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Basilosauridae, fully aquatic archaeocetes from the Eocene, had osteosclerotic or pachyosteosclerotic structure of ribs and, sometimes, other bones. Such a structure is far different from osteoporotic-like bones of modern cetaceans. A microanatomical and histological study was conducted on axial and limb skeleton of several basilosaurid specimens assigned to the genus Basilotritus, from Bartonian (late middle Eocene) deposits of Ukraine, remarkable for its pachyostotic bones. The postcranial skeleton of these specimens is a complex mosaic of diverse types of bone structure, which include pachyosteosclerotic, osteosclerotic and cancellous elements. The vertebrae have a pachyostotic layered cortex reaching its greatest thickness in the lumbar region. This cortex was strongly vascularized, and its layered structure is due to concentric circles mostly made by longitudinal vascular canals, in addition to cyclical growth lines. Heavy bones are concentrated in the dorsal and ventral areas. Swollen distal ends of thoracic ribs are interpreted as serving as ballast in the ventral area, as also previously proposed for Basilosaurus cetoides. Cortical bone tissue in vertebrae and ribs showed signs of intensive resorption and remodeling. This indicates the use of the axial skeleton not only for buoyancy control but also possibly for calcium and phosphorus recycling.
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1 INTRODUCTION
Several tetrapod lineages transited to aquatic lifestyle and gained numerous evolutionary adaptations to life in water. Two main types of histological adaptations of bone tissue can be found in secondarily aquatic tetrapods. The first one is an increase of bone density and mass through either hyperplasia of the periosteal cortex (pachyostosis) or compaction of endosteal bone (osteosclerosis) resulting from different ontogenetic processes (reviewed in: Ricqlès and De Buffrénil, 2001; Houssaye and Buffrénil, 2021). Pachyostosis and osteosclerosis, as well as the combination of these conditions, pachyosteosclerosis, occur in different parts of the postcranial skeleton of many unrelated taxa of extant and extinct aquatic mammals and reptiles (Buffrénil et al., 1990; Buffrénil et al., 2010; Hayashi et al., 2013; Houssaye et al., 2015; Nuñez Demarco et al., 2018; Dewaele et al., 2019; Dewaele et al., 2022). Such a bone microstructure is often interpreted as helping to reduce body buoyancy in bottom dwelling and/or shallow marine species. A well-known example of this anatomy is the extensively pachyosteosclerotic skeleton of extinct and modern sirenians (Buffrénil and Schoevaert, 1989; Buffrénil et al., 2010).
The second type of aquatic adaptations implies reduction of bone mass and density (osteoporotic-like state) through the intensification of bone resorption. Osteoporotic postcranial bones are typical of derived marine reptiles and modern cetaceans: they are associated with a pelagic lifestyle (Buffrenil and Schoevaert, 1988; Buffrénil and Mazin, 1990; Houssaye et al., 2014; Scheyer et al., 2014). However, there are examples of very different histological adaptations in closely related taxa (Klein et al., 2016) or even at different ontogenetic stages of the same species (Wiffen et al., 1995; George et al., 2016).
Cetaceans changed the type of their bone microstructure adaptations during their early evolution. Stem semi-aquatic cetaceans, Pakicetidae, Ambulocetidae, Remingtonocetidae and Protocetidae, had osteosclerotic ribs and limb bones (Gray et al., 2007; Madar, 2007; Thewissen et al., 2007; Houssaye et al., 2015; Houssaye et al., 2016). Meanwhile, the earliest Pelagiceti (fully aquatic cetaceans), developed pachyosteosclerosis: it was found in the postcranial skeleton of Basilosauridae and in ribs of the earliest mysticete Mystacodon selenensis (Muizon et al., 2019) with pestle-like distal ends. Like M. selenensis, most of basilosaurids had swollen ribs and moderately osteosclerotic forelimb bones (Buffrénil et al., 1990; Houssaye et al., 2015). However, there were large-sized cetaceans, such as Basilosaurus, which had pachyostotic cortex in their torso (i.e., posterior thoracic, lumbar and anterior caudal) vertebrae (Houssaye et al., 2015). Moreover, there were several cetaceans in the Eocene, known from Africa, North and South America and Europe (Uhen, 1999; Uhen et al., 2011; Gol’din and Zvonok, 2013; Gol’din et al., 2014b; van Vliet et al., 2020; Gingerich et al., 2022), which shared the same morphotype: robust skeletons with pachyosteosclerotic ribs, vertebrae and scapulae. Most of these animals are known only from highly fragmentary finds scattered across the globe. This led to some taxonomical confusion. Several nominal taxa sharing this anatomy were described and recombined or synonymized, such as genera Pachycetus, Platyosphys, Basilotritus and Antaecetus, and also Eocetus (later recombined as “Eocetus”, Basilotritus, Platyosphys and Pachycetus) wardii (Van Benden, 1883; Kellogg, 1936; Uhen, 1999; Gol’din and Zvonok, 2013; van Vliet et al., 2020; Gingerich et al., 2022), while others were reported as unnamed cetaceans (Uhen et al., 2011). These genera and their morphological similarity were reviewed by Gingerich, Amane and Zouhri (2022). However, due to the fragmentary nature of the specimens and, most likely, homoplasy in postcranial traits shared by cetaceans of this morphotype (Davydenko et al., 2021), the conclusions of that revision are still debated and pending phylogenetic analysis. Meanwhile postcranial anatomy of this morphotype is highly unusual for cetaceans, and only several forms from the Miocene of Paratethys (baleen whales of the family Cetotheriidae and the toothed whale Pachyacanthus) developed similar structures in their postcranial skeleton (Gol’din et al., 2014a; Dewaele et al., 2022). Bone histology that underlies this rare morphotype is a subject of special interest, since it shows the earliest steps of cetacean adaptations to a fully aquatic way of life.
Two specimens of basilosaurids, previously reported as Basilotritus sp. (Gol’din and Zvonok, 2013; Gol’din et al., 2014a), from the Eocene deposits of Ukraine provide unique information on bone macro- and microanatomy of this morphotype. In this study we provide the analysis of the inner bone structure and histology of the mandible, vertebrae, ribs, scapula, pelvis and fore- and hind limb bones of these whales from evolutionary, biomechanical and ontogenetic perspectives.
2 MATERIAL AND METHODS
Thirteen postcranial bones (Supplementary Table S1, Supplementary Figure S2) and a mandible fragment were taken for thin section preparation and CT scanning from the specimen referred to as Basilotritus sp. from the Kyiv Formation (Upper Lutetian to Bartonian, Middle Eocene) of Nahirne, Ukraine (approximate geographic coordinates 49°05′N, 33°08′E) (Gol’din and Zvonok, 2013; Gol’din et al., 2014b). Parts of this skeleton are housed in collections of the Geological Museum of Taras Shevchenko National University of Kyiv, Ukraine (GMNTSNUK) and Academician V.A. Topachevsky Paleontological Museum of the National Museum of Natural History of the National Academy of Sciences of Ukraine (NMNH-P). History of this collection and arguments for attributing all the Nahirne bones to a single individual and to the genus Basilotritus were provided in a previous work dedicated to the anatomy of this specimen (Gol’din et al., 2014b).
Another specimen of the same or closely related taxon (here referred to as Basilotritus sp.) comes from the coast of the Pyvykha Mt., Ukraine (approximate geographic coordinates 49°11′N, 33°07′E) and is held in the Hradyzk Local History Museum, Hradyzk, Ukraine (HLHM). Bones of this specimen (Supplementary Table S1, Supplementary Figure S3) were found recently washed from the coastal sediments. Based on the sediments covering some of the bones, this basilosaurid comes from the Kyiv Formation, like the Nahirne specimen. Also, a single caudal vertebra NMNH-P OF-1970 (referred as well to Basilotritus sp.) comes from the same locality (Gol’din and Zvonok, 2013) and it could belong to the same specimen, based on its preservation state, size and ontogenetic state. All the bones of the Pyvykha specimen are compatible in size and suture fusion stage, and there are no duplicate elements, so all the Pyvykha bones likely belong to a single individual.
Both Nahirne and Pyvykha specimens share the same postcranial skeletal morphotype, with thick cortex on the surface of posterior thoracic and lumbar vertebrae, swollen (pachyosteosclerotic) thoracic ribs, anteroposteriorly elongated transverse processes of lumbar vertebrae and presence of two cones of cancellous bone within the centra of lumbar vertebrae. No diagnostic morphological differences were found between the postcranial bones of the two specimens, so they are tentatively re-identified as belonging to the same genus or even species. However, this assignment should be used with caution, due to the absence of more diagnostic cranial and dental remains from the Pyvykha specimen.
Additionally, the CT scan of thoracic vertebrae of the holotype of the Bartonian Basilotritus uheni, specimen NMNH-P OF-2096 (Gol’din and Zvonok, 2013), was used for the comparative analysis of the inner microstructure of postcranial bone.
In total, 19 disarticulated bones and bone fragments from all the mentioned collections were examined (Table 1). Body length calculation was based on the linear regressions of the vertebral column length derived from the length of the longest vertebra from the posterior lumbar or anterior caudal region; moreover, skull length was derived from the centrum width of a cervical vertebra C3 or C4 (Davydenko et al., 2021). Seventeen bones were CT scanned at the Institute of Traumatology and Orthopedics, National Academy of Medical Sciences of Ukraine. The fossils were scanned with a Philips Brilliance 16-slice CT scanner. The same settings of the tube were used for all the specimens (voltage 120 kV; 120 mA). Virtual sections were visualized with the RadiAnt DICOM Viewer software (Medixant, 2021). Inner parts of the bones are free from mineralized matrix due to the significant contrast between cavities and bone as seen on CT scans and visual absence of the filling matrix in fresh fractures on cancellous bone.
Thin sections of the bones were manually prepared according to the standard procedure (Lamm, 2013). The thickness of the sections varied between 30 and 50 µm. Thin sections were examined under natural and polarized light, with an Olympus BX51 microscope (x40—x200). Sections were photographed with a Nikon D40 camera. Compactness index for the rib was calculated using the Bone Profiler (version 4.5.8) software (Girondot and Laurin, 2003).
Microanatomical structure of the bones was described with a terminology adapted from work dedicated to general bone histology of vertebrates (Francillon-Vieillot et al., 1990) and previous articles describing inner microstructure of archaeocete bones (Buffrénil et al., 1990; Gray et al., 2007).
3 RESULTS
3.1 Ontogenetic state of the specimens
The Pyvykha specimen is suggested to represent the youngest individual in our sample. It includes bones (ribs and vertebrae) showing signs of a young individual age. There are three annuli in the inner structure of the ribs (here we use the term “annuli” following Buffrénil and Quilhac, 2021). Only cervical and anterior caudal vertebrae have partially fused epiphyses, but no signs of suture fusion were found in thoracic or lumbar vertebrae fragments. This sequence of vertebrae epiphysis fusion is typical of modern cetaceans (Kato, 1988; Galatius and Kinze, 2003; Moran et al., 2015). The Pyvykha specimen is the smallest individual in our sample. Its body length, tentatively estimated from the dimensions of the longest (caudal) vertebra and the cervical vertebra (Davydenko et al., 2021), was about 7 m.
The Nahirne specimen is older, with five to six annuli visible in its ribs. Its body length, estimated from the dimensions of the longest (lumbar) vertebra and the cervical vertebra, was about 8 m. Vertebral epiphyses are partially fused in cervical vertebrae only.
Physical immaturity, as inferred from the fusion state of vertebral epiphyses, along with the relatively large size of Pyvykha and Nahirne specimens and the heavily worn teeth in the latter, might be indicative of paedomorphosis, as discussed in the previous study of the Nahirne specimen (Gol’din et al., 2014b).
The holotype of Basilotritus uheni is an adult individual close to physical maturity: its posterior thoracic vertebrae (presumably T7-T9) have completely or almost completely fused epiphyses (Gol’din and Zvonok, 2013). Therefore, B. uheni OF-2096 is the most mature specimen in this research. However, it is unclear if it is conspecific to the other specimens.
3.2 Inner anatomy
3.2.1 Cervical vertebrae (NMNH-P CS 48-50, HLHM EC 01)
All the CT scanned cervical vertebrae have epiphyses incompletely (partially) fused with centra. The cervical vertebrae mostly consist of cancellous bone (Supplementary Figure S2C). A relatively thick cortex (7–10 mm) can be found only on the ventrolateral surface of C7 (CS 50) and at the base of the pedicles of the neural arch (Figure 1C).
[image: Figure 1]FIGURE 1 | CT-scans of thoracic vertebra T7 of Basilotritus uheni (NMNH-P OF-2096). (A) Longitudinal cross section. (B) Transverse cross section of T7. Abbreviations: fs, fused suture; rvc, radial vascular canals. All scale bars are 50 mm.
3.2.2 Thoracic vertebrae (NMNH-P OF-2096, HLHM EC 01)
The inner core of the centrum is composed of cancellous bone and in lateral view it has the shape of a ventrally concave cylinder (Figure 1A). Also, inner parts of the pedicles of the neural arch consist of cancellous bone (Figure 1B). The ventral part of the centrum, rib facets, pedicles of neural arch, spinal process and postzygapophyses are surrounded by thick cortex (maximum thickness is about 20 mm) radially penetrated by irregular canals (Figure 1B).
3.2.3 Lumbar vertebra (NMNH-P Ngr-12)
The outer surface of the centrum, the bases of transverse processes and the pedicles of the neural arch are covered with a thick compact cortex showing at least six layers that are visible on CT-scans in the best-preserved parts (Figure 2A). Radial vascular canals penetrate the layered cortex, and these canals reach the outer surfaces of the centrum where they are seen as numerous vascular pits. These openings, earlier described as “pock marks”, were noticed as a diagnostic trait for several taxa of Eocene cetaceans (Uhen, 1999; Gol’din and Zvonok, 2013; van Vliet et al., 2020; Gingerich et al., 2022). The thickest cortex (30 mm) is in the middle third of the centrum, whereas at the anterior and posterior margins of the centrum the cortex is relatively thin (5–10 mm). The inner core of the centrum is hourglass-shaped: it is composed by two cones of cancellous bone tapering towards each other in the midline area (Figure 2B), from which the cancellous cores of transverse processes are transversely extended (Figure 2A). Cortical bone is much thicker on the dorsal surface of the bases of transverse processes (23 mm) than on the ventral surface (15 mm). The neural arch pedicles consist only of compact cortical bone, without cancellous inner cores. Basilosaurus cetoides was previously reported to have a similarly thickened cortex of the lumbar vertebrae (Houssaye et al., 2015). However, cortical bone on B. cetoides vertebrae is thinner, especially at the base of transverse processes.
[image: Figure 2]FIGURE 2 | CT-scans of lumbar vertebra of Basilotritus sp. (Nahirne specimen, NMNH-P Ngr-12). (A) Transverse cross section. Visible longitudinal vascular canals distributed in circular rows are marked by arrows. (B) Longitudinal cross section. Abbreviations: acc, anterior cone of cancellous bone; cctp, cancellous core of transverse process; pcc, posterior cone of cancellous bone; rvc, radial vascular canals. All scale bars are 50 mm.
3.2.4 Anterior caudal vertebra (NMNH-P OF-1970)
Most of the outer surface of the vertebra is eroded, but some areas of the transverse cross-section are covered with a very thin (2–3 mm) cortex devoid of distinct layers (Supplementary Figure S3C). The inner core of the centrum is similar to the core of the lumbar vertebra NMNH-P Ngr-12. Both epiphyses are present and fused with the centrum. Suture lines are barely visible with the naked eye, but well distinguishable on CT-scans (Supplementary Figure S3D).
3.2.5 Mesosternal element 2 (GMTSNUK 15/8)
This bone almost entirely consists of spongy bone. There is a thin plate of compact cortex (4 mm) on the dorsal side of the anterior portion of the bone (Figure 3A). This plate is penetrated by numerous canals. The middle part of the mesosternal element is denser, and there is compact bone 10 mm thick on its dorsal side. The lateral walls of the bone are thin and consist of compact, layered bone also penetrated by canals.
[image: Figure 3]FIGURE 3 | CT-scans of sternum elements of Basilotritus sp. (Nahirne specimen). (A) inner structure of the mesosternal element 2 (GMTSNUK 15/8). (B) inner structure of the xiphisternum (NMNH-P CS 44). Numbered lines correspond to respective transverse cross sections. All scale bars are 50 mm.
3.2.6 Xiphisternum (NMNH-P CS 44)
The anterior end of the xiphisternum consists of cancellous bone with small, reduced intertrabecular spaces and irregular erosion cavities (Figure 3B). This inner structure smoothly changes into the midshaft of the bone, where separate intertrabecular spaces become better visible on virtual sections. Two zones of cortical bone are seen in the periosteal area in the middle part of the xiphisternum: the thicker one (10 mm) on the ventral side of the bone and the thinner one (5 mm) on the dorsal side. There are three barely visible layers in the ventral cortical area. This area is pierced by vascular canals. At the bifurcated posterior end of the xiphisternum (Figure 3B), the dorsal cortical area is thinner (2 mm), so the cancellous bone is as thick as the compact bone in this area.
3.2.7 Thoracic rib (GMTSNUK 15/9)
The inner structure of the rib is highly variable along the bone shaft (Figure 4A). The proximal virtual section shows a middle core of spongy bone surrounded by a layered compact cortex. There are thick trabeculae and large intertrabecular spaces in the middle core. A similar structure is observed in the middle part of the rib diaphysis, but the spongy medulla is located on the medial side of the rib rather than in its centre. A similar asymmetry was previously documented for other basilosaurids: the medulla of ribs of Basilosaurus isis is also located on the medial side of the section (Houssaye et al., 2015), whereas in Basilosaurus cetoides and Zygorhiza kochii the cortex is much thicker on the medial side, so the medulla is situated laterally (Buffrénil et al., 1990). The structure of the medulla is different in the distal swollen portion of the rib: trabeculae are much denser and thicker, intertrabecular spaces are smaller, and lacunae are not seen (except for the boundary between medulla and cortex). Distally, the dense medulla occupies most of the bone. It is located at the anterior (rather than medial) margin of the rib, and the layered cortex is situated posterior to it. There are five or six well distinguishable but disturbed annuli (Supplementary Figure S2O), which are believed to be annual growth layers in many mammals (Klevezal, 1996), and resorption cavities in the compact bone. The most distal swelling of the rib consists almost entirely of enlarged medullar core with thick trabeculae. This core is surrounded by very thin (2–3 mm) cortex. The compactness index (CI) of the midshaft of the thoracic rib is 0.94 (Supplementary Figure S2O), as measured on the thin section prepared from the fragment of another thoracic rib of this specimen (NMNH-P CS 52, Supplementary Figure S2G). Generally, inner structure of the thoracic rib of Basilotritus is similar to that of B. isis, differing in the slightly denser midshaft: CI is 0.94 in Basilotritus sp. vs. 0.88 in B. isis (Houssaye et al., 2015).
[image: Figure 4]FIGURE 4 | CT-scans of a rib (Nahirne specimen) and humerus (Pyvykha specimen) of Basilotritus sp. (A) longitudinal CT-scan of the thoracic rib (GMTSNUK 15/9). (B) CT-scans of proximal and distal fragments of the humerus (HLHM EC 01). Numbered lines correspond to respective transverse cross sections. All scale bars are 50 mm.
3.2.8 Humerus (HLHM EC 01)
The proximal part of the humerus (Figure 4B1) almost entirely consists of spongy bone with a dense trabecular network and small, numerous intertrabecular spaces. The thickest cortex is situated along the anterior margin of the bone. The distal fragment has a thick circular cortex (about 15 mm); medullar area of this fragment contains spongy bone with thinner trabeculae and large intertrabecular spaces (Figure 4B2). The medullar area partially extends into the deltopectoral crest. Compactness index of cross-section of the distal fragment is 0.81. Such a high density without a swelling of the bone indicates that the distal part of the humerus is osteosclerotic. Cross-section of the distal fragment of Basilotritus humerus is similar to that of B. isis, while a cancellous proximal part is similar to a proximal cross section of Dorudon atrox (Houssaye et al., 2015).
3.2.9 Proximal phalanx (NMNH-P CS 45)
This phalanx mostly consists of spongy bone tissue with numerous longitudinally elongated intertrabecular spaces. The spongy area is surrounded by very thin (1 mm), compact periosteal bone (Supplementary Figure S2N).
3.2.10 Innominate (NMNH-P CS 51/1-3)
The gross anatomy of the pelvic bone fragments is similar to that of the pelvis of “Basilotritus” (or “Pachycetus”) wardii (Uhen, 1999). In the inner structure, the innominate mostly consists of a loose spongiosa with thick trabeculae and large intertrabecular spaces. Two strata of compact bone, without any distinct layers and vascular canals, are located on the ventromedial side of the ilium base and the ventrolateral side of the deepest preserved part of the acetabulum (Figure 5A). The iliac process has a spongy core, elongated in dorsoventral direction, and the lateral and medial areas are made of dense non-layered compact bone. The ischium fragment has a similar inner structure, but the lateral and medial areas of compact bone are thinner.
[image: Figure 5]FIGURE 5 | Outline reconstruction and inner structure of pelvic bones of Basilotritus sp. (A) Pelvic bone fragments of Nahirne specimen (NMNH-P CS 51/1-3). (B) Pelvic bone fragment of Pyvykha specimen (HLHM EC 01). Arrows indicate layers of the cortex. Abbreviations: ac, acetabulum: ac. n, acetabular notch; il, ilium: isch, ischium; vc, vascular canals: vco, vascular canal opening. Numbered lines correspond to respective transverse cross sections. All scale bars are 100 mm.
3.2.11 Innominate (HLHM EC 01)
The preserved fragment, 126 mm long (Figure 5B), has a completely preserved dorsal margin that displays a pachyosteosclerotic bulging just above the acetabulum. Several openings of vascular canals are seen on that bulging. In the inner structure, a single dense area is seen on the ventral side of the bone, and the large pachyosteosclerotic swelling is dorsal to the acetabulum. The latter consists of an extremely dense compact cortex with several layers (Figure 8B). These layers are penetrated by numerous vascular canals.
3.3 Bone histology
3.3.1 Vertebral cortex
Compact cortical bone of lumbar vertebrae (a thin section in a cortex fragment of specimen NMNH-P Ngr-12 was prepared) can be subdivided into three areas (Figure 6, Supplementary Figure S4). The peripheral area is composed of a woven-parallel complex with irregular primary osteons. There are sparse and randomly placed resorption cavities in this area, without traces of remodeling. Four closely spaced lines of arrested growth (LAG) are seen in the periosteal zone (Figure 6A), forming the external fundamental system (EFS). A thin plate of woven bone tissue with small primary osteons is seen externally to the outer growth line, suggesting continuing periosteal growth. A line consisting of several rows of tightly packed primary osteons, surrounded by avascular woven bone tissue, separates the middle area of the cortex from the peripheral area (Figure 6B). The middle area contains scarce secondary osteons (Figure 6B) and numerous longitudinal vascular canals distributed in circular rows (Figure 6C). The third, deepest, area of the cortex is a well-ordered structure of circular canals, which is disturbed by intensive remodeling and numerous resorption cavities (Figure 6C). The cancellous bone is situated medial to the third area of cortex.
[image: Figure 6]FIGURE 6 | Microanatomical structure of the vertebral cortex of lumbar vertebra (Nahirne specimen, NMNH-P Ngr-12) of Basilotritus sp. (A) Natural (left) and polarized (right) microscopical views on the periphery of the cortex. (B) Natural (left) and polarized (right) microscopical views on the medial zone of the cortex. (C) Natural (left) and polarized (right) microscopical views on the deepest layers of the cortex. Abbreviations: EFS, external fundamental system; po, primary osteons; lpo, line of primary osteons; lvc, longitudinal vascular canals; rc, resorption cavities; so, secondary osteons. All scale bars are 1 mm.
3.3.2 Thoracic rib (NMNH-P CS 52)
There are no EFS or any growth marks in the periosteal area. It is composed of parallel-fibered bone tissue and primary osteons. Four to six annuli, composed of parallel-fibered tissue, are placed in the cortex. There are two to four rows of primary osteons between neighboring annuli (Figure 7A). This area is disturbed by resorption, which prevents precise annulus counting. The deepest area of the cortex consists of woven-fibered bone tissue and evenly distributed secondary osteons. Medullar area of the rib is mostly filled by trabeculae, thickened by increased deposit of endosteal bone with numerous traces of remodeling (Figure 7B). Remains of the cartilage matrix are preserved inside some of the trabeculae. Thoracic ribs demonstrate asymmetrical growth, as mentioned for several basilosaurid taxa (Buffrénil et al., 1990; Houssaye et al., 2015), in a way that the medullar area shifted to the medial side of the rib (Supplementary Figure S5), whereas layers of periosteal cortex formed a pachyostotic swelling on the lateral and posterior sides.
[image: Figure 7]FIGURE 7 | Microanatomical structure of the thoracic rib (Nahirne specimen, NMNH-P CS 52) of Basilotritus sp. (A) Natural (left) and polarized (right) microscopical views on the rib cortex. (B) Natural (left) and polarized (right) microscopical views on the medullar area. Trabeculae with calcified cartilage are shown in the inset. Abbreviations: an, annuli; cc, calcified cartilage; eld, endosteal lamellar deposits; lpo, line of primary osteons; rc, resorption cavities. All scale bars except one for the inset are 0.5 mm.
3.3.3 Scapula (NMNH-P CS 46/9)
The cortex is composed of pseudolamellar bone tissue with simple vascular canals and scarce primary osteons, oriented at different angles (Figure 8A). The medullar area is filled by thin trabeculae with moderate endosteal lamellar deposits and secondary osteons (Figure 8B). Endosteal lamellar bone is absent on the walls of some trabeculae, showing the presence of Howship’s lacunae (Gray et al., 2007). Generally, the scapula is pachyostotic due to the presence conciderably thickened cortex at least at lateral side (medial is eroded) (Supplementary Figure S2K).
[image: Figure 8]FIGURE 8 | Microanatomical structure of the posterior portion of the scapular blade (Nahirne specimen, NMNH-P CS 46/9) of Basilotritus sp. (A) Natural (left) and polarized (right) microscopical views on the cortex of the scapula. (B) Natural (left) and polarized (right) microscopical views on the medullar area on the scapula. Abbreviations: eld, endosteal lamellar deposits; hl, Howship’s lacunae; po, primary osteons; vc, vascular canal. All scale bars are 0.5 mm.
3.3.4 Innominate (NMNH-P CS 51/3)
The cortex is composed of woven bone and numerous primary and secondary osteons. Irregular resorption cavities penetrate the cortex (Figure 9A). The bone histology of the medullar area is similar to that in the scapula (Figure 8B).
[image: Figure 9]FIGURE 9 | Microanatomical structure of the cortex of pelvic bone (NMNH-P CS 51/3) and mandible (NMNH-P CS 41/8) of Basilotritus sp. (Nahirne specimen). (A) Natural (left) and polarized (right) microscopical views on the cortex of the pelvic bone. (B) Natural (left) and polarized (right) microscopical views on the cortex of the ventral part of the horizontal ramus of the mandible. Abbreviations: an, annuli; po, primary osteons; rc, resorption cavity; so, secondary osteons. All scale bars are 0.5 mm.
3.3.5 Mandible (NMNH-P CS 41/8)
The cortex of the ventral part of the horizontal ramus of the mandible is composed of woven bone tissue with simple vascular canals. There are five discontinuous annuli formed by lamellar bone deposits in the depth of the cortex (Figure 9B).
4 DISCUSSION
Skeletal microanatomy of many aquatic mammals follows a single adaptive strategy; however, an opposite situation is equally common: the postcranial skeleton of many secondary aquatic tetrapods in several evolutionary lineages is a mosaic of bone structure types (Ricqlès and De Buffrénil, 2001; Houssaye et al., 2016; Houssaye and Buffrénil, 2021). Such a diversity is sometimes associated with an early stage of adaptation to an aquatic environment, or, in other cases, with such tetrapods living in coastal waters. For example, the postcranial skeleton of an extant Dugong dugong (Sirenia, Dugongidae) includes pachyosteosclerotic/osteosclerotic ribs, forelimb bones and anterior thoracic vertebrae, whereas the rest of the vertebral column has a cancellous structure (Buffrénil and Schoevaert, 1989). A similar mix is observed in skeletons of the Oligocene semiaquatic mammals Behemotops katsuiei and Ashoroa laticosta (Desmostylia), which have osteoclerotic or pachyosteosclerotic ribs and limb bones combined with cancellous vertebrae (Hayashi et al., 2013). Also, diversification of postcranial bone microstructure is documented for some sauropterygians (Cruickshank et al., 1996; Street and O’Keefe, 2010), which have dense ribs and gastralia. Efficient buoyancy control through loading of the skeleton has been proposed as a functional interpretation of bone mass increase in the mentioned aquatic tetrapods. However, there are some groups of secondary aquatic tetrapods showing a different type of skeletal adaptations: all parts of the postcranial skeleton of the same individual display a uniform type of microstructure. Well documented examples of such aquatic tetrapods are crown cetaceans (Ricqlès and De Buffrénil, 2001) and most of the ichthyosaurs (Sander, 2021). The whole postcranial skeleton of these pelagic swimmers is composed of cancellous, even osteoporotic-like bone tissue (in case of the many crown cetaceans, e.g., dolphins). Aquatic tetrapods which have an opposite microstructure condition are known (although quite rare): the recovered postcranial skeletal parts of such animals are osteosclerotic or pachyosteosclerotic. These include several mammals represented by cetaceans–mysticetes of the family Cetotheriidae, an odontocete Pachyacanthus and a true seal Nannophoca from the Miocene (Gol’din et al., 2014a; Dewaele et al., 2022) and reptiles represented by Permian mesosaurs and Cretaceous stem-ophidiomorphs (Houssaye, 2013; Houssaye et al., 2016). Unusual structural homogeneity and extremely high compactness of almost every bone in their skeletons were interpreted as an adaptation to hypersaline conditions, in case of cetaceans (Dewaele et al., 2022), or aspects of aquatic locomotion, in case of some marine reptiles (Houssaye et al., 2016).
The results of this study show that the basilosaurid whale Basilotritus has diverse bone tissues in the postcranial skeleton. It includes pachyosteosclerotic (thoracic ribs, posterior thoracic and lumbar vertebrae), pachyostotic (scapulae, pelvis), osteosclerotic (humerus) and cancellous (cervical and caudal vertebrae) elements. Microstructure of cortex layering is different depending on the bone. For example, in ribs of the Nahirne specimen the cortical layers are divided by numerous annuli, whereas in lumbar vertebra of the same specimen (which were found in close association with the ribs and undoubtedly belong to the same individual) these layers are separated by longitudinal vascular canals organized in circular rows, and only a single annulus is seen there.
Due to this microstructural diversity, the skeleton of Basilotritus is a mosaic of light and heavy bones. Diversity of bone tissues, although less studied, is known for other basilosaurids as well as for geologically older semi-aquatic archaeocetes (Houssaye et al., 2015). The heaviest bones are concentrated in the posterior thoracic and lumbar regions of the vertebral column. Heavy vertebrae of these regions compose a significant part of the axial skeleton (the number of thoracic vertebrae is estimated as 12 for Basilotritus (Gol’din and Zvonok, 2013) and of lumbar vertebrae as around 10 for the unnamed Bartonian basilosaurid from Peru MUSM 1443 (Uhen et al., 2011)) and therefore they would form a ballast similar to that of sirenians and some other secondary aquatic mammals (Buffrénil and Schoevaert, 1989; Hayashi et al., 2013; Dewaele et al., 2022). However, a few dense bones are also situated in the ventral parts of the skeleton, including swollen distal ends of thoracic ribs, distal end of the humerus and pachyostotic pelvis, therefore producing an additional ballast on the ventral side of the body. This weight distribution is more complex than in skeletons of other known basilosaurids which show only ventral (swollen ribs) ballast (Kellogg, 1936; Uhen, 2004; Martínez-Cáceres et al., 2017). Concentration of dense bones in two areas may help to enhance buoyancy control for an elongated body of an epipelagic predator (Gol’din et al., 2014b). In overall, such a pattern is different from other well-studied Eocene cetaceans like Dorudon atrox and Cynthiacetus peruvianus (Uhen, 2004; Martínez-Cáceres et al., 2017) but can be similar to some least studied specimens including MUSM 1443 and Antaecetus aithai (Uhen et al., 2011; Gingerich et al., 2022). The presence of a thick, intensively vascularizated cortex in vertebrae seems to be an autapomorphy (or a synapomorphy for a clade of basal Pelagiceti). Pachyostosis of an innominate may be also an autapomorphy. Interestingly, the only previous study of the inner microstructure of the innominate of an Eocene cetacean (a member of the family Protocetidae) revealed that its bone was composed of cancellous bone tissue (Hautier et al., 2014). However, pachyosteosclerotic ribs are shared with most lineages of early Pelagiceti (Buffrénil et al., 1990; Houssaye et al., 2015; Muizon et al., 2019) and an osteosclerotic humerus is a plesiomorphic condition for cetaceans, although its density seems to be lower than in semiaquatic Pakicetidae and Protocetidae (Madar, 2007; Houssaye et al., 2015). There are several middle Eocene cetaceans sharing pachyosteosclerotic skeleton; those are globally distributed and show body size disparity: large representatives designated as Basilotritus, Pachycetus and Platyosphys are known from Europe (Fedorovsky, 1912; Gol’din and Zvonok, 2013; van Vliet et al., 2020), whereas smaller forms include Antaecetus aithai and several “Eocetus” specimens from the North Africa (Gingerich et al., 2022), “Basilotritus” wardii and similar forms from North America and MUSM 1443 from South America (Uhen, 1999; Uhen et al., 2011). However, little is known about details of anatomy, microanatomy, diversity and phylogenetic relationships of these cetaceans.
Another interpretation, which cannot be ruled out, is that the difference in microstructure between bones can be due to different growth rates or development patterns, when the primary type of bone inner structure changes during the ontogeny, as in the case described by Wiffen et al. (1995) when the juvenile indviduals of a Late Cretaceous plesiosaur show pachyosteosclerosis while adults have osteoporotic-like structures. Therefore, the long-growing or positively allometric bones (as for extant cetaceans (Galatius, 2005)), are pachyosteosclerotic (e.g., thoracic and lumbar vertebrae and ribs) or pachyostotic (scapula), whereas the bones in which growth ceases early–cervical and caudal vertebrae–are cancellous. The vascular system of the pachyosteosclerotic vertebral cortex, organized as numerous longitudinal vascular canals arranged in circular rows, may be associated with a slow growth rate, as it has been suggested for the mosasauroid Clidastes propython (Houssaye and Bardet, 2012). This is an additional indicator of different growth rates for different bones in the skeleton of Basilotritus. Also, contrary to the example described by Wiffen et al. (1995), Basilotritus uheni retains numerous pachyosteosclerotic bones in the adult state, as seen from the anatomy of NMNH-P OF-2096. However, an interpretation based on ontogenetic changes is limited for this study, since the specimens examined here could belong to different species with different ontogenetic trajectories.
Moreover, cortical bone tissue of vertebrae and ribs of Basilotritus displays numerous signs of intensive resorption and remodeling and, at the same time, a complex vascularization pattern forming a dense vascular system. Numerous resorption cavities may be an evidence of use of the axial skeleton not only for buoyancy control but also as a depot of nutrients or ions, e.g., of calcium and phosphorous, at certain ontogenetic stages or depending on mineral availability in the environment (Cowan et al., 1968; George et al., 2016). However, this hypothesis could only be tested through the study of a larger number of specimens from a single species and with different ontogenetic stages. Interestingly, the presence of numerous resorption cavities in bones distinguishes the pachyosteosclerotic skeleton of Basilotritus from the pachyosteosclerotic bones of several Miocene marine mammals, whose bones are roughly uniform in microstructure (Dewaele et al., 2022). Different evolutionary mechanisms may have been involved in developing these superficially similar morphotypes.
5 CONCLUSION
Several, globally distributed basal members of Pelagiceti (fully aquatic cetaceans) from the middle Eocene share a vertebral morphotype, characterized by elongated and pachyosteosclerotic thoracics and lumbars. Among them, specimens from late middle Eocene deposits of Ukraine have been assigned to the genus Basilotritus. Close examination of inner structure of bones of three main specimens reveals a complex pattern of bone tissue distribution across various parts of the skeleton. The postcranial skeleton of Basilotritus is composed of bones having different growth rates, as seen from different layering and vascularization in ribs and vertebrae. Their skeleton shows an advanced system of ballast distribution with heavy bones concentrated in the dorsal and the ventral areas. Such a system distinguishes Basilotritus from previously studied basilosaurids which have heavy bones only in the rib cage. Combination of heavy vascularization and intensive resorption and reconstruction may be an evidence for a possible function of the skeleton for calcium and phosphorus recycling.
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