additions
of skeletal elements) (Fig. 7), and (3) lengths of skeletal ele-
ments relative to TL (Fig. 6C).

The developmental trajectory of Euphanerops longaevus
shows a main threshold at the beginning of the size se-
ries (around 10 mm TL), with the addition of numerous
skeletal elements followed by a stasis (between 40 and
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90 mm TL); a second threshold is present between 90
and 100 mm TL, showing the transition between morpho-
types 2 and 3 followed by a stasis between 100 and up to
278 mm TL (Fig. 7). Morphotype 1 is defined by the nu-
merous addition of anatomical elements associated with
TL increase (i.e., 19 neurocranial, branchial, and axial ele-
ments out of 26 elements) (Fig. 7). Morphotype 2 is char-
acterized by the stasis of few anatomical changes (Fig.
7). Morphotype 3 is characterized by the addition of few
anatomical changes (Fig. 7), a complex branchial skeleton
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Fig. 5. Dorsal fin in Petromyzon marinus and dorsal and anal fins in Euphanerops longaevus. (A) Second-order bifurcation in the
second dorsal fin of ammocoete of Petromyzon marinus (CMNFI 2013-0019-S2-02, 103.4 mm TL) and detailed morphology of
stacked chondrocytes in a dorsal fin support. (B) Euphanerops longaevus MHNM 01-123 and details of the dorsal fin (purple),
the anal fin(s) (yellow), and the cartilaginous background with spherulitic cartilage (orange). (C) Euphanerops longaevus MHNM
01-150 and details of the dorsal fin (purple) and the anal fin(s) (yellow). (D) Anal fin of immature Euphanerops longaevus MHNM
01-02 A. Anatomical abbreviations: an.fin support, anal fin support; d.fin support, dorsal fin support; dmr, dorsomedian rod;
no, notochord; nt, neural tube. Red asterisks indicate fin supports with first-order bifurcation whereas black ones are for
second-order bifurcation. Scale bars: (A) 0.1 mm, (B, D) 3 mm, except the orange rectangle in (B) 1 mm, and (C) 10 mm.
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and the completion of mineralization. Various orientations of
the body at burial have been observed: morphotype 1 shows
small specimens mostly preserved in lateral position (Figs. 2A
and 2B), morphotype 2 shows specimens mainly preserved
in dorsoventral position (Fig. S1), and morphotype 3 shows
larger specimens primarily preserved in lateral position
(Figs. 2C-2E).

There is a significant positive linear relationship between
the length of the head lateral plate and TL (n = 129, R? = 0.88,
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p value <2.2e-16, slope: 0.92) and the length of the branchial
basket and TL (n = 99, R? = 0.81, p value <2.2e-16, slope: 0.98)
(Figs. 6A and 6B). Analyses of variance of (1) head median
plate length/TL and (2) head lateral plate length/TL as a func-
tion of morphotypes show that there are significant differ-
ences between the morphotypes in (1) median plate length/TL
(ANOVA, p value = 1.53e-7), but no significant differences in
(2) lateral plate length/TL (ANOVA, p value = 0.1319). Fur-
thermore, pairwise comparisons of median plate length/TL
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Fig. 6. (A) Relationship between lateral plate length and TL. (B) Relationship between the branchial basket length and TL. (C)
Relationship between the ratio of median plate or lateral plates length and the TL in the three morphotypes. (D) Distribution
of the three morphotypes (ontogenetic stages) of Euphanerops longaevus according to the TL.
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between morphotypes show significant differences in each
pair (morphotypes 2-3: p value <0.0001; morphotypes 3-1: p
value = 0.006; morphotypes 2-1: p value <0.0001) (Fig. 6C).
However, we must consider that the TL of specimens of each
morphotype increases progressively although there are some
overlaps among morphotypes (Fig. 6D).

The three morphotypes are best interpreted as three on-
togenetic stages because of (1) the size of individual skele-
tal elements (Figs. 6A and 6B), (2) the increase in the num-
ber of skeletal elements with TL (Fig. 7), (3) the significant
differences in the lengths of skeletal elements among mor-
photypes (Fig. 6C), and (4) the distribution of morphotypes
along the size series (Fig. 6D). Morphotype 1 showing the
early development corresponds to the larval stage (166 spec-
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imens), morphotype 2 showing a step in the developmental
trajectory corresponds to the juvenile stage (30 specimens),
and morphotype 3 showing the completion of the mineraliza-
tion and sexual organs (i.e., intromittent organs) corresponds
to the adult stage (20 specimens).

Larvae (2-38 mm TL)

The first developmental stage available for Euphanerops lon-
gaevus is the larval period; no embryonic specimens have
been identified yet (as defined by Cloutier 2010). The gen-
eral body shape is filiform. In the smallest specimen (2 mm
TL, MHNM 01-269), the carbonaceous paired lateral plates
and median plate (carbon: 66.3% wt, Figs. 3A and 3B), the
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Fig. 7. Developmental trajectory (upper part) and sequence (lower part) of Euphanerops longaevus. Light grey background, im-
mature specimens preserved in dorsoventral position; horizontal dashed lines, putative presence of a structure; full boxes,

presence of a mineralized structure. Arrows indicate thresholds.
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two aggregates of mineralized matter in the otic region,
gill arches, and notochordal elements are already developed
(Fig. 7). The two aggregates of mineralized matter in the otic
region are composed of spherules of various diameters and
show several layers (calcium: 24.7% wt, phosphorus: 11.3% wt,
fluorine: 5.5% wt, Figs. 3C and 3D). Elements of the verte-
bral column, left and right arculia are present in specimens
as small as 6.8 mm TL (MHNM 01-224_3), followed by the
development of the epichordal lobe supports of the caudal
fin then the hypochordal lobe supports (11 mm TL (MHNM
01-251) and 15.7 mm TL (MHNM 01-265), respectively). At
9.6 mm TL (MHNM 01-224_2), the dorsomedian rod and the
gill rods developed, followed by the annular cartilage and
stylets (9.8 mm TL (MHNM 01-244_14) and 13.7 mm TL (MHNM
01-243)). The anal fin radials (14.4 mm TL, MHNM 01-227),
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basiventrals (14.5 mm TL, MHNM 01-237), rib-like elements
(i.e., black longitudinal elements below and perpendicular
to the notochord at the level where we found ribs in adults)
(15.8 mm TL, MHNM 01-239), and anal fin supports (21.8 mm
TL, MHNM 01-230) developed subsequently. Lastly, anteroven-
tral fins are observed as phantom imprints at 37.6 mm TL
(MHNM 01-295) (Fig. 7).

Juveniles (28-98 mm TL)

A pattern is recognizable in most specimens where the me-
dian plate is larger than the lateral cone-shaped elements
(Fig. 6C). The mineralized matter in the otic region is often
preserved. The mineralisation of skeletal elements (calcium
and phosphorus) such as the supports of the epichordal lobe
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(Fig. 3L), gill rods with stacked chondrocytes (Fig. 3]), the
annular cartilage (Figs. 3C and 3F), and anal fin radials and
supports (Figs. 3H-3K) are observed at this stage. The annular
cartilage is present as low relief overlaid by the median plate,
the stylets are also observed in relief overlaid by the lateral
plates in a dorsoventrally preserved specimen (MHNM 01-213,
Fig. 4C). Anteroventral radials and pelvic girdle are recorded
at 90 mm TL (MHNM 01-02 A) followed by the presence of in-
tromittent organs at 98 mm TL (NHM P6813) (Chevrinais et al.
(2018). The dorsoventral orientation at burial of the body of
most juveniles does not allow for an exhaustive anatomical
study of the specimens (Fig. S1).

Adults (90-278 mm TL)

The adult stage is characterized by the presence of anatomi-
cal structures such as the anteroventral fin supports (208 mm
TL, MHNM 01-317), the mediodorsal and notochordal carti-
lages (Chevrinais et al. 2018), and the late development of
dorsal fin supports (278 mm TL, MHNM 01-123) (Fig. 7). In the
larger and best-preserved specimen of Euphanerops longaevus
(MHNM 01-123), the annular cartilage and the stylets are also
observed, even if the right-side stylet is displaced and artifi-
cially looks like a dorsal spine (Figs. 2E and 4B-4D). At this
stage, a modification of the branchial apparatus is also ob-
served (Fig. 4G) showing the presence of skeletal elements
of three diameters (likely the epitrematic and hypotrematic
bars and protuberances) resembling those from the branchial
apparatus of Petromyzon marinus (Figs. 4E and 4F) in terms of
cellular composition and anatomical structure (Martin et al.
2009). Epitrematic and hypotrematic bars are identified in
MHNM 01-123; these are associated with seven arches of the
branchial apparatus (Fig. 4H). In MHNM 01-123, we identify
repeated elements below the branchial apparatus. These el-
ements have large chondrocyte vacuoles and are herein in-
terpreted as rib-like elements (Fig. 4H). The rib-like elements
are lying on a cartilaginous background (in grey in Figs 2E
and 3H, and in the orange rectangle in Fig. 5B).

In Euphanerops longaevus, the order of fin formation (and
largely of appendicular skeletal elements) during devel-
opment is as follows: (1) caudal fin (epichordal before
hypochordal), (2) “paired” anal fin(s), (3) paired anteroventral
fins (radials before supports), and (4) dorsal fin (supports be-
fore fusion of the dorsomedian rod elements and distal bifur-
cation) (Fig. 7).

Discussion

Our study has improved upon the pioneering works on the
lamprey median fins of Dohrn (1886) and Tretjakoff (1926).
Dorhn (1886) illustrated Flossenstrahlen (= fin rays) support-
ing a dorsal fin in a lamprey ammocoete. Our study describes
developmental events in the median fins at the specific stage
of ammocoete of the life history of Petromyzon marinus. New
information on the ontogeny of Euphanerops longaevus, and
the comparison with the ontogeny of Petromyzon marinus, al-
lows us to better identify some skeletal elements (otoliths,
branchial apparatus, fins) and provide a background for the
study of early vertebrate evolution.

In the growth series of Euphanerops longaevus we note a
low abundance of specimens between 100 and 200 mm TL
(Figs. 6 and 7). This gap is observed because the specimens
in this size range are often incomplete. Larval specimens
are found in the intertidal (slikke) siltstones and argillites
(“laminites” facies), whereas adult specimens are mostly
found in sandstone, shale, and laminites (Cloutier et al. 2011).
The sediments indicate that the environment at the burial of
large specimens was more energetic than the environment
at the burial of small specimens allowing the disarticulation
and decomposition of skeletons especially of poorly mineral-
ized species. The latest paleoenvironmental study on the Es-
cuminac Formation explains that the anaspids have the low-
est fossilisation potential because of their poorly ossified na-
ture; they represent <0.5% of the total relative abundance of
specimens (Cloutier et al. 2011). Given that more than 95% of
larval specimens of Euphanerops longaevus were initially identi-
fied as Scaumenella mesacanthi, their preservation in laminites
is rather exceptional. Therefore, the low number of fossilized
adults of Euphanerops longaevus reflects true absence of adults
in the ecosystem, suggesting that the deposits with adult
Euphanerops longaevus are allochthonous. The Escuminac pa-
leoestuary was probably a nursery for Euphanerops longaevus
where larvae were much more abundant than adults.

The cellular and chemical composition of the skeleton of
the Devonian Euphanerops longaevus recalls the structure of
the cartilage observed in the extant Petromyzon marinus. How-
ever, the Alcian blue stains the collagenous ECM in the lam-
prey while in Euphanerops longaevus, the cellular composition
is at least partially made of phosphorus and calcium, sug-
gesting the presence of a perichondrial mineralization when
phosphorus and calcium are observed in periphery of the
structure (Fig. 3) (Berio et al. 2021) or as suggested by Janvier
and Arsenault (2007), the presence of spherules of calcium
phosphate in the mineralized interterritorial matrix of carti-
lage (e.g., rib-like elements, mineralized matter in the otic re-
gion). Some elements lack (1) phosphorus and then are likely
made of calcified cartilage (e.g., hypochordal lobe supports)
or (2) lack both calcium and phosphorus and are likely made
of collagenous fibers only (e.g., median and lateral plates).
Based on our new ontogenetic observations on Euphanerops
longaevus, we identify seven of these enigmatic structures ob-
served by Janvier and Arsenault (2007) (Table 1).

Head skeleton

The recording of globular calcified cartilage in the anterior
part of the body (Fig. 2E, neuro. el) is characteristic of the
presence of a neurocranium but the poor preservation of the
shape of this element in Euphanerops longaevus does not allow
clear interpretation and reconstruction.

In the anteriormost part of the body, the presence of
a median plate has already been interpreted as an un-
paired sensory organ and likely the nasal sac (Janvier and
Arsenault 2007; van der Brugghen 2017). This character is
shared with other agnathans, like Jamoytius kerwoodi. In that
taxon, however, an alternative interpretation is the annu-
lar cartilage (Ritchie 1968). In Euphanerops longaevus, both
the annular cartilage and the median plate are observed
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Table 1. Comparison between Janvier and Arsenault (2007) interpretation and the new interpretation

concerning the anatomy of Euphanerops longaevus.

Arsenault and Janvier (2007)

Chevrinais et al. (2018)

This study

White line
Doughnut-shaped structure

“Myomeres”

Black line

“Skin imprints”

“Scales”

Mineralized matter in the otic region
“Diffuse mineralized matter”

Ventral arcualia
“Posterior haemal series”
Anterior haemal series

Possible pericardiac cartilage and
“diffuse mineralized matter”

“Intermuscular elements”

“Median stain”

“Lateral stains”, traces of cartilaginous
plates protecting the snout or paired eyes

Dorsal arcualia

Notochord

Notochord

Semicircular canals because of the
association with the otoliths

Otoliths

Stylets associated with the annular
cartilage

Left and right arcualia
Haemal elements
Notochordal cartilages

Pelvic disks and intromittent
organs

Branchial apparatus

Cartilaginous layer external to the
olfactory organ

Eye lenses

Dorsal fin supports and dorsomedian rod

Note: Empty cells are for “not re-interpreted”.

simultaneously in 48 specimens (Table S2); therefore, we pro-
pose that the median plate corresponds to the layer located
externally to the epithelium of the olfactory organ as in
Petromyzon marinus (Green et al. 2017). The nasal capsule is
also present in Petromyzon marinus, but it is posteriorly located
in the neurocranium in comparison to Euphanerops longaevus.
Therefore, our interpretation in Euphanerops longaevus is based
on the median position of this element and the homology in
terms of chemical composition (essentially carbon) with the
solid semicircular ring of cartilage surrounding the olfactory
mucosa of Petromyzon marinus (Van Denbossche et al. 1997).
Lateral to the ring of cartilage surrounding the olfactory
organ are the paired carbonaceous lateral plates (Figs. 2,
3A, and 3B) in Euphanerops longaevus. Janvier and Arsenault
(2007) interpreted these lateral plates as traces of cartilagi-
nous plates protecting the snout or paired eyes. Among Es-
cuminac species, eye lenses have also been observed in juve-
nile Homalacanthus concinnus (Gagnier 1996), juvenile Triazeu-
gacanthus affinis (Chevrinais et al. 2017), juvenile Miguashaia
bureaui (fig. 7 in Cloutier 1996), juvenile Eusthenopteron foordi
(fig. 3 in Schultze 1984), and in juvenile Quebecius quebecensis
(R. Cloutier, personal observation). In other agnathans, these
lateral plates are also found and are interpreted as paired
eye stains in Jamoytius kerwoodi (Ritchie 1968) and optic cap-
sules in Scottish euphaneropids (van der Brugghen 2017). In
the Devonian lamprey Priscomyzon, eye lenses are also ob-
served (Miyashita et al. 2021). The presence of melanin has
been described in some fossil fish (Grogan and Lund 2000;
Lindgren et al. 2012) but scanning electron microscopic im-
ages of Euphanerops longaevus lateral plates do not reveal the
presence of spherulitic elements interpreted as melanosomes
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(Gabbott et al. 2016). In the extant lamprey Ichthyomyzon uni-
cuspis, eye lenses have a cone-shaped posterior morphology
when viewed in the axial plane (Collin and Fritzsch 1993). In
some specimens of Euphanerops longaevus the spherical aspect
of the lateral plates is not totally present and the cone-shaped
structure is observed (Figs. 2A-2C, and 4C). Along the growth
series, for every 1% increase in the TL, the lateral plates length
increases by about 0.9%. Our interpretation is then in favour
of the preservation of eye lenses in Euphanerops longaevus.

In adult lampreys, the annular cartilage supports the buc-
cal funnel and a pair of slender spine-like stylets articulate
with this complex (Hardisty 1981) (Fig. 4A, ann. cart, st). The
annular cartilage and the stylets develop simultaneously and
relatively early during the larval stage in Euphanerops lon-
gaevus (Fig. 7). The labelling of those structures follows the
identification in lamprey, however, this does not imply ho-
mologies between lamprey and Euphanerops longaevus skele-
tal elements. Another interpretation for the stylets could
be the presence of displaced dorsal spines in Euphanerops
longaevus, but the histological composition does not corre-
spond to a dermal structure because of the presence of large
chondrocyte vacuoles, whereas dermal spines are made of
hydroxyapatite and lack a cartilaginous precursor during
early ontogeny (Chevrinais et al. 2015a). Our new interpre-
tation based on the anatomy of Petromyzon marinus allow us
to specify that the element identified by Janvier and Arse-
nault (2007) as the “anterior ventral rod” and the “diffused
mineralized matter” correspond to the left and right stylets,
respectively.

Even in the smallest specimens of Euphanerops longaevus,
paired brownish ovoid elements identified as “mineralized
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matter in the otic region” by Janvier and Arsenault (2007)
(Figs. 2A, 2B, and 2D) are present. A recent interpretation
of similar elements emerges from van der Brugghen (2015)
about the anaspid-like Ciderius cooperi, in which these ele-
ments are described as “parachordal elements”, which are
skeletal elements surrounding the notochord. These are
likely homologous to notochordal cartilages found dorsally
to the notochord in Petromyzon marinus and ventrally and dor-
sally to the notochord in Euphanerops longaevus (Chevrinais
et al. 2018). However, the chemical composition recorded
in Euphanerops longaevus does not agree with this hypoth-
esis. These mineralized elements are also present in the
Scottish species of Euphaneropidae (Achanarella trewini and
Cornovichthys blaauweni) (Newman and Trewin 2001; Newman
2002) and are interpreted as otic capsules (van der Brugghen
2017). In the extant lamprey, Lampetra planeri, the otic cap-
sules are in the posterior part of the neurocranium and are
made of cartilage, but an amorphous otolith is also present,
made of aggregates of numerous spherical otoconia com-
posed of carbonate-rich fluorapatite (i.e., apatite) (Avallone et
al. 2007). The position of lamprey otolith relative to the head
is similar to that of jawed vertebrate otoliths or statoconia
(Schultze 1990), and their microscale morphology recall the
spherules present in Euphanerops longaevus (Lychakov 1995).
Therefore, we interpret the mineralized matter in the otic re-
gion of Euphanerops longaevus as otoliths, similar in composi-
tion to lamprey otoliths. During the ontogeny in Euphanerops
longaevus, these elements are present in larvae and juveniles
but are difficult to observe in adults. Most likely these ele-
ments are not visible in an adult Euphanerops longaevus be-
cause of a progressive formation of the neurocranium cov-
ering these elements during ontogeny.

The structure of the branchial cartilage is similar between
Petromyzon marinus (Fig. 4E) and Euphanerops longaevus (Fig. 3]),
both of which have stacked chondrocytes. In addition, the
topology of the branchial elements is also similar with the
presence of epitrematic and hypotrematic bars and seven
arches in adults (Figs. 4A and 4H). This similarity differs
from Janvier et al. (2006), likely because they described the
branchial apparatus in immature specimens. In MHNM 01-
123 (Fig. 2E), ventral to the notochord, there are three dif-
ferent types of cartilaginous elements (Fig. 4G). First, the
branchial apparatus shows seven arches with epitrematic
and hypotrematic bars consisting of stacked chondrocytes
(Fig. 4H). Second, more ventrally, a cartilaginous background
without any particular topology with spherulitic cartilage
and repeated rod shape structures resembling ribs is ob-
served (Fig. 4H). Ventrally, radials, fin supports and meso-,
meta-, and pterygium-like elements of the paired anteroven-
tral fins are observed from the posterior extremity of the an-
nular cartilage to the pelvic region (Chevrinais et al. 2018).
In this context, the numerous structures originally inter-
preted as “gill-ray like mineralized rods” (Janvier and Arse-
nault 2007, fig. 25) could rather be numerous elements of
the elongated anteroventral paired fins (supports) in adults.
In the smallest specimens (larval and juvenile specimens),
the branchial apparatus shows up to 30 vertical structures
that could be interpreted as gill bars. However, those vertical
structures are not preserved well enough for us to state that

each structure represents an individual arch. If each struc-
ture represents an individual arch, the presence in smallest
specimens of up to 30 gill bars in comparison with what we
observe in adult specimens (up to seven bars) suggests either
(1) a complete remodelling of the branchial region during on-
togeny or (2) a taphonomic bias erroneously showing seven
arches preserved in the adult or 30 gill bars in immature spec-
imens. Even if the number of gill bars is higher in immatures
than in adults, the relative proportion of the branchial bas-
ket remains constant as TL increases (for every 1% increase in
TL, the branchial basket length increases by about 1%). If fu-
ture studies reject the taphonomic bias hypothesis, this con-
dition in Euphanerops longaevus differs from that in Petromy-
zon marinus in which the number of branchial arches is es-
tablished early in the larval stage and remains unchanged
through metamorphosis and the adult stage (Hardisty 1981).

Postcranial skeleton

Chevrinais et al. (2018) concluded that a few postcra-
nial characters of Euphanerops longaevus (e.g., regionaliza-
tion of the vertebral column, pelvic girdle, intromittent or-
gan) occurred prior to the origin of jawed vertebrates, even
though these features are generally considered as gnathos-
tome synapomorphies.

One of the most important characters in the early evolu-
tionary history of vertebrates is the presence of fins (Coates
1993; Wilson et al. 2007). Janvier and Arsenault (2007) did not
recognize the presence of a dorsal fin in Euphanerops longaevus.
They suggested the presence of “dorsal arcualia” where we
identify dorsomedian rod elements and dorsal fin supports
located dorsally to the notochord, above the dorsal arcualia
(Fig. 5B). Among dorsal fin supports, some of them are bifur-
cating distally (Fig. 5B). However, in the other naked-anaspid
taxa of the Escuminac Formation, the presence of a dorsal
finfold has been proposed in Endeiolepis aneri (synonym Eu-
phanerops longaevus) (Janvier 1996a) and the presence of dor-
sal fin elements has been suggested in Legendrelepis parenti
(Arsenault and Janvier 1991). The dorsal fin of anaspids lacks
endoskeletal elements; a dorsal row of scutes extending on
the anterior half of the dorsal border has been observed in
Birkenia, Pterygolepis, Rhyncholepis, Pharyngolepis, and Lasanius
(Stensio 1939; Wu et al. 2021). The presence of bifurcating
fin elements made of cartilage in Euphanerops longaevus, simi-
lar to those in the dorsal fins observed in Petromyzon marinus,
further give credence to the interpretation by Chevrinais et
al. (2018) that the structures previously identified as dorsal
arcualia indeed support a dorsal fin.

The anal fin in Euphanerops longaevus has been recognized
for a long time; however, its paired condition is still debated
(Janvier and Arsenault 2007; Sansom et al. 2013; Chevrinais
et al. 2018). Because our study did not give any new evidence
about the presence of a single or paired anal fin(s), we use
the term “anal fin(s)” in Euphanerops longaevus. The anal fin is
normally absent from Petromyzon marinus, but has been excep-
tionally reported in two female specimens of Petromyzon mari-
nus (Vladykov 1973; Vladykov and Kott 1980); it may represent
an atavistic expression of a plesiomorphic condition (Renaud
2011). The plesiomorphic condition being represented by the
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presence of anal fin(s) in Euphanerops longaevus (Janvier and
Arsenault 2007; Sansom et al. 2013), some other anaspids,
and one thelodont (Larouche et al. 2019). In osteostracans, a
horizontal caudal lobe has been identified but the homology
with the anal fin is unclear (Sansom 2009).

Comparative ontogeny of Petromyzon marinus and Eu-
phanerops longaevus reveals similarities in multiple systems:
e.g., olfactory organ, eye lenses, annular cartilage, otoliths,
branchial apparatus, dorsal fin. This information, added to
the description by Chevrinais et al. (2018), supports a shared
evolutionary history between lampreys and jawless fish be-
longing to Euphaneropidae. The evolutionary history of early
vertebrates should be further investigated using morpholog-
ical and developmental analyses that include all the species
belonging to Euphaneropidae and new phylogenetic analyses
of early vertebrates conducted.
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