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Abstract

The recently proposed superfamily Lamnoidea for a clade uniting two lamniform shark families,
Otodontidae and Lamnidae, as sisters is reviewed. The fact is that there is so far not even one decisive
diagnostic character supporting the validity of the proposed superfamily, where the phylogenetic affinity of
Otodontidae within Lamniformes remains uncertain. Therefore, the ‘Lamnoidea hypothesis’ is unfounded.
This paper highlights the fact that, besides the need for valid taxonomic characters and careful
consideration of the fossil record, the practice of erecting higher taxonomic categories should be conducted
with caution, particularly for a phylogenetically uncertain group like Lamniformes.
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Introduction

Otodontidae is an extinct shark family belonging to the order Lamniformes and represents a clade that
consists of Cretalamna, Kenolamna, Megalolamna, and Parotodus, as well as the so-called megatooth
shark (Otodus) lineage typified by O. megalodon (Cappetta 2012; Shimada et al. 2017; Siversson et al.
2015). Recently, Greenfield (2022) provided a list of otodontid skeletal remains and proposed a new
taxonomic hypothesis. While the compilation of otodontid skeletal data is commendable, Greenfield (2022)
contended that Otodontidae is sister to the family Lamnidae, that includes some extant taxa (Carcharodon,
Isurus, and Lamna) as well as several extinct forms (Carchariolamna, Carcharoides, Carcharomodus,
Isurolamna, Karisurus, Lethenia, and Macrorhizodus) (see Cappetta 2012; Kriwet et al. 2015). Greenfield
(2022) even erected a new superfamily Lamnoidea that represents a clade consisting of Otodontidae and
Lamnidae (fig. 1A). This present brief communication is to illuminate problems with Greenfield’s (2022)
‘Lamnoidea hypothesis.’
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Unfounded ‘Lamnoidea hypothesis’

The most problematic aspect of Greenfield's (2022) taxonomic proposal is the fact that there is not even
one decisive diagnostic character for the new superfamily Lamnoidea. Greenfield (2022) discussed three
potential characters as evidence for the close phylogenetic affinities between Otodontidae and Lamnidae.
They are: 1) robust, calcified rostral cartilages with circular transverse cross-section and without fenestrae
and appendices; 2) regional endothermy; and 3) “the loss of lateral cusplets and acquisition of serrations in
the teeth of derived species” (p. 5). However, as discussed below, these features cannot be used to define
Greenfield’s (2022) Lamnoidea uniting Otodontidae and Lamnidae.

Greenfield (2022, pp. 5-6) discussed a rostral specimen from the Pliocene of North Carolina, USA, that
was originally described by Mollen & Jagt (2012) by referring to it as coming from Otodus megalodon or
Parotodus benedeni. However, it must be pointed out that Mollen & Jagt (2012) explicitly noted that the
exact taxonomic identity of the fossil specimen is uncertain, where it could even belong to an extinct
species of Lamnidae, specifically Carcharodon hastalis. Greenfield (2022, fig. 2) also presented a
‘composite reconstruction’ of a generalized otodontid head with the jaws of Cretalamna described by
Shimada (2007) combined with an outline of Mollen & Jagt's (2012) taxonomically uncertain fossil rostral
specimen; however, the scientific merit of such an artificial cranial reconstruction is highly questionable
given the taxonomic uncertainty of the fossil material because the rostral specimen was an isolated find
and did not accompany any teeth. In addition, the use of the robustness and calcification level of rostral
cartilages cannot be a character even for Lamnidae given that such robust, ‘hypercalcified’ rostral
cartilages are confined to the genus Lamna among the extant lamnids (Compagno 1988, 1990; Mollen et
al. 2012; Maisey & Springer 2013).

Greenfield (2012) used the presence of regional endothermy to unite Otodontidae and Lamnidae. At least
some taxa of Otodontidae, such as Cretalamna and Otodus, are interpreted to have been regionally
endothermic (Ferron 2017), but this thermophysiological hypothesis still needs additional support. More
critically, regional endothermy apparently evolved in multiple lamniform lineages independently of one
another, including the common thresher sharks, Alopias vulpinus, besides Lamnidae and putatively
Otodontidae (Sternes et al. 2022, and references therein; vs. Pimiento et al. 2019). This taxonomic
distribution of regional endothermy in Lamniformes, in turn, suggests that it is premature to use regional
endothermy as evidence for the sister relationship between Otodontidae and Lamnidae. In addition,
Greenfield (2022, p. 5) stated that “Previous authors (Kent 1999; Ferrén 2017; Pimiento et al. 2019) briefly
suggested a sister group relationship between the families Otodontidae and Lamnidae.” However,
Greenfield’s characterization of their works is inaccurate, and certainly inappropriate to use as evidence for
the close phylogenetic link between the two families, particularly because none of those authors conducted
any phylogenetic analysis but rather mere taxonomic discussion (Kent 1999) or character mapping (Ferrén
2017; Pimiento et al. 2019) each using an already-existing, non-comprehensive phylogenetic framework.

Mitsukurinidae — Mitsukurinidae
Alopiidae Alopiidae
— 1 r— Odontaspididae —_ Carchariidae
_E Pseudocarchariidae Megachasmidae
Megachasmidae — Odontaspididae
Carchariidae — TOtodontidae
— Cetorhinidae Pseudocarchariidae
7_|: tOtodontidae Cetorhinidae
* Lamnidae A Lamnidae
fig. 1. Simplified family-level lamniform phylogeny showing all extant clades and tOtodontidae (dagger [1] indicates extinct; note

that other extinct lamniform families are not depicted). A, phylogenetic tree proposed by Greenfield (2022) showing sister
relationship between tOtodontidae and Lamnidae in which the clade uniting them (asterisk [*]) represents the newly
erected superfamily Lamnoidea. B, parsimonious systematic position of tOtodontidae with respect to the position of
Lamnidae based on presently available evidence (see text; modified after Sternes et al. 2022; note that a large portion of
the phylogenetic tree remains unresolved due to conflicting results based on various molecular and morphological studies:
see Stone & Shimada 2019).
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Although Otodontidae is recognized as a taxonomically distinct lamniform family (e.g., Cappetta 2012;
Shimada et al. 2017), it should be noted that there has not been even one character-based phylogenetic
analysis compellingly and decisively suggesting the exact phylogenetic affinity of Otodontidae within
Lamniformes.

Greenfield (2022, p. 5) considered “the loss of lateral cusplets and the acquisition of serrations in the teeth
of derived species”, presumably referring to the morphological trend seen from Cretalamna or the earliest
Otodus to derived Otodus (e.g., O. megalodon) for Otodontidae (e.g., Ballell & Ferron 2021) and from
Lamna to Carcharodon (e.g., implicitly by Cappetta 2012, p. 210), as characters uniting Otodontidae and
Lamnidae. However, such processes (‘loss’ and ‘acquisition’) must not be treated as synapomorphies or
homologies (sensu Patterson 1982, 1988), especially because homologies should be framed as statements
about patterns (i.e., observed conditions) and should not imply processes or mechanisms (Hall 1992,
1994). On another philosophical basis, it is worth pointing out that if the presence of lateral cusplets is
plesiomorphic for a clade, the only possible evolutionary transformation, if it happens, would be a ‘loss’ of
lateral cusplets as an apomorphic default. Likewise, if the absence of serrations is plesiomorphic for a
clade, the only possible evolutionary transformation would be an ‘acquisition’ of serrations as an
apomorphic default. Just because both families underwent the same evolutionary transformations do not
necessarily indicate that they have a sister relationship.

Greenfield’s (2022, fig. 4) phylogenetic tree depicted the basking shark family Cetorhinidae to be sister to
the proposed Lamnoidea consisting of Otodontidae and Lamnidae (fig. 1A). However, there is very strong
support for the sister relationship between Cetorhinidae and Lamnidae based on both molecular and
morphological data (Naylor et al. 2012; Stone & Shimada 2019 and references therein; Vella & Vella 2020).
Molecular data have suggested that the divergence between Cetorhinidae and Lamnidae took place during
the Cretaceous (e.g., Martin et al. 2002; Heinicke et al. 2009), but it is generally accepted that Cetorhinidae
is a Cenozoic taxon (e.g., Friedman et al. 2010; Shimada et al. 2015) with the oldest known fossil record
from the middle Eocene (Cappetta 2012; Welton 2013, 2015). Otodontidae has a geologic origin in the mid-
Cretaceous represented by Kenolamna and Cretalamna (Shimada et al. 2017 and references therein),
whereas the oldest taxon of Lamnidae represented by Isurolamna in the lower Paleocene, followed by
Macrorhizodus in the lower Eocene (Cappetta 2012 and reference therein). If Otodontidae and Lamnidae
are sister taxa that originated no later than the early Paleocene, then the evolutionary origin of Cetorhinidae
should be traced back to at least the Cretaceous, but the present fossil record does not support it.
Therefore, besides the fact that none of Greenfield’s (2022) characters is sufficient to justify the sister
relationship between Lamnidae and Otodontidae as discussed above, more critically, the fossil record
among Cetorhinidae, Lamnidae, and Otodontidae does not corroborate Greenfield's Lamnoidea
hypothesis.

Concluding remarks

Traditionally, the phrase ‘lamnoid’ was used synonymously as ‘lamniform’ at the taxonomic rank of order
(e.g., ‘lamnoid shark’ and ‘lamnoid tooth pattern’: Taylor et al. 1983; Compagno 1977, 1984, 1988, 1990,
2002; Shimada 2002). Greenfield's (2022) ‘Lamnoidea’ concept that uses the phrase in a confined,
taxonomically ambiguous way introduces considerable confusion in lamniform systematics. The fact is that
a large portion of the lamniform phylogeny remains unresolved due to conflicting results based on various
molecular and morphological studies of extant taxa (fig. 1B; see Stone & Shimada 2019). Nevertheless, the
presently available phylogenetic data and fossil record (see above for references) suggest that it is more
parsimonious to consider Cetorhinidae to be a sister of Lamnidae, which would place Otodontidae outside
of the clade uniting them (fig. 1B) and concomitantly rejects Greenfield’'s (2022) Lamnoidea hypothesis that
was proposed based on unfounded characters. Furthermore, the reality is that exactly how close
Otodontidae is phylogenetically to the Cetorhinidae-Lamnidae clade also remains uncertain (fig. 1B).

It must be emphasized that erecting a new taxonomic category, like Greenfield’'s (2022) ‘superfamily
Lamnoidea,” should be avoided without valid character-based justifications and consideration of the
stratigraphic record of each taxon. For example, the overwhelming amount of morphological and molecular
evidence suggesting the sister relationship between Cetorhinidae and Lamnidae (Stone & Shimada 2019
and references therein; Vella & Vella 2020) is tempting to erect a new superfamily for the clade uniting
them. However, if the oldest fossil record of Cetorhinidae from the mid-Eocene is considered at face value
to be close to its divergence time from Lamnidae, it would mean that the cetorhinid clade is nested within
Lamnidae because of the presence of the two extinct lamnid genera, Isurolamna and Macrorhizodus, that
evolved before the mid-Eocene (see above for references). If so, the presently known family Lamnidae
including fossil taxa is non-monophyletic (specifically paraphyletic), and the question of whether a
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‘superfamily’ uniting Lamnidae and Cetorhinidae should include Isurolamna and Macrorhizodus must be
carefully evaluated. The point of this present commentary is to highlight that, besides the importance of the
need for valid taxonomic characters and consideration of the fossil record, the practice of erecting higher
taxonomic categories should be conducted carefully, especially for a phylogenetically uncertain taxonomic
group like Lamniformes.
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Additions to “List of skeletal material from megatooth sharks”, with a response to
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Abstract

More specimens are added to the list of skeletal material from megatooth sharks. These include one of the
most complete otodontids to date, an exceptional skeleton of Cretalamna with preserved soft tissues. It has
important implications for the body form and phylogenetic position of otodontids. Criticisms of the
Lamnoidea hypothesis by Shimada (2022) regarding taxonomy, phylogeny, and anatomical and
physiological characters are addressed. Contrary to his paper, a sister group relationship between
Otodontidae and Lamnidae remains the most parsimonious explanation.

keywords: Lamnoidea, Cretalamna, Otodus, skeleton, bauplan, physiology, phylogeny, taxonomy

Institutional abbreviations

IRSNB Institut royal des Sciences naturelles de Belgique, Brussels, Belgium

MIM MIM Museum, Beirut, Lebanon

SDM State Darwin Museum, Moscow, Russia

USNM National Museum of Natural History, Washington, District of Columbia, USA

Additions to the list

One specimen of Otodus auriculatus (Zhelezko & Kozlov 1999) and one specimen of Cretalamna sp. (Pfeil
2021) are added to the list, bringing the total to 25 specimens. Other specimens described by Pfeil (2021)
were excluded because they were deposited in private collections. Another specimen of Cretalamna sp.
(TrbuSek 1999) was excluded because it too was deposited in a private collection. An updated version of
Figure 1 from Greenfield (2022) is shown in Figure 1. An additional paper describing IRSNB P 9893, a
specimen of O. megalodon already included in the list, was recently published (Cooper et al. 2022).

genus Cretalamna Glickman, 1958
species C. sp.
specimen: MIM unnumbered
material: mostly complete and articulated specimen consisting of the dentition and
jaws, cranium and vertebral column with soft tissue outline, and first dorsal
and one pectoral fins
provenance: Hjoula lagerstatte, Sannine Formation, Lebanon
age: middle Cenomanian, Late Cretaceous
reference: Pfeil 2021
note: This specimen was originally assigned to C. appendiculata, but that

species has only been confidently identified in the Cenomanian-Turonian
of Europe (Siversson et al. 2015). Given the preliminary state of its
preparation and the likelihood that it is a new species, it is not referred to
any named species here.
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genus Otodus Agassiz, 1838
species O. auriculatus (Blainville, 1818)
specimen: SDM Zh-U1/E12
material: unspecified number of teeth, Meckel's cartilage fragment, and unspecified
number of vertebrae
provenance: Shorym Formation, Kazakhstan
age: middle Bartonian, middle Eocene
reference: Zhelezko & Kozlov 1999
note: This specimen was originally designated as a paratype of O. poseidoni

poseidoni. However, most species and subspecies named by Zhelezko &
Kozlov have been rejected (Ehret & Ebersole 2014). O. p. poseidoni is
here considered a junior synonym of O. auriculatus.

Response to Shimada (2022)

Status of Lamnoidea

Shimada mistakenly claimed that Lamnoidea was a new taxon that | erected. The subfamily ‘Lamnini’ was
named by Bonaparte (1835), with its suffix later corrected to Lamninae following Articles 11.7.1.3 and 29.2
of the Code (ICZN 1999). The Principle of Coordination, Article 36.1 of the Code, states that “a name
established for a taxon at any rank in the family group is deemed to have been simultaneously established
for nominal taxa at all other ranks in the family group”. These names have “the same authorship and date
at every rank”. Thus, Bonaparte also established the family Lamnidae and superfamily Lamnoidea, even
though he did not use these names. While Lamnoidea was first used by Jordan & Gilbert (1882), its
authorship must be attributed to Bonaparte (1835). | simply redefined Lamnoidea to apply to the
Otodontidae+Lamnidae clade, repurposing it after its infrequent and inconsistent usage in the past. This
was done specifically to avoid creating a new name for a tentative hypothesis. All of this information was
outlined in Greenfield (2022), but was overlooked nonetheless.

Rostral nodes and cartilages

Shimada questioned my identification of six rostral nodes (USNM 474994-99) from the early Pliocene
Yorktown Formation of North Carolina. | identified them as either Otodus megalodon or Parotodus
benedenii, the two otodontids currently known from this formation. Mollen & Jagt (2012) previously
identified them as a member of Otodontidae or Lamnidae. An assignment to Lamnidae can be dismissed,
regardless of Shimada'’s unjustified suggestion otherwise.

A

Teeth and jaws - 1
Oligocene - 4 Complete specimen - 1

Pliocene - 7

Teeth, crania/jaws, vertebrae - 3 Teeth and vertebrae - 8

Late Cretaceous - 4

Vertebrae - 5

Eocene - 4 Miocene - 6

Rostral nodes - 7

New Zealand - 1

0. obliguus - 1

C.sp.-1 Lebanon - 1

C. maroccana - 1 0. megalodon/P. benedenii -7  Kazakhstan - 1
C. hattini - 1 Isrfanel-1 USA-9

C. bryanti - 1 Denmark - 1

0. auriculatus - 3 Australia - 1

Morocco - 2

0. angustidens - 4 0. megalodon - 6 Japan - 4

Belgium - 4

fig. 1. Updated data from the list represented as pie charts. The charts are broken down by age (A), material (B), species (C),
and provenance (D).
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Three lamnids are known from teeth found in the Yorktown Formation: Isurus oxyrinchus, Carcharodon
carcharias, and Carcharodon hastalis (Purdy et al. 2001; Maisch et al. 2018). The rostral nodes of Isurus
and Carcharodon are not as calcified and robust as the Yorktown specimens. Their lateral rostral cartilages
attach to the node after conjoining with each other at an angle, instead of attaching separately and parallel
to each other like the Yorktown specimens (Mollen & Jagt 2012; Mollen et al. 2012). The Yorktown
specimens are most similar to Lamna in their degree of calcification and robusticity, but are still
distinguished by the separate and parallel lateral rostral cartilages (Mollen & Jagt 2012; Mollen et al. 2012).
These differences were discussed in the text and illustrated in Figure 3 of Greenfield (2022). The most
parsimonious option is that the Yorktown rostral nodes belonged to an otodontid. Their morphology does
not match the lamnids, or any other lamniforms, from the formation. Assigning them to Lamnidae would
require the extra assumptions that an extinct lamnid genus unknown from teeth existed in the formation
and that it had a rostral character which is not present in any extant lamnids. This is especially unlikely
because known extinct lamnid genera (e.g., Carchariolamna, Carcharoides, Lethenia) all disappeared
before the Pliocene (Cappetta 2012).

Shimada also disputed the validity of robust, calcified rostral cartilages lacking fenestrae or appendices as
a synapomorphy of Otodontidae and Lamnidae. He is correct that Isurus and Carcharodon have less
calcified and robust rostral cartilages than Lamna. However, this does not negate the fact that the character
is only found in Lamnidae among extant lamniform families. Additionally, Lamna is recovered as the
basalmost lamnid in both morphological and molecular analyses (Veléz-Zuazo & Agnarsson 2011; Naylor
et al. 2012; Stone & Shimada 2019; Vella & Vella 2020). This indicates that the reduced calcification and
robusticity in Isurus and Carcharodon is a derived state, while Lamna-like rostral cartilages were the
ancestral state for lamnids. Combined with the identification of the Yorktown nodes as an otodontid, it
suggests that the most recent common ancestor of Otodontidae and Lamnidae had robust, calcified rostral
cartilages without fenestrae or appendices. Since no other lamniforms have that character, and there is no
evidence of homoplasy, it is a valid synapomorphy that supports the Lamnoidea hypothesis.

Regional endothermy

Shimada doubted regional endothermy as another synapomorphy of Otodontidae and Lamnidae. He noted
that it evolved independently twice in extant lamniforms, in Alopiidae and Lamnidae, so its appearance in
Otodontidae could likewise be homoplasic. Although this scenario is possible, it is less parsimonious to
assume that regional endothermy evolved three times rather than two (Ferrén 2017). If it developed only
twice, this means that Otodontidae would have to be the sister group to either Alopiidae or Lamnidae. No
other characters uniting alopiids and otodontids to the exclusion of other lamniforms have been proposed.
The aforementioned rostral morphology of otodontids also contradicts a close relationship with alopiids.
Therefore, it is still most likely that otodontids are the sister group to lamnids. Physiological characters in
extinct taxa are admittedly more uncertain than skeletal characters due to the absence of direct
observation. Yet, the available evidence supports regional endothermy as a synapomorphy of Otodontidae
and Lamnidae.

Relationships of Cetorhinidae

Shimada stated that a sister group relationship between Cetorhinidae and Lamnidae was recovered in
morphological and molecular analyses. He reasoned that this point refutes the Lamnoidea hypothesis, but
that notion is incorrect. Firstly, all of the cited analyses (Naylor et al. 2012; Stone & Shimada 2019; Vella &
Vella 2020) excluded otodontids. They did not actually test if Otodontidae is outside of the
Cetorhinidae+Lamnidae clade. Secondly, cetorhinids and lamnids being sister groups is not as well
supported as Shimada implied. At least two molecular analyses have placed Cetorhinus as sister to ‘sand
tiger sharks, one to Odontaspis/Odontaspididae (Veléz-Zuazo & Agnarsson 2011) and one to
Carcharias/Carchariidae (Naylor et al. 2012; this analysis was miscited by Shimada). Caucasochasma
zherikhini, a basal cetorhinid from the early Oligocene of Russia (Prokofiev & Sychevskaya 2018), also
substantiates a relationship to sand tigers. It is the oldest cetorhinid known from a fairly complete body
including most of the fins. Caucasochasma combines Cetorhinus-like, filtering gill rakers with a benthic
bauplan more akin to Odontaspis and Carcharias. It has an elongated body with a high vertebral count and
a caudal fin with a low angle upper lobe and small lower lobe.

This demonstrates that the high angle, lunate caudal fin of Cetorhinus, which is comparable to lamnids,
was convergently evolved. Thirdly, a divergence time for Cetorhinidae in the Cretaceous is not as unlikely
as Shimada asserted. The gill rakers and minute teeth diagnostic of cetorhinids appeared in the Eocene
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(Welton 2013), but that does not mean the family originated then. Extrapolating from Caucasochasma and
sand tigers, it is plausible that the earliest cetorhinids had larger, tearing type teeth and lacked prominent
gill rakers, reflecting no specialization for filter feeding. It would render them virtually unrecognizable and
easily misidentified as an odontaspidid or carchariid (pers. obs.).

fig. 2.

A life reconstruction of Cretalamna sp.

from Hjoula based on specimens

figured in Pfeil (2021). Missing or

obscured parts were restored after

Lamna (Ebert et al. 2021). The head

is the most conjectural region since it

is not preserved in lateral view in any

specimens. The scale bar is 10 [ = |
centimeters.

Bauplan of Cretalamna

Remarkable specimens of Cretalamna sp. (MIM unnum. and others in private collections) from the
Cenomanian Hjoula lagerstatte of Lebanon were recently described by Pfeil (2021, p. 167 & pl. 25). These
are the first otodontids known from nearly complete skeletons with extensive soft tissues. They increase
the skeletal completeness previously quantified (Greenfield 2022) to almost 100% in every metric. Most
importantly, they reveal the bauplan of Cretalamna and by extension the ancestral bauplan of Otodontidae.
It is most similar to lamnids (Ebert et al. 2021), having a fusiform body with large first dorsal, pectoral, and
caudal fins but very reduced second dorsal, pelvic, and anal fins. The body compactness and relative sizes
of the fins are closest to Lamna in particular. A notable difference from lamnids is the first dorsal fin, which
is positioned directly above the pectoral fins instead of behind them. Another difference is the caudal fin,
which has a less steeply inclined upper lobe and a proportionally smaller lower lobe. Its shape is
semilunate compared to the lunate caudal fins of lamnids. A life reconstruction of Cretalamna is depicted in
Figure 2. Overall, its bauplan fits the tachypelagic ecomorphotype that characterizes fast swimming,
endothermic, pelagic sharks (Compagno 1990). In extant lamniforms, only lamnids are truly tachypelagic.
Cetorhinus shares some features, but it is a slower cruiser and lacks regional endothermy. As mentioned
before, the fossil record of cetorhinids shows that these features are convergent. The new specimens of
Cretalamna suggest that a tachypelagic bauplan is an additional synapomorphy of Otodontidae and
Lamnidae. Their exceptionally preserved bodies are presently the strongest evidence for the Lamnoidea
hypothesis. Furthermore, they align with prior proposals of a lamnid-like body form in otodontids (Gottfried
et al. 1996; Cooper et al. 2020, 2022)
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