
ABSTRACT 

CADENA RUEDA, EDWIN ALBERTO. Phylogeny, Paleobiogeography, and Bone Soft-
tissue Preservation in new Neotropical Cenozoic and Mesozoic Fossil Turtles. (Under the 
direction of Daniel Ksepka and Mary Schweitzer). 
 

With approximately 228 Ma of existence, turtles are one of the most fascinating 

animals on Earth, particularly by their unique shell, wide ecological and geographical range, 

and a very continuous fossil record.  However, there is a huge gap in the fossil record of 

Mesozoic and Cenozoic turtles from the Neotropics (tropical regions of South and Central 

America). This dissertation represents a first step in order to filling this gap, exploring the 

systematics, phylogenetics, and paleobiogeographical significance of new fossil turtles from 

the Neotropics, and using them to test the hypothesis that preservation of bone cells can 

occurs in different depositional environments, different latitudes, and different geological 

periods or epochs. Chapter 1, defines in detail the problem and how to solve it, as well as 

gives a background in terms of turtles evolution, phylogenetics, palebiogeography, and soft-

tissue-biomolecules preservation in fossils.  

In Chapter 2, three new pelomedusoid turtles are described from the Late Paleocene, 

Cerrejón Formation of Colombia. One of this new three turtles is Carbonemys cofrinii which 

constitutes the largest Paleogene turtle so far known, Carbonemys is incorporated into a 

parsimony analysis utilizing a modified morphological character matrix designed to test 

relationships within Panpelomedusoides, with the addition of molecular data from seven 

genes drawn from. C. cofrinii is recovered within Podocnemidae in the results of both 

morphology-only and combined morphological and molecular (total evidence) analyses. 

Analysis of pelomedusoid body size evolution suggests that climatic variation is not the 

primary driver of major body size changes. 

Chapter 3, describes a new bothremydid turtle from the Late Paleocene, Cerrejón 

Formation of Colombia.With a maximum carapacial length of 151 cm, Puentemys 

mushaisaensis is the largest known bothremydid turtle and represents the first occurrence of 

bothremydids in the Paleogene of South American tropics. Results from a cladistic analysis 

of bothremydids indicate that P. mushaisaensis shares a close relationship with 

Foxemys mechinorum from the Late Cretaceous of Europe, indicating a wide-spread 

geographical distribution for bothremydines during the Late Cretaceous–Paleocene.  



 In Chapter 4, a new fossil species of marine protostegid from the Barremian-Aptian 

of Colombia is described, and its implications in terms of understanding the evolution of 

body size of large Cretaceous marine protostegids. In Chapter 5, the earliest record of 

eucryptodiran turtles for the northernmost part of South America is described. Although 

detailed taxonomic resolution cannot be defined within Eucryptodira, the material resembles 

marine turtles in morphology and histology particularly to Protostegidae clade. Chapter 6, 

describes fragmentary material from the Early Cretaceous Valanginian of Colombia which 

could represent the earliest record of podocnemidoid turtles, indicating that the divergence 

event between Pelomedusidae and Podocnemidoidea occurred at least 25 million years 

earlier than previous molecular clocks had hypothesized. 

 In Chapter 7, variations in osteocytes derived from each of the three bone layers that 

comprise the turtle shell are described, as well as wide evidence is presented that osteocytes 

in Cenozoic and Mesozoic fossil turtle bones appears to be common, and occurs in diverse 

diagenetic environments including marine, freshwater, and terrestrial deposits. Chapter 8, 

describes a potential bothremydid from a new fossiliferous Paleocene locality in Colombia, 

at the same time that evidence of preservation of osteocytes and blood vessels is presented, 

and implications of this is discussed. In Chapter 9, a first attempt to recovering and 

sequencing proteins in the bone of extant tropical and temperate turtles is performed using 

gel electrophoresis and mass spectrometry, and although at present clearly defined proteins 

have not been found, future directions are discussed.   
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CHAPTER 1 

INTRODUCTION: THE PROBLEM AND TURTLES EVOLUTION BACKGROUND 

The Problem 

Turtles (Testudines) have inhabited almost all environments and continents on Earth, 

with a very abundant and continuous fossil record since the Late Triassic (228 Ma), time 

when Odontochelys semitestacea, (earliest turtle so far known, lived) (Li et al., 2008). 

However the fossil record of turtles at the tropical region of South and Central America has 

been almost completely unknown particularly for the entire Mesozoic (252-66 Ma)(Figure 

1A) and the Paleogene (67-23 Ma) (Figure 1B), mainly due to the lack of vertebrate 

paleontological fieldwork, rather than a potential preservation bias (pers. observation).  

 

Statement of the Problem 

The existence of this deep gap in the fossil record of Mesozoic and Cenozoic 

(particularly Paleogene) turtles from tropical South and Central America, implies: 1) that the 

understanding of the evolution of turtles on Earth is lacking a Neotropical perspective, 2) the 

origin and relationships between the extant clades and fossils of South-Central American 

tropical turtles are unknown, 3) the hypotheses of origin-dispersal-colonization of tropical 

South America by turtles lack a fossil record to support or reject them, 4) the response or 

adaptation of tropical South-Central American turtles to major Mesozoic and Cenozoic 

geological, climatic, and ecological events still unknown, particularly to the following 

events: A) split between South America from Africa and the opening of the Caribbean sea 

during the Cretaceous, at the same time that the effect of warmer Earth and oceanic anoxic 
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events impact on turtles; B) the post Cretaceous-Paleogene ecological event, and the 

Paleocene-Eocene thermal maximum; C) uplifting of the Andes, and the emergence of the 

Panama isthmus.  Finally, continuous fossil record of Mesozoic-Cenozoic turtles will offer a 

good study case to test if the preservation of soft tissue-biomolecules (STB) observed in 

fossils from temperate zones also occurs in tropical sedimentary environments and fossils 

through time. 

 

Towards solving the problem 

In the last seven years, I have conducted intense exploratory and fossil collecting 

fieldwork campaigns at new fossiliferous localities at tropical South and Central America, 

principally in Colombia and Panama. This makes part of a new age in the paleontology of the 

Neotropics, which has been leaded by geologists and paleontologists at the Smithsonian 

Tropical Research Institute, with bases in Panama and the Florida Museum of Natural 

History, Gainesville, Florida, USA, in cooperation with an important number of Colombian 

and American universities, and funding contributions from private and government 

institutions. 

 

As a result of the new fieldwork, ten localities have been shown to be highly 

productive for the recovery of Mesozoic and Cenozoic tropical South and Central America 

fossil turtles (Figure 2). At the present, an important number of the fossil turtles from the 

previous mentioned localities have been studied in terms of their systematics, phylogenetics, 

and paleobiogeographical significance, which constituted the main topic of research during 
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my Master of Sciences at University of Florida (Cadena, 2009). Turtles from the Early 

Cretaceous (Valanginian ~135 Ma) of Colombia represented in a new species of pleurodire, 

Platychelyidae, Notoemys zapatocaensis (Cadena and Gaffney, 2005), showing a transitional 

step in the configuration of the plastron in pleurodires, as well as the earliest evidence of 

sexual dimorphism in the fossil record of turtles (Cadena et al., 2012a). A first species of 

Paleocene turtle from the Cerrejón Coal Mine, Colombia, Cerrejonemys wayuunaiki (Cadena 

et al., 2010), represents the sister taxa of extant Podocnemis, which is the most abundant 

pleurodire in fluvial systems of tropical South America today. The recent discoveries also 

include the first evidence of interaction at tropical environments between North-Central 

American and South American turtles during the Early Miocene, much earlier than the 

complete closure of the Isthmus of Panama (Cadena et al., 2012b). The earliest record of 

Chelus genus (represented today by the single species Chelus fimbriata or MataMata turtle), 

and a potential explanation for how the extant geographical distribution of this genus was 

reached (Cadena et al., 2008), and the first fossil record of Kinosternon in the Neotropics, a 

cryptodire turtle that arrived to South America through the Isthmus of Panama (Cadena et al., 

2007). 

 

Purpose of this dissertation 

The current dissertation focuses on new Mesozoic and Cenozoic fossil turtles from 

tropical South America, contributing to solving part of the deep gap in the fossil record of 

these reptiles. Specifically, this dissertation is focused in the paleontological study 

(description, systematics, phylogeny, and paleobiogeography) of new fossil turtles from: 1) 
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Early Cretaceous (Valanginian), Zapatoca, Colombia, 2) Early Cretaceous (Barremian-

Aptian), Villa de Leyva, Colombia, 3) Paleogene (middle-late Paleocene), Cerrejón Coal 

Mine, Colombia, and 4) Paleogene (late Paleocene), Calenturitas Coal Mine, Colombia. 

Additionally other fossil turtles from other localities (Late Cretaceous of North Carolina and 

Mongolia; Early Miocene of Panama, Late Miocene of Colombia, Pliocene-Pleistocene from 

Florida) and extant species are included in the study of bone cells preservation in different 

sedimentary environments, latitudes, and geologic periods. Finally, a first attempt for 

sequencing bone proteins in extant species of tropical and temperate zones turtles is 

performed using mass spectrometry, a key step for future research on molecular paleontology 

using fossil turtles record.  

 

Turtles evolution and phylogeny  

Turtles (Testudines) have inhabited almost all environments and continents on Earth, 

with a very abundant and continuous fossil record since the Late Triassic (228 Ma), time 

when Odontochelys semitestacea, (earliest turtle so far known, lived) (Li et al., 2008). All 

turtles after O. semistestacea share the presence of one of the most particular body plans 

among vertebrates; the turtle shell. This shell is an ossified structure composed by the 

carapace, the plastron, and their lateral projections that connects the two previous elements. 

Inside the phylogeny of turtles, currently there are two ways of classification. The former 

corresponds to the traditional system of nomenclature, the Linnean system or rank-based 

name, which is still being followed by many authors including Eugene Gaffney and France 

Lapparent de Broin. For these two authors, although both differing in the name used for the 



5 
 
 

 

 

Order. Order Testudines of (Batsch, 1788) for Gaffney and Order Chelonii of (Latreille, 

1800) for Lapparent de Broin, they both agree that this Order split in two lineages (Pleurodira 

and Cryptodira), right after the first occurrence of turtles in the fossil record during the late 

Triassic (Figure 3A), being Proterochersis robusta Fraas, 1913 from the Late Triassic of 

Germany the earliest pleurodire or side-necked turtle and Kayentachelys aprix Gaffney et al., 

1987 from the Early Jurassic of Arizona, USA, the earliest cryptodire or hidden-necked 

turtle. The second phylogenetic current follows the Phylocode (PhyloCode, 2003), which 

instead of hierarchies or rank-based names, uses clades obtained from cladistics analysis of 

taxa and characters. A first study defining the basic rules for the conversion of rank-based 

names to phylogenetic defined clades in turtles was done by (Joyce et al., 2004); including 

the definition of Pan(crown-name) clades and crown clades, as for example Testudinidae for 

the crown tortoises and Pantestudinidae for panstem tortoises. Based on this, Pleurodira and 

Cryptodia crowns appear only until the Cretaceous (Figure 3B), however a recent study using 

Boostrap Uncertainity Range (BUR) suggests a Late Jurassic apparition for Cryptodira 

(Figure 3C). In this dissertation examples of both nomenclatures are used, however it is 

important to notice that the tendency in most recent years is for the use of PhyloCode in 

systematics and phylogenetic studies of fossil turtles. 

 

Paleobiogeography of Mesozoic-Cenozoic turtles 

Turtles are vertebrates with a large capacity to disperse, to travel, and to colonize new 

portions of land or water as has been shown in different works, for example (Lapparent de 

Broin, 2000; Bour, 2008; Gaffney et al., 2011; Cadena et al., 2012b). In the last 200 million 
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years, several events have affected the global and regional distribution and dispersion of 

vertebrates, including turtles. Some of these events are: splitting or collision between 

continents, orogenies or uplifting of mountain ranges, creation of bridges between land 

masses, extinctions creating deep ecological challenges and changes, as well as effects of 

climate change. However, at present there are no studies that focus on long term patterns of 

paleobiogeography of turtles and their relationship with geological or climatic events. 

The current distribution of the two most important clades of turtles, Pleurodira and 

Cryptodira, is shown in (Figure 4), based on recent data (Rhodin et al., 2010). However, 

during the Mesozoic and most of the Cenozoic both clades of turtles had a different global 

distribution. For example, pleurodires were globally widespread during most of the Late 

Cretaceous and Paleogene (Gaffney et al., 2006; Cadena et al., 2010; Gaffney et al., 2011). A 

current and constantly updated source of paleobiogeographical data not only for turtles, but 

also for all organisms with fossil records, is The Paleobiology Database (PaleobioDatabase, 

2012), which is utilized throughout the different chapters of this dissertation. 

 

Neotropical fossil record of turtles  

Before 2005, the fossil record of Mesozoic turtles from the Neotropics was limited to 

two reports lacking of a defined systematic paleontology context or phylogenetic analysis. 

These are: 1) fragmentary material attributed to cheloniid (sea turtles) from the Early 

Cretaceous of Colombia (de la Fuente and Goñi, 1983), and 2) a skull potentially belonging 

to a new species of protostegid also from the Early Cretaceous of Colombia (Smith, 1989). In 

terms of the Cenozoic, previous to 2010 there was no fossil record of Paleogene turtles, and 
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for the Neogene (24-2.5 Ma), two localities have been traditionally known by the abundant 

record of fossil turtles: 1) La Venta, Huila Department, Colombia, where Late Miocene 

pleurodires attributed to the extant genus Podocnemis and cryptodires attributed to 

Geochelone (current Chelonoidis) tortoises have been poorly described and never included in 

phylogenetic analysis (Wood, 1997), and 2) Urumaco, Falcon State, Venezuela, where 

several pleurodires including podocnemidids and the largest freshwater turtle so far known 

Stupendemys geographicus Wood, 1976b, from the Late Miocene have been studied in detail 

(Sanchez-Villagra and Scheyer, 2010) and references there in. A summary of the South 

American Mesozoic and Cenozoic fossil record of turtles previous to this dissertation is 

shown in Figure 5 and Table 1.  

 

Preservation of STB in fossils 

The potential for the finding any soft component of vertebrates preserved in the fossil 

record, including cells, skin, hair, and even their more basic constituents, pigments, proteins 

or DNA, has fascinated to paleontologists in the last century (e.g., Wyckoff, 1972) and has 

accelerated with recent discoveries (Schweitzer et al., 2009; Buckley et al., 2010; Clarke et 

al., 2010; Barden et al., 2011; Schweitzer, 2011; Li et al., 2012). But at the same time the 

preservation of STB in the deeper fossil record has been highly controversial, particularly for 

fossil cells, claimed by some as being microbial in origin (Kaye et al., 2008). This hypothesis 

is currently being tested at the Molecular Paleontology Lab at North Carolina State 

University (Alison Moyer, Personal communication). Another factor that has created 

controversy inside the paleontology community referring to preservation of STB is possible 
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contamination issues during the collection, processing, or chemical analyses of samples. To 

minimize this effect, some protocols have been formulated (Poinar, 2003; Gilbert et al., 

2005; Cleland et al., 2012) and adopted by some authors as for example Schweitzer et al. 

(2009), decreasing the effect of human error or contamination. Recently, there has been 

interest, by some authors in not only reporting and describing the preservation of STB in 

fossils, but also in to trying to formulate potential mechanisms involved in their preservation, 

under a geological, sedimentological, taphonomical, and chemical context (Schweitzer et al., 

2007; Schweitzer, 2011). Turtles constitute a prefect case of study for STB preservation in 

the fossil record because: 1) they have a very continuous fossil record since the Late Triassic 

to present, allowing to track preservation of STB in almost all periods and epoch of the 

Mesozoic and Cenozoic eras; 2) their fossil bones are found in wide range of latitudes, as for 

example from Antartica to the tropics; 3) fossil turtles are found in almost all types of 

sedimentary environments, allowing to explorer the preservation of STB in terrestrial, 

freshwater, and marine rock deposits; 4) the abundance of fossil material from almost all 

localities facilitates the acquisition and availability of samples for molecular paleontological 

analyses, which in most of the cases implies destructive techniques like bone thin sections, 

demineralization of bone, and reduction to powder, 5) some taxa as for example the 

freshwater turtle genus Trachemys has not only extant representatives, but also a fossil record 

that can be track for at least 15 Ma, minimizing the molecular variability of the sequences 

due to closer phylogenetic relationship, and 5) molecular sequences of bone proteins in 

extant and fossil turtles will be useful to build a more robust databases for comparisons of 
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proteins not only between different taxa or turtles, but also between major clades of 

vertebrates.  
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Figure 1. Mesozoic and Paleogene fossil record of turtles. Using Paleobiology Database, 

Accessed March 2012. In green is shown the South and Central America regions lacking of 

fossil turtles.  
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Figure 2. Fossil localities in South America tropical, particularly Colombia, from which 

Mesozoic and Cenozoic fossil turtles have been recently collected. 1. Zapatoca, Santander, 

Early Cretaceous (Valanginian), new locality; 2. Villa de Leyva, Boyacá, Early Cretaceous 

(Barremian-Aptian), locality previously known; 3. Mina El Cerrejón, Guajira, Paleogene 

(Middle-Late Paleocene), new locality; 4. Nemocon, Cundinamarca; Paleogene (Late 

Paleocene), new locality; 5. Mina Calenturitas, Cesar, Paleogene (Late Paleocene), new 

locality; 6. Relleno Doña Juana, Bogota, Paleogene (Early Eocene), new locality; 7. La 

Venta, Huila; Neogene (Late Miocene), locality previously known; 8. Castilletes, Guajira, 

Neogene (Pliocene), new locality; 9. Pubenza, Cundinamarca, Neogene (Pleistocene), new 

locality.  
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Figure 3.A. Relationships between the main two lineages of turtles, proposal based on rank-

based name, and following (Gaffney et al., 2006; Gaffney et al., 2007). B. Relationships 

between the main two clades of turtles, proposal based on phylogenetic clade defined and 

following (Joyce et al., 2004; Joyce, 2007). C. Relationships between the main two clades of 

turtles, proposal based on phylogenetic clade defined and following (Sterli et al., 2012). 

Golden crown symbol represents crow-clade. 
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Figure 4. Upper, global distribution of extant pleurodires or side-necked turtles. Bottom, 

global distribution of extant cryptodires or hidden-necked turtles. Based on (Rhodin et al., 

2010). Template from Paleobiology database. 
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Figure 5. Mesozoic and Cenozoic fossil record of South American turtles previous to this 

dissertation. Only taxa with complete description, diagnosis, and systematics paleontology 

are included. Localities are indicated by numbers (see Table 1 for localities information and 

fossil taxa). Periods or Epochs are not to scale. 
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Table 1. Mesozoic and Cenozoic fossil record of South American turtles previous to this 

dissertation. Only taxa with complete description, diagnosis, and systematics paleontology 

are included. Localities are indicated by numbers (see Figure 5 for geographical plotting of 

the localities). 

 

Triassic 

1. Palaeochersis talampayaensis Rougier et al., 1995- stem testudines, Argentina.  

Jurassic 

2. Condorchelys antiqua Sterli, 2008– stem testudines, Argentina.  

3. Neusticemys neuquina Fernandez and de la Fuente, 1988 – stem testudines, 

Argetnina;. 

4. Notoemys laticentralis Cattoi and Freiberg, 1961– stem pleurodire, Argentina.  

Early Cretaceous 

5. Notoemys zapatocaensis Cadena and Gaffney, 2005 –stem pleurodire, Colombia.  

6. Santanachelys gaffneyi Hirayama, 1998 – stem cryptodire, Araripemys barretoi 

Price, 1973 – pelomedusoides, Euraxemys essweini Gaffney et al., 2006- 

pelomedusoides, Brasilemys josai Lapparent de Broin, 2000- Panpodocnemidoidea, 

Cairiemys violetai de Oliveira and Kellner, 2007- pelomedusoides; Cearachelys 

placidoi Gaffney et al., 2001- bothremydidae, Brazil  

7. Chubutemys copelloi Gaffney et al., 2007 stem testudines, Prochelidella 

cerrobarcinae de la Fuente et al., 2011-panchelidae, Argentina.  

Late Cretaceous 

7. Prochelidella argentinae Lapparent de Broin and de la Fuente, 2001- panchelidae, 

Bonapartemys bajobarrealis Lapparent de Broin and de la Fuente, 2001-panchelidae, 

Lomalatachelys neuquina Lapparent de Broin and de la Fuente, 2001-panchelidae 

Argentina.  

8. Prochelidella portezuelae de la Fuente, 2003-panchelidae, Argentina.  
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Table 1: Continued 

9. Palaeophrynops patagonicus Lapparent de Broin and de la Fuente, 2001-

panchelidae, Yaminuechelys gasparinii de la Fuente et al., 2001-panchelidae, 

Argentina. 

10. Niolamia argentina Ameghino, 1899-meiolaniid, Argentina.  

11. Pricemys cairea Gaffney et al., 2011-podocnemidid; Peiropemys mezzalirai 

Gaffney et al., 2011-podocnemidid, Brazil. 

 12. Bauremys elegans Suarez, 1969-podocnemidid; Cambaremys langertoni Franca 

and Langer, 2005-podocnemidid, Brazil 

Paleogene 

13. Lapparentemys vilavilensis Broin, 1971 (Gaffney et al., 2011)-podocnemidid, 

Bolivia 

14. Cerrejonemys wayuunaiki Cadena et al., 2010-podocnemidid, Colombia. 

15. “Taphrosphys” olssoni Gaffney et al., 2006-bothremydid, Peru. 

Neogene 

16. Chelus colombiana Wood, 1976b (Cadena et al., 2008)-chelidae, Colombia 

17. “Podocnemis” pritchardi Wood, 1997 (Gaffney et al., 2011)-podocnemidid; 

“Podocnemis” medemi Wood, 1997 (Gaffney et al., 2011)-podocnemidid, Colombia 

18. Bairdemys hartsteini Gaffney and Wood, 2002-podocnemidid; Bairdemys 

winklerae Gaffney et al., 2008-podocnemidid; Bairdemys sanchezi Gaffney et al., 

2008-podocnemidid; Bairdemys venezuelensis Wood and Diaz de Gamero, 1971; 

Chelus lewisi Wood, 1976-chelidae, Stupendemys geographicus Wood, 1976a-

podonemidoid, Venezuela. 

19. Caninemys tridentata Meylan et al., 2009-podocnemidid, Brazil. 

20. Podocnemis bassleri Williams, 1954-podocnemidid, Peru. 

21. Pacifichelys urbinai Parham and Peyson, 2010-cheloniid; Pacifichelys hutchisoni 

Parham and Peyson, 2010-cheloniid, Peru. 

22. Podocnemis negrii Cravalho et al., 2002-podocnemidid, Brazil. 

23. Testudo gringorum Simpson, 1942-testunidid, Argentina 
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Table 1: Continued 

Quaternary 

24. Kinosternon sp. Cadena et al., 2007-kinosternidid, Colombia 

25. Chelonoidis denticulata. Manzano et al., 2009-testunidid, Argentina 
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CHAPTER 2: NEW PELOMEDUSOID TURTLES FROM THE LATE PALAEOCENE 
CERREJÓN FORMATION OF COLOMBIA AND THEIR IMPLICATIONS FOR 

PHYLOGENY AND BODY SIZE EVOLUTION 
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CHAPTER 3: NEW BOTHREMYDID TURTLE (TESTUDINES, PLEURODIRA) FROM 
THE PALEOCENE OF NORTHEASTERN COLOMBIA
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CHAPTER 4: NEW PROTOSTEGID (TESTUDINES:CRYPTODIRA) FROM THE 
EARLY CRETACEOUS (BARREMIAN-APTIAN) OF COLOMBIA, DESCRIPTION 

AND SYSTEMATIC PALEONTOLOGY. 
 
 

Introduction 

Turtles have undergone as many as three independent adaptations to marine life-style 

over the course of their 228 million years of evolution on Earth (Joyce, 2007). Truly marine 

life-style in turtles is recognized by the development of stiffed paddles. The stiffed paddles 

are short in the eucryptodiran Santanachelys gaffneyi Hirayama, 1998, sensu Joyce, (2007); 

and also in stem panchelonioids sensu (Joyce et al., 2004); and greatly elongated in 

Chelonioidea and Protostegidae (Joyce, 2007).  

Traditionally, Protostegidae has been considered to be the sister clade of 

Dermochelyidae (the leatherback turtle lineage). These clades together have been united with 

Cheloniidae, the most diverse clade of extant marine turtles, implying a single evolutionary 

transition to a marine ecology in turtles (Hirayama, 1994; Kear and Lee, 2006; Lehman and 

Tomlinson, 2004). Recent studies, however, have suggested that Protostegidae may instead 

represent an independent radiation of marine turtles basal to Panchelonioidea ((Toxochelys 

latiremys + Chelonioidea (Pancheloniidae + Pandermochelyidae)) (Joyce, 2007; Parham and 

Pyenson, 2010). However, the precise phylogenetic affinities of Protostegidae under this 

hypothesis have not been resolved. 

At present, the earliest record of Protostegidae (sensu Joyce 2007) is Bouliachelys 

suteri Kear and Lee, 2006 from the Albian of Australia. Although this species is known only 

by cranial material, an estimated total body length of 1m suggests the early acquisition of 
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large size in protostegids (Kear and Lee, 2006). Still, this species did not approach the 

maximum sizes exhibited by some Late Cretaceous protostegids, particularly Archelon 

ischyros Wieland, 1896 and Protostega gigas Case, 1897, which reached lengths of 2.5-3.0 

meters. A scarcity of specimens with associated cranial and post-cranial material in Early 

Cretaceous protostegids has hindered attempts at fully understanding their phylogeny, 

paleoecology, and body-plan evolution. 

Over the last decade, the Colombian Foundation of Geobiology (CFB) has led the 

collection, preparation, and curation of fossil vertebrates at Villa de Leyva, a small town 

located at the Boyacá Department, Eastern Cordilleran of Colombia (Fig. 1). New fossil 

discoveries include complete plesiosaurs, pliosaurs, ichthyosaurs, fishes, and turtles. Here I 

describe the first turtle from Villa de Leyva, which corresponds to a new genus and species 

of protostegid; based on several skulls and an almost complete specimen (cranial and post-

cranial). All specimens were collected at the lower segment of Paja Formation, which is 

Barremian-Aptian in age (~125 Ma), based on the presence of the ammonite 

Pseudocrioceras (Hoedemaeker, 2004). 

 

Institutional abbreviations 

FCG-CBP, Fundación Colombiana de Geobiología, Villa de Leyva, Colombia. FMNH 

PR, Field Museum Fossil Reptiles collection, Chicago, USA. KU(VP), University of Kansas, 

Vertebrate Paleontology collection, Laurence, USA. SAMP, South Australin Museum, 

Adelaide, Australia. UCMP, University of California Museum of Paleontology, Berkeley, 

USA. 
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Fossil specimens 

FCG–CBP 01 (Figs. 2–5), adult individual represented by a complete skull, lower jaw, 

partial right hyoid, cervical vertebrae (3–8); partially preserved right and left paddle (both 

missing most of phalanges), most of midline, anterior, and lateral margins of the carapace, 

left scapula and coracoid, partial hyoplastron and hypoplastron. UCMP 38346 (Fig. 6), 

complete articulated skull and lower jaw, adult individual. FCG–CBP 40 (Fig. 7), complete 

articulated skull and lower jaw, juvenile specimen. UCMP 38345A (Fig. 8A–B) midline 

portion of the carapace, neurals 2-8 complete and most of the medial portion of costals, adult 

specimen. UCMP 38345B (Fig. 8C–E), posterior portion of the carapace with complete 8-9 

neurals and suprapygal, and the medial portion of the three most posterior costal pairs, adult 

specimen. 

 

Systematics Paleontology 

TESTUDINES Batsch, 1788 

CRYPTODIRA Cope, 1868 

PROTOSTEGIDAE Cope, 1872 

Following the definition of Protostegidae of (Kear and Lee, 2006, references therein), 

the Villa de Leyva protostegid, it is assigned to Protostegidae based on: (1) jugal-quadrate 

contact, (2) lower cheek emargination absent, (3) palatine meeting medially, (4) foramen 

palatinum posterius open postero-laterally, (5) pterygoid extending onto mandibular articular 

surface of quadrate, (6) radius with middle portion bent toward anterior, (7) ulnare larger 

than the intermedium.  
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Remarks—The fossil turtle material described here from Villa de Leyva, constitutes a 

new genus and new species of protostegid. Following the Article 8 (Recommendation 8A) of 

the International Code of Zoological Nomenclature (Ride et al., 1999; ICZN, 2012) which 

state that “authors have a responsibility to ensure that new scientific names, nomenclatural 

acts, and information likely to affect nomenclature are made widely known through of 

appropriate scientific journals or well-know monographic series” I avoid the use and 

definition of a new species name in this dissertation. Instead, I use the cataloged numbers for 

the description and comparisons. The official definition of the new species, will make part of 

a manuscript for a scientific journal, which will include the description presented here, the 

complete systematics paleontology, and inclusion of this new protostegid in a large 

phylogenetic analysis of marine turtles. 

The Villa de Leyva protostegid differs from all other protostegids by the presence of a 

larger nasal opening facing anteriorly in dorsal view, central bone elongated and rectangular, 

dorsal surface of neurals smooth without keels, and having instead a medial shallow 

depression, and in particular from all other chelosphargins by having a much wider 

pterygoids in ventral view. Resembles Bouliachelys suteri, by having a globular 

posteriormedial roof of the skull, flatter in all other chelosphargins. The Villa de Leyva 

protostegid resembles Rhinochelys sp. by the presence of small arterial foramina in both 

pterygoids, located at the level where of the contact between the basisphenoid and 

pterygoids. The Villa de Leyva protostegid differs from Desmatochelys lowi by having 

cervical vertebrae with wider, ovoid ventral keel and a distal face of lateral process having a 

concave articular surface for a short rib. 
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Description and comparisons 

Skull of the Villa de Leyva protostegid 

Dorsal View—In dorsal view, the nasals of the Villa de Leyva protostegid are exposed 

as in all other chelosphargins including: Desmatochelys lowi Williston, 1894, Bouliachelys 

suteri Kear and Lee, 2006, Chelosphargis advena Hay, 1908, Rhinochelys pulchriceps Owen, 

1942, Rhinochelys nammourensis Tong et al., 2006, Rhinochelys sp. Smith, 1989, 

Santanachelys gaffneyii Hirayama, 1998, Terlinguachelys fischbecki Lehman and Tomlinson, 

2004, and Notochelone costata Owen, 1882. They share a posterior contact with the frontals, 

separating the prefrontals from one another at the midline. The prefrontals in Bouliachelys 

suteri have a variable configuration, sharing a midline contact in the holotype but lacking a 

midline contact in a referred specimen SAMP42047 (B. Kear, pers. comm.). In both 

specimens the prefontals have a posterior contact with the postorbitals. In all other 

protostegids the nasals are absent, and the prefrontals meet medially and have a posterior 

contact with postorbitals. In panchelonioids the nasals are also absent and the prefrontals 

meet medially, but lack a posterior contact with the postorbitals. The frontals, parietals, and 

postorbitals of Villa de Leyva protostegid have radial striations on dorsal surface, slightly 

less marked than in D. lowi and other chelosphargins. 

The presence of a large foramen between parietals is variable in Villa de Leyva 

protostegid, as in Desmatochelys lowi, however only these two species exhibit this foramen 

among protostegids. The nasal opening is larger than in other chelosphargins and facing more 

anteriorly than dorsally as is the condition in other protostegids and panchelonioids. At the 

roof of the otic chamber, the prootic contacts the ophistotic, and the foramen 
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stapediotemporalis is located at the triple suture between the quadrate, the protic, and the 

opisthotic. As in B. suteri and D. lowi, the roof of the otic chamber is usually hidden by the 

roof of the skull in dorsal view. This region is poorly know for other species of protostegids.  

Ventral View—In contrast to all other chelosphargins, the pterygoids are wider at the 

level where they contact the basiphenoid. Very narrow pterygoids are present in Protostega 

gigas, and Archelon ischyros, the largest turtles so far known. Palatines of Villa de Leyva 

protostegid have almost same length as the pterygoids medially, resembling all other 

chelosphargins. In all other protostegids, the palatines are shorter than the pterygoids. In 

panchelonioids the palatines are also shorter than pterygoids, lacking of medial contact due to 

the presence of a long vomer that contacts the pterygoids. As in all other protostegids, Villa 

de Leyva protostegid lacks of a well-developed secondary palate, which is present in most 

panchelonioids except for Toxochelys latiremis Cope, 1872 and Eochelone brabantica Dollo, 

1903. 

The Villa de Leyva protostegid has a large foramen palatinum posterius opened 

posterolaterally as in all other chelosphargins. A smaller foramen palatium posterius is 

characteristic of D. lowi, and it is completely absent in other protostegids and panchelonioids, 

except in Toxochelys latiremis. A clearly defined foramen orbitonasale is present at the most 

anterior region of the palatine in Villa de Leyva protostegid specimen FCG–CBP 39 

(currently under preparation). The basisphenoid in Villa de Leyva protostegid is triangular in 

shape, lacking the lateral keels present in B. suteri and D. lowi holotype, and with the 

foramen anterior canalis carotici interni located at the suture with the pterygoid or very close 

to it, as in all other protostegids. This foramen is absent in panchelonioids. The foramen 
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posterior canalis carotici interni is particularly visible in Villa de Leyva protostegid specimen 

UCMP 38346, lying between the basiphenoid and the pterygoid, as in panchelonioids and all 

other protostegids for which this foramen is visible. 

Lateral View—In lateral view, Villa de Leyva protostegid exhibits a large, almost 

circular orbit.  This agrees with the morphology in nearly all other chelosphargins, though D. 

lowi exhibits a smaller and oval orbit. In other protostegids and panchelonioids the opening is 

smaller as well. Lower cheek emargination is very shallow to almost absent, as in other 

protostegids. A contact between the quadrate and the jugal is present in Villa de Leyva 

protostegid, as seen in all other protostegids for which these two bones are preserved. The 

posterior roof of the skull is slightly globular, similar to the shape seen in B. suteri, and in 

contrast to D. lowi, and Rhinochelys spp. which have a flatter posterior skull roof. The cavum 

tympani is circular in outline with the incisura columellae auris opening similar to that seen 

in other protostegids and in panchelonioids. 

Posterior View—The posterior view of the skull of the Villa de Leyva protostegid 

closely resembles in all aspects the posterior skull of extant cheloniids such as Caretta 

caretta Linnaeus, 1758 and Eretmochelys imbricata Linnaeus, 1766 figured in Smith 

(1989:fig 3.11). This posterior side of the skull is poorly documented in other protostegids, 

limiting the comparisons between taxa and the identification of diagnostic characters 

between protostegids and panchelonioids. The foramen magnum is slightly wider that long, 

both foramina nervi hypoglossi are clearly visible in both sides of exoccipitals. The occipital 

condyle is formed by the contribution of the basioccipital and both exoccipitals. At the 
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exoccipital, Villa de Leyva protostegid lacks of foramen jugulare posterious. This foramen is 

also absent in D. lowi and in all extant cheloniids except Chelonia mydas Linnaeus, 1758. 

 

Lower Jaw of Villa de Leyva protostegid 

As in all other chelosphargins, the angle of separation between both rami in Villa de 

Leyva protostegid is ~60º; a major angle is present in panchelonioids, and much narrower 

~40º is present in the other protostegids, particularly in P. gigas and A. ischyros. The dentary 

of Villa de Leyva protostegid has an expanded symphyseal region that is nearly twice the 

lateral width of the dentaries. In P. gigas and in panchelonids, the symphyseal region has a 

length similar to the width of dentaries. The processus coronoideus is much higher than the 

symphyseal region, seen in lateral view; in all other protostegids and pancheloinoids the 

processus coronoideus is shorter and almost the same height as the symphyseal region. 

 

Neck of Villa de Leyva protostegid 

The cervical vertebrae are narrow with short neural crests. The prezygapophyses of 

each vertebra overlap the postzygapophyses of the succeeding element forming a collarete-

like sequence (Fig. 4A–B). The pre- and postzygapophyses are low, the former projected 

dorsolaterallly and the latter ventrolaterally. The lateral process is located along the midline 

of the centrum as in Desmatochelys lowi (Zangerl and Sloan, 1960:plate 1H), ending in a 

concave articulation facet, indicating the presence of lateral ribs (Fig. 4C–D). A transversal 

process positioned at the middle of the centrum is a primitive characteristic of turtles and 

panpleurodires (See Joyce 2007; Character 102 for discussion of this characteristic). 
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The cervicals of Villa de Leyva protostegid have an ovoid, elongated ventral process 

that is ventrally flattened (Fig. 4E–F). The ventral process in D. lowi and panchelonioids is of 

keel-type shape, as in most pancryptodires. The centra of cervical vertebra 4–8 are 

procoelous. Cervical vertebra 4 is slightly longer than cervical vertebrae 5–8, cervical 

vertebra 8 being the shortest. In all these aspects Villa de Leyva protostegid cervical 

vertebrae resemble those of D. lowi. Although cervicals 6–8 resemble those of some 

specimens of Caretta caretta and Chelonia mydas (per. obs.), the most common condition for 

panchelonioids and other pancryptodires is to have a transversally expanded and 

amphiplatyan articular surface. 

 

Front paddle of Villa de Leyva protostegid 

The humerus of Villa de Leyva protostegid is robust with the processus medialis 

remaining almost at the same level of the caput humeri. The processus lateralis is located 

anteriorly very close to the caput humeri, and the foramen ectepicondylaris is deep and 

particularly visible on the left front paddle, in all these aspects resembling the humeri of 

other protostegids (see Hirayama 1994:fig 6 and Lehman and Tomlinson, 2004:fig 8). The 

radius is longer than the ulna, slightly bent anteriorly as in all other protostegids. The ulnare 

is pentagonal in shape, and larger than the intermedium, which is square. The centrale is 

rectangular in shape, and contacts the distal carpals 1–4 posterolaterally. The centrale of all 

other protostegids and panchelonioids is circular to slightly oval in shape. Distal carpals 4 

and 5 are square in shape and larger than the other three distal carpals. The five distal carpals 

are almost the same size in all other protostegids and panchelonioids. Metacarpal 3 is slightly 
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longer than metacarpal 2 as in all other protostegids, whereas this condition is variable 

condition in panchelonioids (See Tong et al., 2006:fig 9).  

 

Carapace and pectoral girdle of Villa de Leyva protostegid 

The Villa de Leyva protostegid has an ovoid carapace, with a convex anterior margin. 

The shape of the anterior margin of the carapace is variable among protostegids and 

panchelonioids, with some having a shallow to deep nuchal embayment and others a 

completely straight to convex margin. The neural series in the Villa de Leyva protostegid is 

composed of 9 rectangular elements, each with a particular medial depression on the dorsal 

surface and a centroradial sculptural decoration (Fig. 8). In Desmatochelys lowi as well as in 

all other protostegids for which neurals are known, the neurals exhibit dorsal keels. Dorsal 

keels can also be present in panchelonioids, as for example in the extant Caretta caretta. The 

peripheral bones of Villa de Leyva protostegid are much longer than wide as all other 

protostegids and some panchelonioids, as for example the extant Chelonia mydas. The Villa 

de Leyva protostegid has a long slightly trapezoidal suprapygal bone, with the sulcus 

between vertebral scales 4 and 5 located over the anterior portion of this bone (Fig 8C–D). 

The first thoracic rib is slightly shorter than the other seven thoracic ribs, a condition that is 

variable in prostostegids and panchelonioids, which sometimes exhibit a longer first thoracic 

rib. The coracoid has a distal blade shape, and a slightly convex dorsal surface. The acromial 

process of the scapula has a cylindrical elongated shape with dorsal striations at the most 

distal portion of the bone. In all these aspects the pectoral girdle elements of the Villa de 

Leyva protostegid resembles that of other protostegids and panchelonioids. In Archelon 
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ischyros and Protostega gigas, the scapular process is narrower distally and the scapular 

processes are shorter and thicker. 

 

Discussion 

The Villa de Leyva protostegid described here represents the first and most complete 

protostegid so far known in tropical South America, and the earliest record in the world for 

this particular group of marine adapted turtles, which makes it a very important fossil taxon 

to understand the body plan of basal protostegids and to improve the poorly unresolved 

phylogenetics of this group. Reaching a total length of approximately 250 cm, the Villa de 

Leyva protostegid also indicates that the development of a large body size in protostegids 

started very early during their evolutionary trajectory. Ultimately, these turtles, reached a 

maximum body size of approximately 400 cm during the Late Cretaceous. Although at 

present, there is not paleoclimatic data for the Barremian-Aptian of tropical South America, 

the global trend for this particular boundary shows a marked development of cooling sea 

water events (Malkoc and Mutterlose, 2010; Amiot et al., 2011), indicating that the earliest 

protostegids lived under different environmental conditions in contrast to their Late 

Cretaceous relatives that lived in a much warmer conditions, as evidenced by isotopical 

record (Friedrich et al., 2012). 
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Figure 1. Location of Villa de Leyva in Colombia. 
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Figure 2. Villa de Leyva protostegid FCG–CBP 01 view of the nearly complete skeleton. 
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Figure 3. Villa de Leyva protostegid FCG–CBP 01 skull. A-B dorsal view, C-D ventral view, 
E-F left lateral view. Abbreviations: an, angular; ar, articular; de, dentary; fr, frontal; hy, 
hyoid; mx, maxilla; na, nasal; pa, parietal; pf, prefrontal; pmx, premaxilla; po, postorbital; 
qj, quadratojugal; qu, quadrate; sq, squamosal; su, surangular. 
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Figure 4. Villa de Leyva protostegid FCG–CBP 01 cervicals (3-6). A-B dorsal view; C-D, 
right lateral view; E-F, ventral view. Abbreviations: cc, cervical condyle; di, diapophysis; ns, 
neural spine; po, postzygapophysis; pr, prezygapophysis; tp, transversal process; vp, ventral 
process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Villa de Leyva protostegid FCG–CBP 01 left paddle. A-B, dorsal view. C. ventral 
view left humerus. Abbreviations: c, carpal; dc, distal carpal, ecf, foramen ectepicondylaris; 
hu, humerus; in, intermedium; pi, pisciform; ra, radius; ul, ulna; uln, ulnare. 
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Figure 6. Villa de Leyva protostegid UCMP 38346 skull. A-B, right lateral view; C-D, 
posterior view; E-F, dorsal view; G-H, ventral view. Abbreviations: an, angular; ar, 
articular; bo, basioccipital; bs, basisphenoid; de, dentary; ex, exoccipital; fcc, foramen 
canalis carotic interni; fm, foramen magnum; fn, foramen nervi trigimi; fpc, foramen 
posterius canalis carotic; fpp, foramen palatinum posterius; fr, frontal; ju, jugal; mx, 
maxilla; na, nasal; op, ophistotic; pa, parietal; pf, prefrontal; pl, palatine; pmx, premaxilla; 
po, postorbital; pr, prootic; pt, pterygoid; qj, quadratojugal; qu, quadrate; so, supraoccipital; 
sq, squamosal; su, surangular. 
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Figure 7. Villa de Leyva protostegid FCG–CBP 40 skull. A-B, dorsal view; C-D, ventral 
view; E-F, posterior view; G-H, right lateral view; I-J, anterior view. Abbreviations: an, 
angular; ar, articular; bo, basioccipital; bs, basisphenoid; de, dentary; ex, exoccipital; fcc, 
foramen canalis carotic interni; fm, foramen magnum; fn, foramen nervi trigimi; fpc, 
foramen posterius canalis carotic; fpp, foramen palatinum posterius; fr, frontal; hy, hyoid; 
ju, jugal; mx, maxilla; na, nasal; op, ophistotic; pa, parietal; pf, prefrontal; pl, palatine; 
pmx, premaxilla; po, postorbital; pr, prootic; pt, pterygoid; qj, quadratojugal; qu, quadrate; 
so, supraoccipital; sq, squamosal; su, surangular, vo, vomer. 
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Figure 8. Villa de Leyva protostegis. A-B, UCMP 38345A dorsal view, middle portion of the 
carapace with almost complete neural series (2-10?). C-D, UCMP 38345B dorsal view, 
posterior portion of the carapace with complete 8-9 neurals and suprapygal, and the medial 
portion of the three most posterior costal pairs. E. Amplified view of neural 8, shown in gray 
color on D. 
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CHAPTER 5: FIRST RECORD OF EUCRYPTODIRAN TURTLES FROM THE EARLY 
CRETACEOUS (VALANGINIAN), AT THE NORTHERNMOST PART OF SOUTH 

AMERICA 
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CHAPTER 6: POTENTIAL EARLIEST RECORD OF PODOCNEMIDOID TURTLES, 

FROM THE EARLY CRE TACEOUS (VALANGINIAN) OF COLOMBIA 
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CHAPTER 7: VARIATION IN OSTEOCYTES MORPHOLOGY VS BONE TYPE IN 
TURTLE SHELL AND THEIR EXCEPTIONAL PRESERVATION FROM THE 

JURASSIC TO THE PRESENT
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CHAPTER 9: EXTRACTION AND SEQUENCING OF BONE PROTEINS IN EXTANT 
TURTLES. 

 

Introduction 

Proteins are the key biochemical components of any live organisms (Clark and 

Radivojac, 2011), and the study of protein sequence, structure, and function is part of an 

emerging scientific discipline known as proteomics (Anderson and Anderson, 1998). 

Proteomics has begun to have a large impact on biology, evolution, and medicine, because 

the sequencing of proteins provides the only way of getting detailed comparative information 

about their function and cellular processes (Ambler and Daniel, 1991). Sequencing of 

proteins also has the potential to be used in to understanding phylogenetic relationships 

between organisms (Ambler and Daniel, 1991; Ishtiaq et al., 2007, de Koning et al., 2012., 

Sharma et al., 2012), and the advances in technology, particularly in specificity and 

resolution of mass spectrometry techniques, have been crucial to this advancement (Chen, 

2008). 

Turtles remain underrepresented in current protein databases, and the sequences that 

have been obtained are partial, deriving mainly from soft tissues (skin, muscles) and blood 

(Chijiiwa et al., 2006; Nagai et al., 2009; Ross et al., 2012; Uniprot, 2012). Virtually no 

proteins from bone have been sequenced, leaving unknown the implications that they could 

have in terms of phylogeny, evolution, and molecular paleontology. Knowledge of bone 

protein sequences in extant vertebrates, particularly in the underrepresented, non-mammalian 

lineages, is required before preservation can be examined in fossil taxa. Sequences derived 

from fossil bones are limited largely to mammals, and rely on sequences in existing 
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databases. These include: 1) the preservation of the bone specific, highly acidic non-

collagenous (NCP) protein osteocalcin in Holocene-Pleistocene mammals from Europe 

(Buckley et al., 2008), a study in which an extensive database of extant mammals was used 

to recognize the preservation of this protein or some of its peptides in fossil extracts; 2) the 

preservation of bone proteins and a complete proteome from a Pleistocene Mammoth 

(Cappellini et al., 2012), for which protein sequences of extant elephants were used for 

comparison and validation of preservation; and 3) preservation of bone proteins in an 80 Ma 

dinosaur bone (Schweitzer et al., 2009; Cleland, 2012), for which ostrich and chicken 

sequences were used for comparisons.  

In this chapter, I do address two main questions in terms of bone proteins in turtles: 1) 

Does the turtle bone have the same bone collagenous and non-collagenous proteins as in the 

bone of other vertebrates?, and 2) if so what are the differences in the amino-acid sequences 

for these proteins?.  

 

Materials and Methods 

Skeletons from four species of turtles were donated from the herpetological collection 

of the North Carolina Museum of Natural Sciences, Raleigh, North Carolina. The four 

species are: the freshwater turtle Podocnemis expansa (Pleurodira, Podocnemididae), the sea 

turtle Caretta caretta (Cryptodira, Cheloniidae), the box turtle Terrapene carolina 

(Cryptodira, Emydidae), and the freshwater turtle Trachemys scripta (Cryptodira, 

Emydidae). An additional skeleton from Gallus gallus (chicken) was obtained from a local 

farm.  
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Bone protein extraction 

Left costal 5 bone from the carapace and the right femur for each turtle species, and a 

left femur from the chicken (9 samples in total) were degreased using 10% Zout solution 

(Dial Corportation) and then powdered under liquid nitrogen using a mortar and pestle. 1.5 

grams of bone powder from each sample were demineralized in 15 ml hydrochloric acid 

(HCl) 0.6 M for 5 hours with continuous agitation. The tubes were centrifuged and the 

supernant collected. One ml of 100% trichloroacetic acid (C2HCl3O2, Lutcavage and Lutz)) 

was added to 4 ml of supernatant, incubated at 4ºC for 15 minutes, then centrifuged at 14000 

rpm for 5 minutes. The supernant was removed and the remaining pellet was washed twice 

with acetone, and then with e-pure water to remove the acetone. Twenty ml of ammonium 

bicarbonate (NH4)HCO3 were added as buffering solution, and tubes were placed in the oven 

at 65º C for 5 hours. Tubes were then centrifuged for 15 minutes at 6000 rpm. Final protein 

yield was calculated by the difference in weight between the 2 ml (labeled) tubes before 

adding the sample and after dried out overnight using a speed vacuum. Tubes were finally 

stored at -80ºC for mass spectrometry use. 

 

Gel electrophoresis- proteins separation 

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) is a 

technique for separation of proteins according to their electrophoretic mobility and molecular 

weight in kilodaltons (KDa) (Shapiro et al., 1967). Polyacrylamide gels (resolving and 

stacking) were prepared and run in a Power Pac HC machine (BioRad) at 50 mA, voltage 

240 v 1 hour or until the sample reached the 2 KDa level. To previously frozen samples, 15 
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µl of 1x Laemmli buffer (BioRad) were added to each tube, then heated to 95 C for 5 

minutes, centrifuged for 40 seconds at 13200 rpm and then loaded to the gel. Molecular 

weight markers (BioRad) were loaded concurrently, and proteins were electrophoresed for 45 

minutes at 240 volts. Gels were fixed and stained using Commassie brilliant blue (Groth et 

al., 1963) for visualization. 

 

In-gel digestion with Trypsin 

For each electrophoresed sample, two regions were used for in gel digestion; the first 

corresponded to 150 KDa, consistent with the predicted molecular weight of collagen I 

(Zhang et al., 2006), the most abundant bone protein; the second between 10-2 KDa, 

consistent with NCPs, particularly osteocalcin (Hauschka et al., 1983). The second gel band 

sampled were taken between 10-2KDa, a region where potentially osteocalcin and other non-

collagenous proteins with low molecular weight appears in gel (Hauschka et al., 1983). 

Bands were cut into small pieces using dedicated blades, and the pieces placed in separate 

1.5 ml tubes for each size and sample. The gel pieces were washed sequentially in 300 ul of 

dH20, acetonitrile, 50 mM ammonium bicarbonate, and a final wash with 300 µl of 50 mM 

ammonium bicarbonate/acetonitrile (50:50) for 15 minutes each, separated by centrifugations 

and removal of each wash solution. Proteins thus liberated from the gel were dehydrated in 

100 µl of 100% acetonitrile for 5 minutes. Pellets were resuspended in 30-50 µl of 50 mM 

ammonium bicarbonate, reduced for 1 hour at 37º C with 10 mM dithiothreitol and then 

alkylated for 1 hour in the dark with 20 mM iodoacetamide. Proteins were digested with 3 µl 

of modified trypsin (Promega, 40 µg/ml) overnight at 37º C. After digestion, all samples 
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were acidified with 1 µl of 100% formic acid. Peptides were concentrated by eluting from 

ZipTips (Millipore) with 50% acetonitrile: 0.1% formic acid into 10 µl aliquots, dried under 

vacuum, and stored at -80C until analyzed by mass spectrometry.  

 

Mass spectrometry analysis 

 Samples were transported frozen to the mass spectrometry lab at the North Carolina 

Research Campus, Kannapolis, NC. Samples were resuspended in 30 µl of 0.3% formic acid, 

and 12 µl for each sample were transferred to dedicated glass vials, and analyzed using an 

LTQ Orbitrap XL (Thermo Fisher Scientific) with a scan range of 375-2000 m/z. Identified 

sequences were analyzed as in Table 1, following the sequence of analysis shown in Table 1. 

Data for each sample was saved as a RAW and MGF files for posterior analysis in databases. 

 

Proteins-peptides database search 

 We used the search engine Mascot (Perkins et al., 1999) to search existing databases 

of primary sequence data, and applied the following parameters for our protein-peptides 

search, (see also Figure 1): 1) We searched the SwissProt database because it is a high 

quality, curated protein database; 2) we accounted for cleavage patterns resulting from the 

specific action of the enzyme Trypsin, which cleaves peptides at R(Arginine), K (Lysine), 

and C terminal residues; 3) taxonomy: Chordata (vertebrates and relatives), 4) fixed 

modifications: Carbamidomethyl (C), indicating that all calculations will use 161 Da as the 

mass of cysteine, 5) variable modifications: Oxidation (M), and Deamidation (N.Q), for 

150KDa bands an additional hydroxylated proline/lysine variable modification was included 
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because this modification is specific to collagens; 6) peptide tolerance: 10 ppm, 7) MS/MS 

tolerance 0.1 Da was used to account for the resolving power of the LTQ Orbitrap XL mass 

spectrometer, 8) decoy option on, to allow determination of a false discovery rate. This 

option is the first statistical indicator of search quality (Elias et al., 2005).  

An additional search was done to increase specificity for reptiles, by creating an 

individual database from Uniprot (Universal Protein Resource-www.uniprot.org), to include 

all proteins that have been published/reported for Archosauria, Lepidosauria, and Turtles, 

using the same parameters as described above, except that SwissProt was replaced by the 

new specific database.  

 

Results 

 No significant hits were found for the blany-control sample (Figure 2), indicating that 

the turtles and chicken samples run after the blank were not exposed to contamination from 

potential residues or leftovers from previous experiments in the instrument. Detailed 

information about Decoy percentages particularly the False Discovery Rate (FDR) 

percentage above the Mascot threshold (the lower the percentage, the less chance of false 

positives), Mascot Ion Scores (MIS), protein and sequenced peptides are shown in Table 2 

for the SwissProt search and in Table 3 for the specific database from UniProt. In both tables 

only the highest scores (Mascot above 50) are reported or those matches specifically related 

to turtles.  

Mass spectrometry analysis of bone in the extant sea turtle Caretta caretta (costal 

bone), 150 KDa band, showed significant peptides matches with collagen alpha I from 
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chicken and human, with MIS higher than 60, and also presence of bovine biglycan protein, 

which plays a role in mineralization of bone (Xu et al., 1998). The presence of collagen alpha 

1 was also identified in long bones of this species, particularly matching peptides of collagen 

alpha 1 of bovine and mouse. Using the specific database created from Uniprot, 

uncharacterized proteins principally from the lizard species Anolis carolinensis were 

identified in the costal bone of C. caretta, however with MIS values (<45). Peptide 

sequences of two proteins recognized in turtles were also detected in the costal bone of C. 

caretta: decorin from Trachemys scripta and Iron binding protein also from Tr. scripta, For 

the femur sample of C. caretta, collagen alpha I from chicken was detected. For C. caretta 

10-2KDa band sample both subunits of C. caretta hemoglobin (alpha and beta) were 

identified specifically from this species, in both bones (costal and femur), and by both 

databases SwissProt and the specific from UniProt. 

Analysis of the box turtle Terrapene carolina (costal bone)-150 KDa band also 

identifies peptides from collagen alpha I that match bovine and chicken peptides; however 

they correspond to different peptides than those obtained from Caretta caretta. A peptide 

matcing bovine biglycan protein, reported for C. caretta, was also identified for T. carolina. 

When the archosaur-lepisosaur-turtle specific database was searched, peptides identical to 

chicken collagen I identified using SwissProt were also found, as well as an additional 

peptide, corresponding to putative thrombin, in Trachemys scripta. The analysis of T. 

carolina 10-2KDa band samples showed only matches for keratins and trypsin, common lab 

contaminants, using SwissProt and vitellogenin from Chrysemys picta when the specific 

database is used.  
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For both the freshwater red ear slider (Trachemys scripta) and the side-necked turtle 

(Podocnemis expansa), both 150KDa and 10-2KDa bands shown only presence of trypsin 

and keratin proteins using SwissProt database, but a number of uncharacterized proteins were 

identified when the archosaur specific database was used. 

Chicken samples used to validate the efficacy of the bone extraction protocol shown 

significant matches with high MIS for original chicken proteins. In the 150KDa band sample, 

we identified collagen alpha I, apolipoprotein A-I, and decorin, among others. For the 

chicken 10-2KDa band, both subunits of hemoglobin, vimentin, and one specific non-

collagenous bone protein (Matrix Gla protein) were identified. Similar results were found 

using the specific database for both 150KDa and 10-2KDa. However the matrix gla protein 

was not recovered in this search, and instead a different protein, actin, was detected.  

 

Discussion 

 The mass spectrometry analyses of various bone extracts support the interpretation 

that proteins derived bone from both the shell and limbs of the sea turtle Caretta caretta and 

the box turtle Terrapene Carolina, have bone proteins similar to  those recovered from other 

vertebrates, including chicken, human, and bovines. The most abundant of these proteins is 

collagen I, which is well known as the dominant protein making up the organic phase of bone 

(Zhang et al., 2006., Schweitzer et al., 2008, Wang et al., 2012). The coverage of collagen I 

and other proteins reported here was very low for turtles relative to proteins from other taxa 

in the databases. This reduced coverage may be explained by several possibilities, including: 

1) chemical factors, during the digestion process, some peptides suffered important 
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modifications or fragmentations, making them undetectable in the database search; and 2) 

technical factor, extraction protocol due to loose of significant portion of the proteins in the 

sample and instrument setting parameters or time of sample running and analyses.  

Protein database analyses also indicate that biglycan is a common bone protein in 

turtles. The peptide sequence for biglycan is the same in both C. caretta and T. carolina. 

Biglycan is found in bone and dentine helping to the structure of skeletal bone by covalent 

interaction with collagen fibrils (Chiu et al., 2012). The presence of the blood protein 

hemoglobin in whole bone extracts is not surprising, in that most vertebrate bone is vascular. 

Identification of hemoglobin suggests that it may be a target for future proteomic analyses of 

fossil turtle bone. 

Surprisingly, non-collagenous bone proteins (NCP) such as osteocalcin or matrix gla 

protein (MGP) were not recovered in this survey of turtle bone. However, MGP was 

identified in chicken bone, indicating that the extraction method I employed was appropriate 

for recovery of proteins with low molecular weight between 10-2KDa. It is important to note 

that the fact that we were unable to identify NCPs in extracts of turtle bone does not mean 

that they are not present, rather it suggests the possibility that variations in sequence for these 

understudied taxa are significant enough that they are not identified in common database 

searches. This requires the development of de novo sequencing, which requires peptide 

sequencing to be performed without prior knowledge of the amino acid sequence (Seidler et 

al., 2010). 

Future research on bone proteins in turtle bone should serve not only to validate the 

preliminary data presented here, but also underscores the need to develop  de novo 
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sequencing technique to search unknown or potentially highly modified proteins, and to 

include them in existing databases. This step is absolutely critical for extending the utility of 

sequence data to fossil material, where peptides are likely to be chemically modified, and/or 

to contain significant evolutionarily differences from related extant taxa.  
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Figure 1. Print screen showing the settings-parameters used in Mascot for the search of 

proteins-peptides sequences, using the MGF files generated from mass spectrometry analysis. 
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Figure 2. Peptide summary report for the blank-control sample used in the mass spectrometry 

analysis, showing no significant hits.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



110 
 
 

 

 

Table 1. Sequence arrangement used for the analysis of the samples in the mass spectrometer.  
 

Position in 
the analyzer 

plate 

Sample Order of running 

A1 Blank-control 1,3,5,8,13,17,20 
A2 Caretta caretta (costal bone) 150 KDa 2 
A3 Terrapene carolina (costal bone) 150 KDa 6 
A4 Caretta caretta (femur) 150 KDa 7 
A5 Gallus gallus (femur) 150 KDa 4 
A6 Terrapene carolina (femur) 10-2 KDa 9 
A7 Caretta caretta (costal bone) 10-2 KDa 11 
A8 Podocnemis expansa (costal bone) 10-2 KDa 12 
B1 Trachemys scripta (femur) 10-2 KDa 14 
B2 Podocnemis expansa (femur) 10-2 KDa 15 
B3 Caretta caretta (femur) 10-2 KDa 16 
B4 Gallus gallus (femur) 10-2 KDa 18 
B5 Trachemys scripta (costal bone) 10-2 KDa 19 
B6 Gallus gallus (femur) 10-2 KDa 21 
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Table 2. Turtles and chicken results from Mascot search, using SwissProt database.  

Sample 

Dec
oy 

(FD
R

%) 

Protein/speci
es Peptide sequence 

Mascot 
Ion 

score 

Blank-control - - - - 
Caretta 

caretta (costal 
bone) 150 

KDa 

20 Collagen 
alpha I-Homo 
sapiens (2% 
coverage) 

IGVLITDGK 77 
NNVILQPLQSDTPYK 66 

VQIALAQYSGDPR 61 

Collagen 
alpha I-
Gallus gallus 
(2% 
coverage) 

IGVLITDGK 76 
NNVILQPLQSDTPYK 65 

VQIALAQYSGDPR 61 

Biglycan, Bos 
taurus (2% 
coverage) 

IQAIELEDLLR 72 

Terrapene 
carolina 

(costal bone) 
150 KDa 

10 Collagen 
alpha I-Bos 
taurus (6% 
coverage) 

GSAGPPGATGFPGAAGR 88 
QGPSGSSGER 73 

GFSGLQGPPGPPGSPGEQGPSGAS
GPAGPR 

64 

Collagen 
alpha I-
Gallus gallus 
(6% 
coverage) 

QGPSGSSGER 72 
GSAGPPGATGFPGAAGR 80 

Biglycan, Bos 
taurus (2% 
coverage) 

IQAIELEDLLR 69 

Caretta 
caretta 

(femur) 150 
KDa 

10 Collagen 
alpha I-Bos 
taurus (5% 
coverage) 

GFSGLQGPPGPPGSPGEQGPSGAS
GPAGPR 

58 

QGPSGSSGER 70 

Collagen 
alpha I-Mus 
musculus (4% 
coverage) 

QGPSGSSGER 70 
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Table 2: Continued    
Gallus gallus 
(femur) 150 

KDa 

6 Collagen 
alpha I-
Gallus gallus 
(20% 
coverage) 

GDPGPVGPVGPAGAFGPR 80 

Apolipoprotei
n A-I Gallus 
gallus (20% 
coverage) 

LADNLDTLSAAAAK 88 

Decorin 
Gallus gallus 
(10% 
coverage) 

IDAEGLSGLTNLAK 86 

Terrapene 
carolina 

(femur) 10-2 
KDa 

21.
62 

Keratins 
(human, 
chordates) 
(human, 
chordates) 
and Trypsin 

  

Caretta 
caretta (costal 

bone) 10-2 
KDa 

11.
63 

Hemoglobin 
subunit beta – 
Caretta 
caretta (6% 
coverage) 

MLIVYPWTQK 32 

Hemoglobin 
subunit alpha 
– Caretta 
caretta (6% 
coverage) 

MFTVFPQTK 23 

Podocnemis 
expansa 

(costal bone) 
10-2 KDa 

27 Keratins 
(human, 
chordates) 
and Trypsin 

  

Trachemys 
scripta 

(femur) 10-2 
KDa 

22.
22 

Keratins 
(human, 
chordates) 
and Trypsin 

  

Podocnemis 
expansa 

(femur) 10-2 
KDa 

13.
33 

Keratins 
(human, 
chordates) 
and Trypsin 

  

     



113 
 
 

 

 

 
 
 
 
 
 
 
 

	   	   	   	   	  
Table 2: Continued    

Caretta 
caretta 

(femur) 10-2 
KDa 

27.
27 

Hemoglobin 
subunit beta – 
Caretta 
caretta (6% 
coverage) 

MLIVYPWTQK 29 

Hemoglobin 
subunit alpha 
– Caretta 
caretta (6% 
coverage) 

MFTVFPQTK 23 

Gallus gallus 
(femur) 10-2 

KDa 

4.9
2 

Hemoglobin 
subunit alpha 
A– Gallus 
gallus (57% 
coverage) 

 

98 

Hemoglobin 
subunit beta– 
Gallus gallus 
(60% 
coverage) 

 

99 

Vimentin-
Gallus gallus 
(26% 
coverage) 

EMEENFAVEAANYQDTIGR 96 

Matrix Gla 
Protein-
Gallus gallus 
(11% 
coverage) 

ANGFIRDDTGLR 35 

Trachemys 
scripta (costal 

bone) 10-2 
KDa 

55.
5 

Keratins 
(human, 
chordates) 
and Trypsin 
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Table 3. Turtles and chicken results from Mascot search, using specific database from 
UniProt, including all proteins reported for Archosauria-Lepidosauria, and Turtles. 
 
  

Sample Decoy 
(FDR%) Protein/species Peptide sequence 

Mascot 
Ion 

score 
Blank-
control 

- - - - 

Caretta 
caretta 
(costal 

bone) 150 
KDa 

19.23 Uncharacterized 
protein-Anolis 
carolinensis 
(2% coverage) 

NNVILQPLQSDTPYK 57 

Decorin 
(fragment) –
Trachemys 
scripta (5% 
coverage) 

IDSESLSGLANLAK 44 

Iron binding 
protein-
Trachemys 
scripta (2% 
coverage) 

AIFQMFQSETK 42 

Terrapene 
carolina 
(costal 

bone) 150 
KDa 

10.53 Collagen alpha 
I-Gallus gallus 
(4% coverage) 

QGPSGSSGER 72 
GSAGPPGATGFPGAAGR 80 

Putative 
Thrombin 
Trachemys 
scripta (3% 
coverage) 

ENLDRDIALLLLK 28 

Caretta 
caretta 
(femur) 

150 KDa 

11.11 Collagen alpha 
I-Gallus gallus 
(5% coverage) 

GRPGPSGPAGAR 58 

Gallus 
gallus 

(femur) 
150 KDa 

6 Collagen alpha 
I-Gallus gallus 
(20% coverage) 

GDPGPVGPVGPAGAFGPR 75 

Apolipoprotein 
A-I Gallus 
gallus (20% 
coverage) 

LADNLDTLSAAAAK 82 
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Table 3: Continued    
Terrapene 
carolina 
(femur) 

10-2 KDa 

9.62 Vitellogenin –
Chrisemys picta 
(3% coverage) 

LPELTIYNR 57 

Caretta 
caretta 
(costal 

bone) 10-2 
KDa 

14.29 Hemoglobin 
subunit beta – 
Caretta caretta 
(6% coverage) 

MLIVYPWTQK 32 

Hemoglobin 
subunit alpha – 
Caretta caretta 
(6% coverage) 

MFTVFPQTK 23 

Podocnemi
s expansa 

(costal 
bone) 10-2 

KDa 

0 Uncharacterized 
proteins 

  

Trachemys 
scripta 
(femur) 

10-2 KDa 

9.09 Uncharacterized 
proteins 

  

Podocnemi
s expansa 
(femur) 

10-2 KDa 

28.57 Uncharacterized 
proteins 

  

Caretta 
caretta 
(femur) 

10-2 KDa 

50 Hemoglobin 
subunit alpha 
A– Caretta 
caretta (2% 
coverage) 

MFTVFPQTK 23 

Gallus 
gallus 

(femur) 
10-2 KDa 

5.88 Hemoglobin 
subunit alpha 
A– Gallus 
gallus (57% 
coverage) 

 

98 

Hemoglobin 
subunit beta– 
Gallus gallus 
(60% coverage) 

 

99 

Actin-Gallus 
gallus (6% 
coverage) 

DSYVGDEAQSK 68 
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Table 3: Continued    
Trachemys 

scripta 
(costal 

bone) 10-2 
KDa 

11.11 Uncharacterized 
proteins 
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CHAPTER 10: CONCLUSIONS AND FUTURE DIRECTIONS 
 

 

The Mesozoic and Cenozoic turtles from the Neotropics that were the focus of this 

dissertation represent a first step in addressing a large gap in the fossil record that has existed 

for decades for this group of vertebrates. In addition, my study has showed that there is much 

work remaining to be able to address questions regarding the evolution, adaptation and 

radiation of this enigmatic group of vertebrates. Future fieldwork should be focused on 

Triassic, Jurassic, Late Cretaceous, and Eocene rock sequences, which are understudied for 

the presence of turtles or indeed, any other vertebrate from the Neotropics. 

Early Cretaceous turtles from two locations in Colombia (Zapatoca and Villa de 

Leyva) show that representatives of the two major clades (Cryptodira and Pleruodira) were 

already habiting the northernmost region of South America, contemporaneous with the 

opening of the Atlantic Ocean, and prior to the increase in global temperatures and anoxic 

oceanic events, indicating that turtles were diverse in the Neotropics even previous to global 

warmer events. Ongoing and future research will include the phylogenetic analysis of Villa 

de Leyva protostegids based on morphological data. This taxon is key to understanding the 

evolution of marine turtles and to discerning the acquisition of body-size patterns in turtles 

over time. Another focus of my future research it a continued effort to recover cranial 

material of Notoemys zapatocaensis, which could reveal unprecedented information about 

the evolution of pleurodires.  

The Middle-Late Paleocene fauna from Cerrejón constitutes one of the most 

significant discovery in decades at the Neotropics, showing a high diversity of turtles, 
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including Cerrejonemys wayuunaiki, the closest fossil relative for the extant Podocnemis spp. 

Carbonemys cofrinii, the largest Paleocene turtle so far know, and Puentemys mushaisaensis 

a turtle with one of the most circular shell ever reported. These finds also support the 

coexistence of podocnemidids and bothreymidids during the Paleocene in tropical South 

America. Turtles, crocodiles, and the Titanoboa (the largest snake so far known) from 

Cerrejón suggest that gigantism was attained in tropical reptiles after the Cretaceous-

Paleocene extinction, and during one of the warmest periods recorded in the Cenozoic. 

Future paleontological work on Cerrejón turtles should be focused on understanding the 

taphonomy of this deposit, the inclusion of turtles and the other fossil reptiles in a deeper 

study of their paleoecology, as well as the exploration of these turtles as a potential 

paleoclimatic proxy using oxygen isotopes, as have been tested in Paleocene-Eocene turtles 

from temperate zones, showing correspondence between δ18O/16O and environmental 

paleotemperature (Matson and Fox, 2008). 

Another outcome of this dissertation research is to expand the hypothesis of 

preservation of still-soft, potentially original bone cells (osteocytes) to new taxa (turtles), 

new depositional environments, including marine, freshwater, and terrestrial, and in almost 

all latitudes from temperate to tropical zones, over the course of geological time. A result that 

rejects traditional considerations of exclusive preservation of bone cells in temperate zones, 

mostly terrestrial environments, and some particular periods of geological time. Ongoing and 

future research on fossil osteocytes include the analysis of osteocytes density as a proxy for 

certain paleophysiological traits of fossil vertebrates (e.g body size and metabolic rates), as 

well as a validation of the hypothesis linking osteocyte lacuna size to genome size 
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(Montanari et al., 2012 and references therein). Probably the most challenging and intriguing 

future research in terms of fossil osteocytes and blood vessels in turtles will be to establish 

their chemical composition and to explore the potential preservation of original biomolecular 

material. 

Finally, over the course of this dissertation research, I obtained the first proteomic 

sequence data for bone proteins in extant tropical and temperate turtles. I report the sequence 

of collagen I peptides in bones of the sea turtle Caretta caretta and the box turtle Terrapene 

Carolina, as well as a host of other NCPs. Future efforts will concentrate on increasing the 

statistical support of the results presented here, analyzing the same samples in a different 

mass spectrometry lab, in order to replicate the results obtained here and implementing 

protein-peptides search using de novo sequencing.  
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