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Abstract

This study reevaluates the tooth morphology used to define species within the genus Edestus

(Chondrichthyes, Euchondrocephali). Known as the scissor tooth shark, Edestus produced a

unique dentition of spiraled tooth families positioned in the symphysis (midline) of the upper

and lower jaws. Morphometric analysis of more than 200 ejected teeth and intact spiral tooth

whorls demonstrates that teeth from the upper and lower whorls differ in shape and ontog-

eny. Comparison of these data to the type specimens of 13 existing species reduces the

number of morphologically distinct Edestus to just four species and refines the stratigraphic

occurrence and expansion of the group. E. triserratus has a narrow bullet-shaped crown that

points anteriorly and has roots of intermediate length. E. minor crowns have a wider triangular

base, whereas the crowns of E. heinrichi form nearly equilateral triangles and are supported

by an elongated root. E. vorax, which also has roughly equilateral triangular crowns, has

short and deep roots, and is only known from very large specimens that are distinct from the

growth series of E. heinrichi. Tooth and whorl morphologies among the species are consis-

tent with cranial anatomy observed in a juvenile E. heinrichi and with transverse tooth-wear

patterns to suggest Edestus used a forward to backward slicing motion to bite its prey.

Extrapolating body size from tooth whorl length provides a conservative estimate that E. hein-

richi could exceed 6.7 m in length. Edestus fossils are recovered from coastal marine to estu-

arine deposits spanning roughly six million years (313–307 Ma). Edestus first appears in

England during the latest Bashkirian (313 Ma, Carboniferous), a few million years after its

most closely resembling genus Lestrodus. Diversification and range expansion of Edestus

coincides with the Moscovian transgression that flooded Laurentia and the Russian platform.

Introduction

Chondrichthyans (Euchondrocephali) belonging to the Edestoidea evolved some of the most

unusual dental arrangements among vertebrates [1, 2]. The most conspicuous teeth are located

in the symphysis of the lower jaw, forming a whorl of sharp, cutting crowns, best exemplified

by Helicoprion Karpinsky, 1899 [3, 4]. In Edestus, both the upper and lower jaws supported

symphyseal tooth whorls (whorls, hereafter). Hay [5] first described a specimen showing the
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articulated anterior part of Edestus having two differently shaped, curved whorls of teeth.

Nearly a century later, Zangerl and Jeremiah [6] documented at least three more specimens

indicating dimorphism between the upper and lower whorls, but they stopped short of quanti-

fying those differences or placing them in context of the cranium. CT scanning and 2D x-rays

of Zangerl and Jeremiah’s specimens confirm a dimorphic upper and lower whorl and reveal

their function as opposing cutting surfaces in the mandibular arch [2]. Although much has

been gleaned about the form and function of Edestus from these specimens, the systematics of

Edestus remain complicated by the fact that nearly all specimens of Edestus whorls lack cranial

context or are recovered as individual teeth disaggregated from the whorl.

An Edestus whorl is composed of multiple teeth with long V-shaped roots that are stacked

en echelon like roof tiles (Fig 1). Teeth are generated at the posterior end of the whorl and

grow to the anterior end of the whorl, where they are ejected out of the mouth. Teeth are pre-

served either as single ejected elements, or they are stacked en echelon together as part of a

whorl containing up to a dozen crowns. According to Zangerl [1] and supported by Tapanila

et al. [2], lower whorls generally have a greater curvature than upper whorls, and they both

form a spiral that, each, could have produced in excess of 40 teeth during the lifetime of an ani-

mal, based on measurements presented here.

As is the case for many chondrichthyans, cranial and post-cranial fossils are uncommon,

therefore all 13 species of Edestus [7, 8] are defined solely by characters of the tooth crown.

Moreover, nearly all species are defined by one specimen, and frequently by one partial crown

lacking root material. Taxonomies based on single and incomplete dentitions are vulnerable to

narrowly defined species that cannot account for the ontogenetic or environmental variations
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Fig 1. Morphology and terminology of Edestus whorl and tooth. (A) Traditional linear measures and geometric

landmarks (LM) for individual teeth. (B) Multiple teeth comprise a whorl and are ejected from the anterior end as

illustrated. W = crown width; H = crown height; uh = upper height; uw = upper width; lh = lower height; D = distance

from crown point to point.

https://doi.org/10.1371/journal.pone.0220958.g001
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that might affect dental morphology within a species. Such was found to be the case in the

edestoid genus Helicoprion, where morphometric analysis identified taxobases that resulted in

the synonymization of most species founded on single or incomplete specimens [9]. Edestus is

that much more challenging, considering that Edestus teeth are the product of two tooth-fami-

lies, one from the upper whorl and one from the lower. Once ejected, it is difficult to know if a

solitary tooth originated from an upper or lower whorl, and there is no reason to assume both

upper and lower teeth have identical shape properties.

Formal revision of Edestus taxonomy is well overdue. Although previous reviews on Edestus
have suggested revised synonymies, they invariably are based on qualitative assessment of few

specimens (e.g., [6, 8, 10, 11, 12]). A common observation from most authors is that species

concepts for Edestus are too narrowly defined, and that most fit within two informally recog-

nized end-members. The “symmetric” group has more equilateral triangular crowns oriented

nearly perpendicular to the whorl, whereas the “asymmetric” group has narrow crowns that

slant anteriorly. Itano [8] demonstrated that the holotype of E. minor had been overlooked for

nearly a century and may necessitate revision of several Edestus taxa, however, a perceived lack

of specimens has thus far hampered any formal attempt (e.g., [7]). Here we aim to rectify the

longstanding systematics dilemma by reporting on two extensive collections that provide hun-

dreds of teeth to capture the ontogenetic series and define species concepts for both symmetric

and asymmetric Edestus groups. This new dataset of measurements is compared against holo-

types and referred specimens of established Edestus species, and includes specimens known to

have associated upper and lower whorls (Table 1). Taxonomic revision provides a clearer his-

tory on the range expansion and jaw morphologies of the unusual scissor tooth shark.

Table 1. Type specimens and figure references for previously defined Edestus species considered in this study.

Crown shape Revised species specimen number Types and Previous designation Image reference

Symmetric E. heinrichi USNM V 182450 Holotype

E. crenulatus
This study, Fig 2K

E. heinrichi n/a Illustration of holotype E. heinrichi Newberry and Worthen, 1870 [13], pp. 350–353, pl. 1, Fig 1

E. heinrichi PIN RAN 1988/2 Holotype

E. karpinskyi
Lebedev, 2001 [14], Pl. 44, Fig 7B

E. heinrichi n/a Holotype

E. protopirata
Trautschold, 1879 [15], Pl. VI, Fig 8A

E. heinrichi USNM 6049 Holotype

E. serratus
This study, Fig 2L

E. vorax AMNH 225 Holotype

E. giganteus
This study, Fig 2O

E. vorax ANSP 9899 Holotype

E. vorax
Leidy, 1856 [16], Fig 3A

Asymmetric E. minor AMNH FF477 Holotype, broken

E. minor
Itano, 2014 [8], Fig 10

E. minor USNM 7255 Holotype

E. mirus
This study, Fig 2F

E. minor GSM 49368 Type

E. pringlei
This study, Fig 2C

E. triserratus GSM 31410 Holotype

E. triserratus
This study, Fig 2E

E. triserratus PIN RAN 2804/726 Holotype

E. kolomnensis
Lebedev, 2001 [14], Pl. 44, Fig 5

E. triserratus TSNiGR 11/1865 Holotype

E. minusculus
Karpinsky, 1899 [3], Pl. IV, Fig 13

https://doi.org/10.1371/journal.pone.0220958.t001
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Material and methods

The two primary collections of Edestus used in this study were assembled by Zangerl (FMNH)

and Jeremiah (ANSP). The Zangerl collection includes dozens of specimens recovered from

shale quarries of the Staunton and Linton formations in Illinois. Zangerl and Richardson [17]

detail the excavation and description of the Mecca and Lloyd quarries, wherein hundreds of

fish fossil were recovered from shallow marine transgressive deposits of Desmoinesian age

(Late Carboniferous, Pennsylvanian). Most specimens are single teeth, and also include several

intact whorls. Specimens embedded in shale matrix were imaged with x-ray digital photogra-

phy. Results generated from x-ray and photographic images yield overlapping measurements,

validating the use of these two methods. Rare examples of associated cranial material (e.g., [6])

were examined to identify upper and lower whorl morphology in context of the jaw. Both

asymmetric and symmetric teeth are present in the collection.

The Jeremiah collection includes half a dozen whorls and more than 40 specimens of com-

plete or broken individual teeth. Although the specimens were collected without geological

description, we have unpublished correspondence from Zangerl (pers. comm., 2003) indicat-

ing they were recovered from collapsed shale rocks that formed the roofs of abandoned coal

mines. Presumably, these shales record marine or estuarine flooding deposits above coal

marshes, similar to the fossils from the Zangerl collection. All specimens are from the Carbon-

dale Formation in Illinois and are Desmoinesian in age (Late Carboniferous, Pennsylvanian).

Only symmetric-crowned teeth comprise the Jeremiah collection.

In addition to these two collections, type and referred specimens of Edestus species were

analyzed, giving our measured dataset a total of 141 specimens that include 212 measured

tooth crowns. Updated stratigraphic and geographic summaries of Edestus add to previous

summaries [12, 18], and use regional correlations to present occurrences in the global Pennsyl-

vanian time scale [19].

Morphological analysis of Edestus followed traditional measurement and geometric

approaches. Linear dimensions and ratios summarized in Fig 1 were measured from photo-

graphs, x-rays, or directly from specimens. Edestus specimens were first grouped based on

asymmetric versus symmetric crown shape. Measurements and ratios are summarized by

mean values and their relationships evaluated using ordinary least squares on log-log trans-

formed values assuming allometric growth. Taxobases found to be helpful in describing the

edestoid, Helicoprion [9] were assessed for their utility in defining Edestus species. Curvature

of the whorl was assessed by measuring the angle between crowns (e.g., insertion angle: [9])

and distance between crown tips (D). The angle between two crowns is estimated by drawing

lines that bisect each crown, and measuring the acute angle between them. Plotting cumulative

distance and angle gives an estimated radius of curvature for the occlusal curve of the whorl.

Sixteen whorls with intact series of crowns are presented, including holotypes for E. mirus, E.

crenulatus, E. serratus, and E. heinrichi. The holotype of E. mirus and the specimen FMNH

PF8047 are unique in providing both upper and lower whorls in association.

Geometric morphometrics was used to examine crown shape in 99 specimens of Edestus.
Using tpsDig v. 2.16, three type 2 landmarks (LM1, LM20, LM39) were identified on the

crown and these were connected with two series of equidistant semilandmarks to approximate

the shape of the cutting surface (39 points total). Crown shapes were rotated and scaled using a

full Procrustes superposition prior to generating covariance matrices and principle compo-

nents analysis in MorphoJ v.1.05c. Results of the PCA identify shape parameters of the crown

that might reveal one or more ontogenetic series that provides a partial basis for species dis-

crimination. PC scores are then related to traditional measurement data such that species con-

cepts are defined by linear measures more readily useful for diagnosing specimens.

Revised Edestus species
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All type specimens are included in the geometric analysis except the holotypes of E. vorax
(ANSP 9899) and E. triserratus (GSM31410), which lack the crown apex, landmark 20. These

specimens are included later in the methodology by approximating the geometric ordination

using linear measurements and ratios. Recommendation for synonymy follows International

Code of Zoological Nomenclature Article 23 giving priority to senior synonyms [20].

Nomenclatural acts

The electronic edition of this article conforms to the requirements of the amended Interna-

tional Code of Zoological Nomenclature, and hence the new names contained herein are avail-

able under that Code from the electronic edition of this article. This published work and the

nomenclatural acts it contains have been registered in ZooBank, the online registration system

for the ICZN. The ZooBankLSIDs (Life Science Identifiers) can be resolved and the associated

information viewed through any standard web browser by appending the LSID to the prefix

"http://zoobank.org/". The LSID for this publication is: urn:lsid:zoobank.org:pub:A83F549C-

150F-4A8A-9B40-298EBF07B00B. The electronic edition of this work was published in a jour-

nal with an ISSN, and has been archived and is available from the following digital repositories:

PubMed Central, LOCKSS.

Institutional abbreviations for specimens

ACM, Beneski Museum of Natural History, Amherst College, Amherst, U.S.A.; AMNH, Ameri-

can Museum of Natural History, New York, U.S.A.; ANSP, Academy of Natural Sciences

Museum, Philadelphia, U.S.A.; CAS, Chicago Academy of Science, Chicago, U.S.A.; DMNH,

Denver Museum of Nature and Science, Denver, U.S.A.; FMNH, Field Museum of Natural His-

tory, Chicago, U.S.A.; GSM, British Geological Survey, Keyworth, Great Britain; ISM, Illinois

State Museum, Springfield, U.S.A.; KGS, Kentucky Geological Survey, Lexington, U.S.A.; PIN,

Palaeontological Institute of the Russian Academy of Sciences, Moscow, Russia; TMM, Vertebrate

Paleontology Laboratory, University of Texas, Austin, U.S.A.; TSNiGR, Central Research Geolog-

ical Museum, St.-Petersburg, Russia; USNM, National Museum of Natural History, U.S.A.

Results

Morphometry and establishment of taxobases

Description and measures of the whorl. Edestus whorls all share several traits. The cut-

ting (occlusal) surface forms a convex series of serrated crowns. Crown size decreases anteri-

orly, but in many specimens teeth within a single whorl are nearly the same size. Tooth roots

are incrementally longer from posterior to anterior position along the whorl. The anteriormost

two or three teeth in the series all have equal root length. This suggests that growth of the root

occurs in a relatively small region at the posterior end of the whorl (Fig 1B). The base of the

whorl either has an outline that is shallowly or deeply concave. The base is interrupted by a

subtle convexity (bulge) located halfway along the whorl; its position is further anterior in

whorls with teeth having shorter roots. Anterior to the bulge is a scar marking the attachment

point of the most recently ejected tooth. In associated specimens, the lower whorl displays

greater curvature, especially in the concave base of the whorl, whereas the upper whorl has a

comparatively straighter base. Whorls with symmetric teeth include the largest specimens of

Edestus (e.g., holotype of E. giganteus, AMNH 225), and include concave and straight-based

whorls. Straight-based whorls are less common in the asymmetric-toothed group; only two

specimens are known in this study (Jillson and CAS), whereas all others have broadly concave

whorls.
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Geometry of the whorl is quantified in two ways, the insertion angle and occlusal curvature

(Figs 1B and 4). Insertion angle varies greatly among pairs of Edestus crowns, from 2˚ to 22˚,

and is sensitive to specimen size. An individual whorl may include ~5–12 crowns, and repre-

sents a relatively short ontogenetic series for the animal. Within a single whorl, insertion angle

does not vary much, and small deviations may be attributed to measurement error. Only the

Jillson ([21], S1 Fig) specimen shows a significant flattening of curvature along the base of the

whorl that cannot be accounted for by taphonomic effects.

Summing the insertion angle between crowns over the length of a whorl (starting from the

anterior, more juvenile teeth) gives a cumulative curvature of the occlusal surface. Edestus
whorls in this study have occlusal curves that range in radius between 5 and 45 cm. Generally,

as crown width (W) increases, spacing between crown apices (D) increases, and so does inser-

tion angle. It follows that juvenile whorls are more tightly curved than their adult counterparts.

Further, our limited dataset suggests that asymmetric-crowned whorls maintain higher curva-

ture at large size compared to symmetric-crowned whorls (e.g., FMNH PF 2317 versus ANSP

22393). The holotype E. giganteus (AMNH 225) is an outlier in having the largest teeth and the

most gently curved whorl (45 cm radius) of any specimen.

Given that occlusal curvature varies with size, a growth series could be ascertained. Unfor-

tunately, the small number of complete whorls makes insertion angle and its aggregate, the

occlusal curve, unlikely to be useful quantitative taxobases to distinguish Edestus species at this

time.

Linear measures of teeth. Crown and root proportions of Edestus teeth distinguish sym-

metric versus asymmetric specimens (Tables 2 and 3). Specifically, the height to width ratio

(H:W) of the tooth crown (Fig 5) shows distinct populations for each basic form. Asymmetric

crowns are the tallest of the two forms with a mean H:W of 1.08. Log-log transformed height

versus width has a strong linear relationship (r2 = 0.87 p = 0.0001). The ratio of root length to

crown width has a mean of 3.8 for the asymmetric group, and has a strong linear relationship

when log-log transformed (r2 = 0.87, p<0.0001). Variation in root proportions for a given

tooth size can be attributed to incomplete growth in the root. For both ratios, the asymmetric

crowns of the holotype E. triserratus, E. mirus, E. pringlei, E. minusculus, E. minor, and E.

kolomnensis fit closely within the population of FMNH specimens.

Teeth within a whorl are measured separately and their position in the whorl is annotated

in the specimen identifier with a sequential decimal suffix (e.g., .1 is the anterior-most tooth, .2

is the adjacent tooth to the posterior, etc.). Type = Original species diagnoses: hein = E. heinri-
chi; cren = E. crenulatus; serr = E. serratus; karp = E. karpinskyi; proto = E. protopirata; vorax =

E. vorax; gigan = E. giganteus. Elem. = Element: t = tooth; w = whorl. Posn = Position: l = lower

whorl; u = upper whorl. All tooth measurements presented in cm, and defined in Fig 1.

The population of all symmetric crowns, composed mostly of ANSP and FMNH teeth, have

a mean H:W of 0.61, much lower than the asymmetric group. Log-log transformed height ver-

sus width has a strong linear relationship (r2 = 0.81, p = 0.0001). The high variance of H:W is

observed even among multiple crowns from the same whorl. For example, 12 crowns mea-

sured from ANSP 22393 have H:W ranging between 0.55 and 0.70. The holotypes of E. crenu-
latus, E. heinrichi, E. protopirata, E. serratus, E. karpinskyi plot at or slightly above the mean

with H:W consistently <0.80, whereas the very large crowns of the holotypes E. vorax and E.

giganteus plot closer to the asymmetric group mean with H:W> 0.9.

The roots of symmetric-crowned teeth are proportionately longer than the asymmetric

group, with a mean root-length to width ratio of 4.9, and their log-log transformed values have

a strong linear relationship (r2 = 0.87, p<0.0001). This value increases to 6 with the largest

teeth (3 cm width). Again, E. vorax and E. giganteus are the only holotypes with symmetric

crowns that plot as outliers, having short roots only 2.5 to 4 times greater than crown width.
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Table 2. Tooth metrics for Edestus specimens.

Specimen Elem. Posn. Type Crown W Crown H H:W Root L

Edestus heinrichi
ANSP 22376 t 3.13 1.75 0.56 18.46

ANSP 22378 t 2.35 1.24 0.53

ANSP 22379 t 3.71 2.29 0.62

ANSP 22380 t 2.12 1.75 0.83

ANSP 22381 t 2.60 1.48 0.57

ANSP 22382 t 3.13 1.35 0.43

ANSP 22383 t 3.08 1.23 0.40

ANSP 22384 t 3.59 1.86 0.52

ANSP 22387 t 2.18 1.15 0.53

ANSP 22390 t 3.20 1.88 0.59

ANSP 22398 t 2.61 1.68 0.64

ANSP 22399 t 3.67 1.74 0.47

ANSP 22400 t 3.98 1.75 0.44

ANSP 22401 t 3.34 1.61 0.48

ANSP 22402 t 2.42 1.49 0.61

ANSP 22403 t 3.02 1.67 0.55

ANSP 22404 t 3.12 1.50 0.48

ANSP 22405 t 2.39 1.28 0.54

ANSP 22406 t 1.21 0.94 0.77

ANSP 22412 t 2.40 1.46 0.61 10.45

ANSP 22413 t 1.97 1.07 0.54 9.40

ANSP 22414 t 2.79 1.28 0.46

ANSP 22415 t 1.79 1.12 0.63

ANSP 22416 t 3.25 1.59 0.49

ANSP 22417 t 3.75 1.88 0.50

ANSP 22418 t 2.38 1.35 0.57

ANSP 22419 t 3.68 1.53 0.42

ANSP 22420 t 1.77 0.93 0.53

ANSP 22423 t 3.14 1.41 0.45

ANSP 22424 t 2.81 1.26 0.45

ANSP 22425 t 1.27 0.63 0.50

ANSP 22426 t 1.65 1.57 0.95

ANSP 22428 t 2.48 1.76 0.71

ANSP 22430 t 2.73 1.66 0.61

ANSP 22431 t 2.28 0.88 0.39

ANSP 22433 t 3.09 1.96 0.63

ANSP 22435 t 2.15 0.86 0.40

ANSP 22436 t 2.56 1.20 0.47

FMNH Barret #6 t 0.92 0.78 0.84 7.63

FMNH C67 Dr 15–4 t 1.74 0.91 0.52 8.19

FMNH CompPenn#17 t 8.61

FMNH HQ114 t 1.51 1.11 0.74

FMNH HQ1329 B-1 t 2.62 1.78 0.68 13.11

FMNH HQ1344-B-2 t 2.62 1.46 0.56 11.57

FMNH HQ46 t 1.53 1.10 0.72 10.81

FMNH HQ554 A-2 t 1.04 0.59 0.57 4.89

(Continued)
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Table 2. (Continued)

Specimen Elem. Posn. Type Crown W Crown H H:W Root L

FMNH HQ555 B-1 t 1.15 0.72 0.63 6.44

FMNH HQ610 A-3 t 1.27 0.78 0.61 7.00

FMNH HQ66 t 2.41 0.97 0.41

FMNH HQ69,70(B) t 0.64 0.28 0.43 3.42

FMNH HQ799 B-1 t 2.77 1.36 0.49

FMNH HQ983 A-2 t 1.54 0.83 0.54 6.07

FMNH Jelliff#2 t 3.02 1.49 0.49

FMNH L238 t 1.70 0.78 0.46 8.06

FMNH L250 t 2.12 1.19 0.56 8.50

FMNH L309 (J864) t 1.68 0.85 0.51 7.98

FMNH L310 (J629) t 0.59 0.44 0.76 2.99

FMNH L310 (J859) t 0.37 0.27 0.73 1.75

FMNH L311 (J1068) t 2.57 1.42 0.55 11.26

FMNH L311 (J288) t 1.65 0.93 0.56 6.91

FMNH L311 (J938) t 1.93 1.01 0.52 8.01

FMNH L312(J61) t 1.54 1.00 0.65 7.20

FMNH L314 t 1.75 1.25 0.71 7.97

FMNH L315A(PF2320) t 2.28 1.28 0.56 10.11

FMNH L316 t 2.38 1.66 0.70

FMNH L317(2314) t 0.55 0.60 1.09 4.31

FMNH Logan 115 (J657) t 1.14 0.96 0.84 6.25

FMNH MontgomeryCk dr5 t 2.04 1.30 0.64 9.15

FMNH MQ236 (PF2852) t 1.98 1.65 0.84

FMNH PF2320 t 2.40 1.56 0.65 10.22

FMNH PF-2323 t 1.60 0.93 0.58 7.27

FMNH PF-2330 t 0.53 0.32 0.61 1.82

FMNH PF2331 J-122 t 2.32 1.44 0.62 6.98

FMNH PF2335 J288 t 2.01 1.10 0.55 6.83

FMNH PF-2339 t 1.16 0.69 0.60

FMNH PF-2341 t 0.63 0.49 0.79 2.38

FMNH PF-8049 t 2.12 1.62 0.76

FMNH PF-8404 t 3.14 1.60 0.51

FMNH Pit 14(17&18) t 2.45 1.03 0.42

FMNH Pit 14(Peabody Coal) t 2.27 1.11 0.49

FMNH Q208 t 1.26 0.76 0.60 6.39

FMNH UC3316 t 3.02 1.47 0.49

ANSP 22377 t l 2.71 1.38 0.51 17.39

ANSP 22411 t l 2.97 1.16 0.39 11.67

FMNH C67 Dr 15–1 t l 2.18 0.98 0.45 13.05

FMNH C67 Dr 15–3 t l 2.33 1.11 0.47 13.07

FMNH CompPenn#19 t l 1.63 1.00 0.61 11.70

FMNH Fish pit 12 t l 1.67 0.95 0.57 11.79

FMNH HQ1374 A-3 t l 2.31 1.26 0.55 14.27

FMNH PF-1024 t l 2.00 1.02 0.51 10.56

FMNH X-Ray #10 t l 2.01 0.89 0.44 11.21

ANSP 22391 .1 w u 2.33 1.61 0.69 12.39

ANSP 22391 .2 w u 2.34 1.55 0.66 12.33

(Continued)
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Table 2. (Continued)

Specimen Elem. Posn. Type Crown W Crown H H:W Root L

ANSP 22391 .3 w u 2.23 1.67 0.75

ANSP 22391 .4 w u 2.22 1.63 0.73

ANSP 22391 .5 w u 2.08 1.63 0.79

ANSP 22391 .6 w u 2.27 1.69 0.74

ANSP 22392 J-3 .1 w u 3.23 1.89 0.58 17.58

ANSP 22392 J-3 .2 w u 3.25 1.96 0.60 17.35

ANSP 22392 J-3 .3 w u 3.04 1.81 0.60 15.84

ANSP 22392 J-3 .4 w u 3.14 1.87 0.60 14.37

ANSP 22392 J-3 .5 w u 2.88 1.79 0.62 12.52

ANSP 22392 J-3 .6 w u 3.03 1.95 0.64

ANSP 22392 J-3 .7 w u 2.86 1.75 0.61

ANSP 22392 J-3 .8 w u 2.69 1.71 0.64

ANSP 22396 J-1 .1 w u 3.01 1.51 0.50 19.41

ANSP 22396 J-1 .2 w u 3.08 1.76 0.57 19.37

ANSP 22396 J-1 .3 w u 2.82 1.61 0.57 19.40

ANSP 22396 J-1 .4 w u 3.26 1.77 0.54 19.50

ANSP 22396 J-1 .5 w u 3.10 1.76 0.57

ANSP 22396 J-1 .6 w u 3.03 1.83 0.60

ANSP 22396 J-1 .7 w u 3.05 1.81 0.59

ANSP 22396 J-1 .8 w u 2.80 1.86 0.66

ANSP 22396 J-1 .9 w u 2.87 1.79 0.62

ANSP 22396 J-1 .10 w u 2.64 1.78 0.68

ANSP 22396 J-1 .11 w u 2.62

FMNH PF-2845 w u 0.44 0.37 0.84

FMNH PF-8735 .1 w u 20.20

FMNH PF-8735 .2 w u 3.50 2.00 0.57 19.20

FMNH PF-8735 .3 w u 3.30 1.80 0.55 19.00

FMNH PF-8735 .4 w u 3.40 2.00 0.59 17.70

FMNH PF-8735 .5 w u 3.30 1.90 0.58 15.70

FMNH PF-8735 .6 w u 3.30 2.00 0.61

FMNH PF-8735 .7 w u 3.40

FMNH PF-8735 .8 w u 3.20 2.10 0.66

FMNH PF-8735 .9 w u 3.20

FMNH UF30 .1 w u 3.10 1.80 0.58 16.90

FMNH UF30 .2 w u 3.00 16.60

FMNH UF30 .3 w u 3.00 16.50

FMNH UF30 .4 w u 3.00 15.80

FMNH UF30 .5 w u 2.90 14.50

FMNH UF30 .6 w u 2.90

FMNH UF30 .7 w u 2.90

FMNH UF30 .8 w u 2.80 2.10 0.75

FMNH UF30 .9 w u 2.80 2.10 0.75

FMNH HeslerQ 26 w l 1.52 0.81 0.53 7.13

ANSP 22373 J-5 .1 w l 3.25 1.73 0.53 21.65

ANSP 22373 J-5 .2 w l 3.48 1.68 0.48 21.33

ANSP 22393 J-4 .1 w l 3.28 1.84 0.56 22.09

ANSP 22393 J-4 .2 w l 3.29 1.83 0.56

(Continued)
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Geometric morphometrics of tooth crowns. Geometric analysis of all Edestus tooth

crowns demonstrates distinct populations for the asymmetric and symmetric specimens (Fig

6). The first principle component captures 88% of crown shape variation, with positive values

corresponding to a short, stout, and symmetrical crown. The holotypes of E. protopirata, E.

crenulatus, E. heinrichi, E. serratus, E. karpinskyi, and E. giganteus fit in this grouping of posi-

tive PC1 space. In negative PC1 space, the apex is deflected anteriorly, and the overall crown is

narrow and tall. The asymmetric-crowned holotypes of E. kolomnensis, E. pringlei, E. minuscu-
lus, E. mirus (both upper and lower whorl teeth) and E. minor fit in this population. Given the

distinct populations from the analysis of all specimens, the symmetric and asymmetric groups

were each analyzed separately.

Principle components analysis of the symmetric group results in a similar distribution of

shape observed in the combined analysis (Fig 7A and S1 Appendix). Positive PC1 corresponds

to a short, wide crown typified by the holotypes of E. heinrichi and E. crenulata, whereas the

holotypes of E. protopirata, E. karpinskyi, and E. serratus occupy negative PC1 space. The holo-

type of E. giganteus is an outlier in negative PC1 space, with a very tall crown. Positive PC2

Table 2. (Continued)

Specimen Elem. Posn. Type Crown W Crown H H:W Root L

ANSP 22393 J-4 .3 w l 3.21 1.80 0.56

ANSP 22393 J-4 .4 w l 3.38 1.86 0.55

ANSP 22393 J-4 .5 w l 3.31 1.91 0.58

ANSP 22393 J-4 .6 w l 3.41 1.91 0.56

ANSP 22393 J-4 .7 w l 3.07 2.04 0.66

ANSP 22393 J-4 .8 w l 3.20 1.95 0.61

ANSP 22393 J-4 .9 w l 3.25 2.27 0.70

ANSP 22393 J-4 .10 w l 3.11 1.84 0.59

ANSP 22393 J-4 .11 w l 3.00 2.11 0.70

ANSP 22393 J-4 .12 w l 3.14 1.84 0.59

PIN RAN 1988/1 t 2.87 2.30 0.80 13.78

AMNH 488 cast w u 2.98 2.03 0.68 16.55

n/a Newberry and Worthen, 1870 [13], w u hein 2.98 2.08 0.70 16.50

USNM V 182450 .1 w u cren 3.18 16.48

USNM V 182450 .2 w u cren 2.80 15.73

USNM V 182450 .3 w u cren 2.84 1.64 0.58 14.80

USNM V 182450 .4 w u cren 2.70 1.74 0.64 13.71

USNM V 182450 .5 w u cren 2.85

USNM V 182450 .6 w u cren 2.58 1.58 0.61

USNM 6049 .2 w u serr 2.62 1.93 0.73 12.18

USNM 6049 .3 w u serr 2.46 2.00 0.81 11.40

USNM 6049 .4 w u serr 2.46 1.92 0.78 9.71

USNM 6049 .5 w u serr 2.29 1.86 0.81

USNM 6049 .6 w u serr 2.25

PIN RAN 1988/2 t karp 2.90 2.15 0.74 14.00

n/a Trautschold [15] t proto 3.00 2.20

Edestus vorax
ANSP 9899 w vorax 4.46 4.16 0.93 11.97

AMNH 225 w gigan 6.85 8.36 1.22 29.15

KGS Greb et al. 2011 [22] w 4.76 4.03 0.85 21.65

https://doi.org/10.1371/journal.pone.0220958.t002
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Table 3. Tooth metrics for asymmetric-crowned Edestus specimens.

Specimen Elem Posn Type Crown

W

Crown

H

Crown

H:W

Crown

uw

Crown

uh

Crown

uw:uh

Crown

lh

Root

L

Edestus minor
AMNH FF 477 t minor 1.83 2.51 1.37 1.22 1.58 0.77 0.93

USNM 7255 .2 low w l mirus 2.24 2.47 1.10 1.35 1.63 0.83 0.84

USNM 7255 .3 low w l mirus 2.03 2.55 1.26 1.40 1.77 0.79 0.78

USNM 7255 .4 low w l mirus 2.00 2.57 1.29 1.59 1.83 0.87 0.74

USNM 7255 .5 low w l mirus 2.20 2.67 1.21 1.40 1.62 0.86 1.05

USNM 7255 .2 up w u mirus 2.59 2.45 0.95 1.63 1.82 0.90 0.63

USNM 7255 .3 up w u mirus 2.61 2.74 1.05 1.66 2.02 0.82 0.72 10.00

USNM 7255 .4 up w u mirus 2.71 2.54 0.94 1.71 1.81 0.94 0.73

USNM 7255 .5 up w u mirus 2.68 2.92 1.09 1.80 2.05 0.88 0.87

GSM 49368 t pring 1.26 1.56 1.24 0.90 1.18 0.76 0.38 3.89

TMM 40234–8 t 2.83 2.60 0.92 1.53 1.58 0.97 1.02

FMNH HQ42 t 1.97 1.68 0.85 1.42 1.61 0.88 0.07 5.71

FMNH HQ435 B4 t 2.63 2.57 0.98 1.54 1.96 0.79 0.61

FMNH HQ65 t 0.73 0.80 1.10 0.51 0.72 0.71 0.08 3.07

PIN RAN2804/511 t 0.86 1.08 1.26 0.46 0.87 0.59 0.21 3.37

Edestus triserratus
GSM 31410 t triser 1.84 0.92 0.54 5.90

TSNiGR 11/1865 t minusc 1.35 1.40 1.04 0.59 1.23 0.48 0.17

PIN RAN2804/726 t kolomn 3.45 3.80 1.10 2.16 2.66 0.81 1.14

AMNH 485 w l 3.04 3.36 1.11 2.05 2.72 0.75 0.64 11.86

n/a Jillson [21] w u 3.71 3.19 0.86 1.84 2.56 0.72 0.63 14.58

CAS n/a w u 2.93 3.27 1.12 1.95 2.47 0.79 0.21 14.98

FMNH L309J865 t 2.73 2.64 0.97 1.64 2.48 0.66 0.16 9.07

FMNH L309J872 t 1.56 2.22 1.42 1.16 2.03 0.57 0.19 7.59

FMNH L310J870 t 1.86 1.97 1.06 1.10 1.80 0.61 0.17

FMNH L311J23 t 1.63 1.72 1.06 1.17 1.60 0.73 0.12

FMNH L312J852 t 1.67 2.16 1.29 1.13 2.03 0.56 0.13 8.78

FMNH PF2317.1 w l 2.72 2.40 0.88 1.60 1.97 0.81 0.43 9.50

FMNH PF2317.2 w l 2.47 2.40 0.97 1.40 1.89 0.74 0.51 9.80

FMNH PF2317.3 w l 2.69 2.51 0.93 1.68 1.98 0.85 0.53

FMNH PF2317.4 w l 2.74 2.59 0.95 1.65 2.12 0.78 0.47

FMNH PF2317.5 w l 2.60 2.49 0.96 1.60 2.15 0.74 0.34

FMNH PF2317.6 w l 2.67 2.53 0.95 1.66 2.10 0.79 0.43

FMNH PF2317.7 w l 2.48 2.47 1.00 1.68 2.10 0.80 0.37

FMNH PF2318 t 2.62 2.48 0.95 1.57 2.29 0.69 0.19

FMNH PF2319.1 t 3.07 3.12 1.02 1.71 2.63 0.65 0.49 11.48

FMNH PF2319.2 t 3.99 3.29 0.82 2.04 2.78 0.73 0.51 11.01

FMNH PF2319.3 t 3.32 3.43 1.03 2.16 2.87 0.75 0.56 9.49

FMNH PF2326 t 2.39 2.45 1.03 1.53 2.31 0.66 0.14

FMNH PF2336 t 2.91 2.16 0.74 1.49 1.88 0.79 0.28

FMNH UC2092 t 2.98 2.80 0.94 1.46 2.28 0.64 0.52 11.47

FMNH C67Dr15 t 2.37 2.20 0.93 1.31 1.79 0.73 0.41

FMNH HQ72 t 2.56 2.45 0.96 1.61 2.15 0.75 0.30 8.75

(Continued)
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corresponds to an anterior tilted apex, which distinguishes E. protopirata from other speci-

mens. Crown width has a small positive correlation with PC1 (r2 = 0.25, t = 4.29, p-value =

0.0001; excluding E. giganteus as an outlier) and crown width does not correlate with PC2

(r2 = 0.003, t = 0.386, p-value = 0.69). Generally, with increased size, teeth are wider and

shorter in shape. This observation is documented by consecutive crowns on a single whorl, as

illustrated by five ANSP whorl specimens from a mine locality above the Herrin Coal (Fig 7B).

Furthermore, crowns from these whorls span 0.5 units of the PC1 axis, and collectively span

from -0.1 to +1.0, which includes all holotypes, but the outlier E. giganteus.
Analysis of the asymmetric specimens (Fig 8A and S2 Appendix) shows a reorientation of

the PCs compared to analysis of all Edestus specimens (Fig 6). Positive PC1 (51% variance) cor-

responds to a stouter crown with an anterior tilt, and E. kolomnensis is the only holotype to

have this aspect. There is no correspondence between size and PC1 (r2 = 0.019, t = 0.87, p-value

0.38), and multiple crowns from a single whorl (e.g., FMNH PF 2319.1–3) show a broad range

of nearly 0.2 along the PC1 axis. PC2, which accounts for 35% variance, distinguishes broad

crowns in positive space versus crowns having a slender, bullet shaped outline in negative space.

PC2 corresponds with size, and thus has potential to show an ontogenetic series. Plotting PC2

against crown width (Fig 8B) shows a weak positive correlation (r2 = 0.16, t = 2.80, p-value =

0.0097), i.e., that as teeth grow wider at the base, the upper part of the crown also broadens. The

positive correlation is stronger, however, if considering two distinct size-shape curves are repre-

sented in the graph, each resulting in adults with wider versus bullet-shaped crowns. Member-

ship of upper and lower groupings are shown as convex hulls (Fig 8B). The upper grouping

includes E. mirus and E. minor holotypes and E. pringlei at smaller size. The lower grouping

includes E. kolomnensis in the large size, and E. minusculus at the smaller size, as well as crowns

from the distinctive straight-whorled specimens of CAS and Jillson. Crowns from a single

whorl, FMNH PF2317, appear intermediate between the main cluster of upper and lower

groupings in Fig 8B, however they plot closer to lower grouping members in PC1-PC2 morpho-

space, thus our decision to include this specimen as part of the lower grouping.

The shape described by PC2 has a strong positive correlation (r2 = 0.84, t = 14.4, p-value =

0.0001) with direct measures of the upper crown ratio (upper width by upper height) (Fig 8C).

These direct measurements for the asymmetric specimens are plotted by crown width to reveal

a similar pattern observed in the PCA: two ontogenetic series differing in the upper crown

ratio by tooth width (Fig 8D). The holotype of E. mirus is significant in this sample because it

illustrates overlapping upper ratios with variance of 0.1 and that lower crowns in this specimen

are distinctly 0.5 cm narrower than upper crowns of the same individual. In nearly all speci-

mens, using the crown upper ratio as a proxy for shape variance described by PC2 distin-

guishes membership of the upper versus lower groupings identified in Fig 8B. There is overlap

in the upper ratio of three teeth between FMNH PF 2317 and the holotype of E. mirus, but this

is small compared to the 0.2 upper ratio spread amongst all crowns of these two whorls.

Table 3. (Continued)

Specimen Elem Posn Type Crown

W

Crown

H

Crown

H:W

Crown

uw

Crown

uh

Crown

uw:uh

Crown

lh

Root

L

USNM 14790 t 1.53 1.83 1.20 0.94 1.61 0.58 0.22 7.62

Teeth within a whorl are measured separately and their position in the whorl is annotated in the specimen identifier with a sequential decimal suffix (e.g., .1 is the

anterior-most tooth, .2 is the adjacent tooth to the posterior, etc.). Type = Original species diagnoses: kolomn = E. kolomnensis; minor = E. minor; mirus = E. mirus;
triser = E. triserratus; pring = E. pringlei; minusc = E. minusculus. Elem. = Element: t = tooth; w = whorl. Posn = Position: l = lower whorl; u = upper whorl. All tooth

measurements presented in cm, and defined in Fig 1.

https://doi.org/10.1371/journal.pone.0220958.t003
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The holotype of E. triserratus (GSM 31410) lacks the apex of the crown necessary for inclu-

sion in the geometric analysis, however it does preserve the root and base of the crown up to

the inflection points, allowing measurement of W, uw, and lh. Using the upper and lower

groupings derived from the geometric analysis, we performed a discriminant analysis of linear

measures to classify GSM 31410. The result classified GSM 31410 well within the lower group-

ing (Fig 8E), with an overall correct classification of 92.9%. Although this is not a statistical

test, the close association of available measurements suggests the holotype of E. triserratus best

fits among the lower grouping, which also corresponds to the original description of the spe-

cies and inferred illustration by Newton ([23], Pl I.3) of a bullet-shaped asymmetric crown.

Summary of taxobases for Edestus. Results of geometric and traditional analyses identify

crown shape as a primary taxobase, that when combined with root length and qualitative

observations of whorl curvature distinguish four morphological concepts, redefined here to

include Edestus minor, E. triserratus, E. heinrichi, and E. vorax. Classifying specimens within

these new groups, we evaluated the original PCA for all specimens (Fig 6). Both PERMA-

NOVA and ANOSIM suggest that each group is distinct, though we cannot resolve E. vorax
(n = 1) with this approach (Table 4). E. vorax is distinct from E. heinrichi in terms of H:W and

RootL:W (Fig 5 and Table 5).

Systematic Paleontology

Class Chondrichthyes Huxley, 1880 [24]

Subclass Euchondrocephali Lund and Grogan, 1997 [25]

Order Eugeneodontiformes Zangerl, 1981 [1]

Superfamily Edestoidea Hay, 1929 [26]

Family Edestidae Jaekel, 1899 [27]

Genus Edestus Leidy, 1856 [15]

Type species. Edestus vorax Leidy, 1856 [15]

Included species. E. heinrichi, E. minor, E. triserratus, E. vorax.

Diagnosis. Single symphyseal whorl in each upper and lower jaw, dimorphic, forming

open spiral of up to 12 teeth, shed anteriorly; tooth crowns laterally compressed, triangular in

shape with slightly concave edges bearing denticles; basal projection of crown directed posteri-

orly; elongate tooth roots stacked en echelon anteriorward along base of whorl opposite the

crowns, whorl base has convex bulge.

Occurrence. Early to Middle Pennsylvanian (late Bashkirian to Moscovian). Britain,

United States, Russia.

Remarks. The species Lestrodus newtoni Woodward, 1917 [28](Obruchev, 1953 [11]) of

the Namurian Millstone Grit Group (middle Morrowan age equivalent [12, 29]) is excluded

from Edestus. The holotype of L. newtoni, GSM 28346, shows no evidence for a convex bulge

opposite the tooth crowns on the whorl, a distinct feature common to all upper and lower

whorls of Edestus. Furthermore, no clear evidence exists to demonstrate that L. newtoni had

both upper and lower whorls. Three genera are formally synonymized under Edestus, follow-

ing [7], including Edestes Miller, 1877 [30], Edestodus Obruchev, 1953 [11], and Protopirata
Trautschold, 1888 [31].

Edestus minor Newberry in Newberry and Worthen, 1866 [32]

Fig 2C and 2F

Edestus minor Newberry in Newberry and Worthen, 1866 [32], pp. 84–85, pl. IV, Fig 24.

Itano, 2014 [8], Figs 9 and 10.

Edestus mirus Hay, 1912 [5], p. 31–38, pl. 1–2.

Edestus pringlei Watson, 1930 [33], pp. 69–71, Fig 1A.
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Edestus minor Itano et al., 2012 [12], Fig 12.

Holotype. E. minor, AMNH FF477, Posey County, Indiana, age unknown.

Diagnosis. Obtuse triangular crown with gradual taper to apex, anteriorly; denticles fine;

roots short in greatly curved lower whorl, moderate roots with slight curve in upper whorl.

Description. Crown height to width ratio near or above 1.0. Upper ratio ranges from 0.6

to 1.0 from juvenile (W<2cm) to adult teeth (W>2cm). The apical angle is approximately 30–

35˚. In adult crowns, fine denticles are ~1 mm in width and may be subdivided by more than

one cusp. USNM 7255 is the most complete example of the species, and demonstrates slight

dignathism in size and shape of crowns of the upper and lower whorls. USNM 7255 (Figs 2F

and 9) shows five lower crowns and a broken upper whorl with space for at least 6–8 crowns,

and therefore may follow an 8:5 ratio for upper and lower whorl teeth. The convex bulge is

conspicuous in the lower whorl of USNM 7255, and aligns with the junction of the symphysis

of Meckelian cartilage preserved in the specimen. Crown morphology of the type AMNH

FF477 most closely resembles an upper whorl tooth, but unfortunately the root is missing.

Other material examined. Six specimens including USNM 7255, GSM 49368, TMM

40234–8, and FMNH specimens HQ42, HQ435 B4, and HQ65.

Occurrence. Late Bashkirian to Moscovian. Westphalian B of Britain, Desmoinesian of

U.S.A.

Remarks. The holotype specimen of E. minor (AMNH FF477, see [8], Figs 9 and 10) is a

single crown and lacks most of the root. Newberry [32] described this holotype in the context

of a separate 7-crown whorl (ACM 85 and its cast, AMNH 485, Fig 2I) first described by

Hitchcock [34], noting that the latter was “similar, if not identical” to the holotype. Our geo-

metric analysis demonstrates a fundamental shape difference between the two specimens

despite their sizes being comparable. Instead, the holotype E. minor most closely resembles an

upper whorl crown of USNM 7255, the holotype of E. mirus, which therefore becomes a junior

synonym of E. minor.
Edestus triserratus Newton, 1904 [23] Fig 2D and 2E, Fig 2G–2I, Fig 3B, S1 Fig part Edestus

vorax Newberry and Worthen, 1870 [13], pp. 353, pl. 1, Fig 2. Mistakenly identified.

Edestus triserratus Newton, 1904 [23], pp. 3–6, pl. I

Edestus minusculus Hay, 1909 [35], pp. 48–50, Fig 5. E. cf. minor Karpinsky, 1899 [3], p.12-

15, Figs 15–17, Pl. IV, Fig 12A–12C, 13.

Edestodus minusculus (Hay, 1909 [35]) Obruchev, 1953 [11] p. 52, Fig 24. 13 Lebedev, 2001

[14], pl. 44, Fig 4.

Edestodus kolomnensis (Lebedev, 2001 [14]), pl. 44, Fig 5.

Holotype. E. triserratus, GSM 31410, Westphalian B (upper Bashkirian), Staffordshire,

England (Newton, 1904 [23]).

Diagnosis. Obtuse triangular crown narrowing to bullet-shaped apex, anteriorly; denticles

fine; root proportionately longer than in Edestus minor; upper whorl with massive, straight

base; lower whorl slender, more tightly curved.

Fig 2. Four species of Edestus. (A) E. heinrichi crown, AMNH 466G. (B) X-ray of two small whorls of E. heinrichi,
FMNH HQ 492 B-2. (C) E. minor crown, GSM 49368. (D) E. triserratus tooth, FMNH UC 2092. (E) E. triserratus
tooth, GSM 31410. Scale bar same for A-E. (F) E. minor associated upper and lower whorls, USNM 7255; (G) X-ray of

subadult E. triserratus associate upper and lower whorls with anterior jaws, FMNH PF 8047. Note two crowns lacking

bases forming at posterior of upper whorl (arrow). (H) Adult E. triserratus upper whorl, CAS specimen, oriented with

(I) similarly-sized lower whorl of E. triserratus, AMNH 485. (J) E. heinrichi whorl, AMNH 488 cast, plastotype. (K) E.

heinrichi whorl, USNM V 182450. (L) E. heinrichi whorl, AMNH 6049. (M) X-ray of E. heinrichi whorl, FMNH HQ 26.

(N) E. heinrichi tooth, FMNH HQ 1374 A3. (O) E. vorax, AMNH 225, note that all crown apices have been repaired.

Scale bar same for G-O. Images C, E courtesy of British Geological Survey.

https://doi.org/10.1371/journal.pone.0220958.g002
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Occurrence. Late Bashkirian to Moscovian. Westphalian B of Britain; upper Atokan to

Desmoinesian of United States (Colorado, Illinois, Indiana, Iowa, Kentucky, Oklahoma, Mich-

igan, South Dakota, Texas); Myachkovian to ?early Krevyakian of Russia.

Description. Crown height to width ratio near or above 1.0. Upper ratio ranges from 0.5

to 0.8 from juvenile (W<2cm) to adult teeth (W>2cm). The apical angle is approximately 30–

35˚. In adult crowns, fine denticles are ~1 mm in width and may be subdivided by more than one

cusp. Partially articulated cranial material with upper and lower whorls is known from FMNH PF

8047 (Figs 2G and 9). This specimen shows unrooted teeth at the posterior ends of the upper and

lower whorls. The tooth count in this specimen shows 10 upper crowns and 6 lower crowns, but

only 8 and 5, respectively, are rooted to the whorl. A lower adult whorl (ISM 497337, S1 Fig) simi-

larly shows, at the posterior end of the whorl, a cluster of crowns most recently formed and have

abbreviated roots. The upper whorl of the species, in adult form, is much less curved than its

lower counterpart. The CAS specimen is a partly disaggregated whorl, when reconstructed shows

very little curvature over the span of 8 crowns, and similarly, the whorl described and figured by

Jillson [21] shows a nearly straight 7-crowned whorl of the species.

Other material examined. Includes 23 specimens, TSNiGR 11/1865, DMNH 61071,

USNM14790, AMNH 485 (cast of ACM 85 Hitchcock), PIN RAN 2804/726, PIN RAN 2804/

511, CAS specimen, Jillson specimen, ISM 497337, and FMNH specimens L309J865,

L309J872, L310J870, L311J23, L312J852, PF2317, PF2318, PF2319, PF2326, PF2336, PF8047,

UC2092, C67Dr15, and HQ72.

Remarks. Earlier diagnoses of Edestus species relied primarily on the number and division

of denticles. For example, E. triserratus was designated for teeth with trifid denticles, whereas

E. pringlei is bifid, and E. minor has both single and bifid denticles within the same whorl.

There exists no accounting of variation within and across species concepts to validate denticle

morphology as a discriminating variate. We therefore reject its use as a taxobase, in lieu of

more readily quantified attributes presented in this study.

There is sufficient lower crown material of the holotype of Edestus triserratus to determine

that the shape of the crown is pointing anteriorly and is approaching a bullet-shape. Discrimi-

nant analysis supports inclusion among this group of crown morphologies (Fig 8E).

Edestus triserratus differs from E. minor in crown proportions, most notably by being nar-

rower and having subparallel anterior and posterior cutting edges toward the anterior-point-

ing apex. The posterior edge of the crown is longer and connects to the root at a shallower

angle than in Edestus minor. This arrangement gives a wider space between individual teeth

compared to E. minor. Whorls with E. triserratus crowns are either slightly curved or nearly

straight. Although no articulated specimen of mature E. triserratus is yet known, it is reason-

able that like other Edestus species, the straight whorl resides in the upper jaw and the lower

whorl is slightly curved. Except for crown shape, the slightly curved lower whorl of E. triserra-
tus and the slightly curved upper whorl of E. minor are not distinguishable. The crown

arrangement of opposing whorls appear to mesh somewhat like gears near the middle part of

the whorl (Fig 9). The degree of overlap (occlusion) is unknown in the species.

Edestus heinrichi Newberry and Worthen, 1870 [13]

Fig 2A and 2B, Fig 2J–2N, Fig 3C–3G

Edestus heinrichi Newberry and Worthen, 1870 [13], pp. 350–353, pl. 1, Fig 1A and 1B.

Edestus protopirata Trautschold, 1879 [15], p. 49–50, pl. 6, Fig 8. (Karpinsky, 1899) [3],

Fig 3. Upper and lower Edestus whorls. Renders from 3D laser scanned specimens. (A) E. vorax lower whorl, ANSP 9989, holotype. (B) E.

minor, lower whorl, cast of FMNH PF 2317. (C) E. heinrichi upper whorl, ANSP 22391. (D) E. heinrichi upper whorl, ANSP 22392. (E) E.

heinrichi upper whorl, ANSP 22396. (F) E. heinrichi lower whorl, ANSP 22373. (G) E. heinrichi lower whorl, ANSP 22393. Scale bar same for all.

https://doi.org/10.1371/journal.pone.0220958.g003
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Figs 6–7. Protopirata centrodon Trautschold, 1888 [31], p. 49. Edestus karpinskyi Missuna,

1908 [36], Figs 1–4. Edestus crenulatus Hay, 1909 [35], p.43-47, Figs 3 and 4, pl. 12, Figs 1–3.

Edestus serratus Hay, 1909 [35], p. 47–48, Figs 3 and 4, pl. 12, Fig 4. Protopirata protopirata
(Trautschold, 1879 [15]) Obruchev, 1953 [11], Pl.1, Fig 1, Pl. 2, Fig 1, Pl. 4, Fig 2. Lebedev,

2001 [14], pl. 44, Fig 8. Protopirata karpinskyi (Missuna, 1908 [36]) Obruchev, 1953 [11], Pl. 2,

Fig 2, Pl 5, Fig 2. Lebedev, 2001 [14], pl. 44, Fig 7.

Holotype. E. heinrichi, whereabouts of original specimen unknown. In cases of a missing

holotype specimen, the original illustration of the holotype (i.e., Newberry and Worthen, 1870

[13] pl. 1, Fig 1A and 1B) is designated as the name-bearing holotype (ICZN, 1999, Article

73.1.4)[20]. Casts of the holotype, such as AMNH FF 488, are considered plastotype material

and do not constitute name-bearing type material (ICZN, 1999)[20].

Diagnosis. Crowns with acute triangular shape, with posterior edge slightly longer than

anterior edge, large apical angle; denticles coarse; roots long and straight in upper whorl;

slightly curved in lower whorl.

Occurrence. Moscovian. Carbondale Fm of United States (Desmoinesian); Mjachkovski

horizon of Russia (Myachkovian to ?early Krevyakian).

Description. Crown height to width ratio typically less than 1. Teeth from upper whorls

have H:W above average (0.6–0.9) and lower whorl teeth are below average (0.4–0.6). The api-

cal angle is roughly 80–85˚. On 3 cm wide crowns, the coarse denticles measure roughly 2 mm
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in width. Partly articulated cranial material from a juvenile, FMNH PF 2204, shows upper and

lower whorls in context ([6], Fig 1; [2]), with at least 8 upper crowns and 5 lower crowns per

whorl. Juvenile tooth roots are longer in the upper whorl and form a more massive whorl in

comparison to the slender lower whorl. In larger specimens from the Jeremiah collection, the
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more massive base of the upper whorl contrasts the slender profile of the lower whorl. Both

whorls have strongly curved occlusal surfaces (Fig 9). The opposite surface, formed by the

overlapping of V-shaped roots, is nearly straight in the upper whorl, whereas in the lower

whorl, it forms a concave curve nearly parallel to the occlusal curve. Refer to [2] for description

of a juvenile skull of this species.

Other material examined. Includes 106 specimens, USNM V 182450 (6050), USNM

6049, PIN RAN 1988 /2, Trautschold, 1879 specimen, PIN RAN 1988/1; specimens from

ANSP include 22376, 22378, 22379, 22380, 22381, 22382, 22383, 22384, 22387, 22390, 22398,

22399, 22400, 22401, 22402, 22403, 22404, 22405, 22406, 22412, 22413, 22414, 22415, 22416,

22417, 22418, 22419, 22420, 22423, 22424, 22425, 22426, 22428, 22430, 22431, 22433, 22435,

22436, 22377, 22411, 22391, 22392 J-3, 22396 J-1, 22373 J-5, 22393 J-4; specimens from FMNH

include Barret #6, C67 Dr 15–4, CompPenn#17, HQ26, HQ114, HQ1329 B-1, HQ1344-B-2,

HQ46, HQ554 A-2, HQ555 B-1, HQ610 A-3, HQ66, HQ69,70(B), HQ799 B-1, HQ983 A-2,

Jelliff#2, L238, L250, L309 (J864), L310 (J629), L310 (J859), L311 (J1068), L311 (J288), L311

(J938), L312(J61), L314, 315A(PF2320), L316, L317(2314), Logan 115 (J657), MontgomeryCk

dr5, MQ236 (PF2852), PF2320, PF-2323, PF-2330, PF2331 J-122, PF2335 J288, PF-2339, PF-

2341, PF-8049, PF-8404, Pit 14(17&18), Pit 14(Peabody Coal), Q208, UC3316, C67 Dr 15–1,

C67 Dr 15–3, CompPenn#19, Fish pit 12 , HQ1374 A-3, PF-1024, X-Ray #10, PF-2845, PF-

8735, UF30, HeslerQ 26.

Remarks. Teeth in an anterior position on the whorl have longer roots than those at the

posterior end, e.g., USNM 6049, ANSP 22392 J3 (Fig 3D), and FMNH PF 8735. This pattern

demonstrates that the posterior root of a tooth continues to grow and results in the anterior

advancement of teeth in the whorl. In the course of its travel to an anterior position, but prior

to being ejected, the root stops elongating. The whorl, ANSP 22396 J1 (Fig 3E), shows this with

equivalent lengths of the four anterior teeth. Once fully formed, ejected teeth and anterior

teeth of whorls share similar root length proportions. By contrast teeth in posterior positions

of the whorl have stunted root proportions and crown dimensions tend to plot higher than

average (Fig 5).

Edestus vorax Leidy, 1856 [16]

Figs 2O and 3A.

Edestus vorax Leidy, 1856 [16], pp. 159–160, pl. 15, Figs 1–4.

Edestus giganteus Newberry, 1889 [37], pp. 225–226, pl. XL.

Holotype. E. vorax, ANSP 9899 (Leidy, 1856) [16], Muskogee Co., Oklahoma [10],

Desmoinesian.

Diagnosis. Crowns with acute triangular shape, with slightly longer posterior edge, inter-

mediate apical angle; denticles very coarse; roots stout and extend deep below crown.

Occurrence. Moscovian. Desmoinesian of United States.

Other material examined. Includes four specimens, AMNH 225, KGS specimen, FMNH

UC 14346, and USNM 330005.

Description. Dimensions are presented in Table 2. Crown height to width ratio greater

than 0.9. Denticles wider than 2 mm. Apical angle of roughly 65˚.

Remarks. The similarity of E. vorax and E. giganteus was recognized by Branson [10],

though subsequent authors have not followed his recommendation for synonymy. Little is

known about E. vorax due to its sparse fossil record (n = 5), and therefore variation within the

Fig 7. Geometric morphometrics of Edestus with symmetric-crowned teeth. (A) PCA of all crowns color-coded by crown width size to show

ontogenetic variation. Holotypes have outlined circle symbol. (B) Five whorls from ANSP provide PC1 shape of consecutive crowns plotted by crown

width. Holotypes have outlined circles filled white. Note significant outlier E. giganteus holotype above the y-axis excursion.

https://doi.org/10.1371/journal.pone.0220958.g007
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species and its ontogeny remains under-sampled. The convex bulge is conspicuous on the

KGS and AMNH 225 whorls, hence its inclusion in the genus. Dimorphism in upper and

lower whorls is expected, but currently unknown (Fig 9). Itano et al. [12] have suggested that

E. vorax is a large individual equivalent to E. heinrichi. The measurements in this study

unequivocally reject this hypothesis. Ontogenetic series of E. heinrichi crown height, for exam-

ple, follows a trajectory (Fig 5), that steepens at roughly 2.3 cm, far short of E. vorax crowns

known to be beyond 8 cm tall. One could still argue that juvenile E. vorax with smaller crowns

must exist, yet the E. heinrichi population studied here cannot account for short, greatly thick-

ened root structures found in all E. vorax. As E. heinrichi whorls get larger during ontogeny,

their roots consistently elongate posteriorly relative to their crowns with no evidence for a

shift toward shortening and thickening with increased crown size. Growth trends documented

here strongly support E. vorax as a separate species.

Discussion

The largest dataset yet compiled of Edestus teeth provides a quantitative foundation for defin-

ing species concepts that incorporate ontogeny and disparities associated with upper and

lower dentitions. As found with the edestoid, Helicoprion [9], we find species diversity to be

substantially decreased when morphometric methods are applied to larger datasets. The four

distinct morphological species defined here provide new constraints on the morphology, size,

and geographic history of Edestus when placed in context of the recently described cranium

and jaw of a juvenile Edestus heinrichi, FMNH PF 2204 [2].

Fig 8. Geometric morphometrics of Edestus with asymmetric-crowned teeth. (A) PCA of all crowns color-coded by crown width size to show ontogenetic

variation. Multiple crowns from holotype E. mirus from both upper and lower whorls outlined. All holotypes have black outlined circle symbol. Diamond symbol

denotes specimens plotted in the upper grouping of B. (B) PC2 plotted by crown width. Light and dark grey convex hulls demark morphospace of two groups of

crowns. (C) PC2 of all asymmetric crowns correlates strongly with the upper ratio metric. (D) Ratio of linear measures distinguishing two asymmetric crown types

for Edestus, based on geometric ordination and groupings in B. (E) Discriminant analysis of asymmetric crown using linear measurements classified by groupings

shown in B and D. Holotype specimens of E. triserratus, E. minusculus, and E. kolomnensis form the upper group (pink); Holotypes of E. mirus (multiple crowns), E.

pringlei, and E. minor form lower group (blue). Loadings for linear measurements (see Fig 1) on the discriminant axis.

https://doi.org/10.1371/journal.pone.0220958.g008

Table 4. Nonparametric tests for new groupings of Edestus specimens from principle components analysis. Results of PERMANOVA (F = 174.9, p = 0.0001) and

ANOSIM (R = 0.93, p = 0.0001).

PERMANOVA

p-values E.triserratus E. heinrichi E. vorax (n = 1)
E. minor (n = 11) 0.0006� 0. 0006� 0.5154

E. triserratus (n = 31) 0. 0006� 0.2004

E. heinrichi (n = 55) 0.1068

F-values

E. minor 11.9 169.1 8.433

E. triserratus 459.9 10.88

E. heinrichi 4.824

ANOSIM

p-values

E. minor 0.0015� 0.0003� —

E. triserratus 0.0003� —

R-values

E. minor 0.3323 0.9996 —

E. triserratus 0.9999 —

�p-values significant, suggesting Edestus groupings occupy different morphospaces.

https://doi.org/10.1371/journal.pone.0220958.t004
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Analysis of E. heinrichi (FMNH PF 2204) demonstrated that the opposing tooth whorls

functioned as grasping and slicing tools. As the lower jaw closes toward the fixed upper whorl,

it moves anterodorsally, causing teeth to slice for up to three tooth-lengths through the prey

item. As the mouth re-opens, jaw depressors pull the lower jaw posteroventrally, providing a

second slicing motion of teeth through the prey. Upper and lower teeth do not shear past one

another in a “true” scissor-like motion, but rather stop short and remain parallel during the

bite sequence. Given the similar shape of the whorls through ontogeny, it is parsimonious to

expect similar jaw mechanics in the adult E. heinrichi.
Furthermore, extrapolating the anatomy and joints of the E. heinrichi jaw to the other three

species is regarded here as reasonable, with some consideration. The asymmetric species E. tri-
serratus and E. minor have whorls that exhibit a greater degree of curvature, leading Itano [8,

38, 39, 40] to imagine the whorls to curl outside the mouth for a vertical slashing motion. The

evidence used for this hypothesis include several specimens of Edestus teeth showing wear pat-

terns that are predominantly transverse to the crown (i.e., parallel to the base) [38, 39, 40].

This wear pattern is entirely consistent with the anatomy and functional reconstruction of

FMNH PF 2204 [2], showing that Edestus whorls were positioned in opposition inside the

mouth, and that the biting motion involved anterior-posterior slicing with the lower whorl.

Furthermore, transverse wear patterns are found on both asymmetric and symmetric species,

implying that slicing is the common mechanism for biting in all Edestus.
Using the jaw of E. heinrichi as a conservative model, whorls of the asymmetric species,

when scaled for size, fit easily within the supporting palatine and Meckel’s cartilages. We

might anticipate a shortening of the lower jaw in E. minor to take advantage of the greater

occlusal curvature to generate more slicing action, as found in the short jaw of Helicoprion
[41]. Edestus vorax has a substantially more robust tooth whorl and would necessitate an

equally robust jaw structure to accommodate its greater size. Beyond variations in proportions,

we regard the jaw morphology observed in E. heinrichi (FMNH PF 2204) as conservative

within the genus, pending new discoveries of Edestus cranial material.

FMNH PF 2204 also provides some rough estimation for maximum body size in E. heinri-
chi. The upper and lower whorls of FMNH PF 2204 measure 10.4 cm and 8 cm, respectively,

and are contained within a cranium roughly 25 cm in length. The largest individual E. heinri-
chi whorls include an upper whorl measuring 32 cm (ANSP 22396, Fig 3E) and a lower whorl

measuring 43 cm (ANSP 22393, Fig 3G). Assuming isometric growth, which is a conservative

underestimation given the positive allometry found in Helicoprion [9], the cranium of Edestus
heinrichi attained minimum lengths of 77 to 134 cm for these two specimens, respectively.

Using a conservative 5:1 body to head length ratio allows a minimum rough estimate of E.

heinrichi body length of 6.7 m (Fig 10).

The consolidation of species provides some insight on the timing and geographic expansion

of Edestus. The history of the group is recorded in paleoequatorial to tropical latitudes (Fig 11).

Transgressive marine shale deposits overlying coal swamps are the most frequent depositional

setting for Edestus, with relatively few reported from basinal marine limestones. Lestrodus new-
toni, whose root and crown morphology bears closest resemblance to Edestus, precedes it in

Britain during the Namurian regional stage (middle Bashkirian, early Pennsylvanian). The

first Edestus species have asymmetric crowns and include both E. minor and E. triserratus in

the Westphalian B (latest Bashkirian) coastal marine deposits of England. By Moscovian time,

Fig 9. Illustration of revised Edestus species whorls and teeth. (A) Edestus minor represented by associated upper and lower whorl. (B) Edestus triserratus adult

represented by two separate specimens of compatible size, and subadult represented by associated upper and lower whorls. (C) Edestus heinrichi adult form

represented by two separate specimens of compatible size, and subadult represented by associated upper and lower whorls. (D) Edestus vorax adult upper whorl

and lower tooth of separate individual. Scale bar for all specimens.

https://doi.org/10.1371/journal.pone.0220958.g009
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uplift associated with the Variscan orogeny shifts much of Britain’s depositional environments

to alluvial facies [42], and no further Edestus fossils are found in the region. Elsewhere, Edestus
diversified and expanded their range to include the Russian Platform and central United States

Table 5. Crown height to width ratio for new Edestus groupings. Results of ordinary least squares regression of log-transformed values.

H : W E. minor E. triserratus E. heinrichi E. vorax
N 12 40 149 3

Min 0.92 0.74 0.39 0.85

Max 1.41 1.57 1.09 1.22

Mean 1.19 1.06 0.60 1.00

Stand. dev 0.16 0.16 0.12 0.20

Median 1.23 1.05 0.59 0.93

logH : logW OLS

Slope a 1.195 1.1303 0.9518

Intercept b -0.1468 -0.0646 0.2349

R2 0.6484 0.9044 0.8147

t 4.2947 18.964 25.421

p-value 0.0024 0.0001 0.0001

https://doi.org/10.1371/journal.pone.0220958.t005

Fig 10. Edestus heinrichi preying on a palaeoniscoid fish. 3D illustration by Jesse Pruitt and Evelyn Vollmer, Idaho Virtualization Lab.

https://doi.org/10.1371/journal.pone.0220958.g010
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coincident with the global Moscovian transgression. Edestus heinrichi and E. triserratus, as

revised here, are found in deposits of regional Myachkovian age, whereas all four Edestus spe-

cies are found in Atokan to Desmoinesian marginal marine deposits in the US. No Edestus are

reported after the Desmoinesian, suggesting that their stratigraphic range is from late Bashkir-

ian to Moscovian, approximately 313 to 307 Ma.

Supporting information

S1 Appendix. Spreadsheet for principle components analysis for symmetric crowns

depicted in Fig 7A.

(XLSX)

S2 Appendix. Spreadsheet for principle components analysis for asymmetric crowns

depicted in Fig 8A.

(XLSX)

S1 Fig. Line drawings of Edestus triserratus whorls. (A) ISM 497337, lower whorl. (B) Jillson

specimen, upper whorl.
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