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ABSTRACT

The emergence of vertebrates represents one of the most significant evolutionary transitions in animal history. 
The earliest definitive vertebrate fossils appear in the Lower Cambrian Period (approximately 525-520 million 
years ago), with Myllokunmingia fengjiaoa and Haikouichthys ercaicunensis from the Chengjiang biota of Chi-
na being among the oldest known specimens. These early vertebrates evolved from chordate ancestors, likely 
similar to modern lancelets (amphioxus). The key transition occurred through the development of neural crest 
cells, a mineralized skeleton, and a more complex brain. The foundation for vertebrate origins was laid in the 
Pre-Cambrian with early chordates like Pikaia gracilens, which exhibited basic chordate characteristics. The ear-
ly Cambrian period witnessed a rapid diversification of vertebrate forms, leading to the establishment of major 
vertebrate lineages, including both jawless (agnathan) and later jawed (gnathostome) groups.
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Introduction
The origin and early evolution of vertebrates represents one of 

the most transformative events in the history of life on Earth, mark-
ing a crucial transition that laid the groundwork for unprecedented 
morphological and physiological innovations. The vertebrate lineage 
emerged during the Early Cambrian period, approximately 525-520 
million years ago, as evidenced by the remarkable fossils discovered 
in the Chengjiang biota of China (Shu, et al. [1]). These earliest known 
vertebrates, Myllokunmingia fengjiaoa and Haikouichthys ercaicun-
ensis, provide invaluable insights into the initial stages of vertebrate 

evolution, though their exact phylogenetic relationships continue to 
be debated among paleontologists (Figure 1). The transition from 
chordate ancestors to early vertebrates occurred through a series 
of evolutionary innovations that fundamentally transformed animal 
body plans. Modern studies of amphioxus (lancelets) and tunicates, 
our closest living invertebrate relatives, have helped illuminate this 
crucial evolutionary transition (Holland, et al. [2]). These organisms 
share basic chordate characteristics with vertebrates, including a no-
tochord, dorsal hollow nerve cord, and pharyngeal slits, suggesting 
these features were present in the last common ancestor of all chor-
dates. 
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Note: Source: Digital Atlas of Ancient Life.
Figure 1: Fossil of Haikouichthys ercaicunensis. 

The key morphological innovations that defined early vertebrates 
began with the evolution of neural crest cells, often considered a ver-
tebrate synapomorphy. These specialized cells, unique to vertebrates, 
arise during embryonic development and give rise to various struc-
tures including cranial ganglia, pigment cells, and elements of the 
skeletal system (Green, et al. [3]). The emergence of neural crest cells 
was particularly significant as it enabled the development of a more 
complex head, including sensory organs and a protective cranium, 
setting the stage for the evolution of active predatory lifestyles. The 
mineralization of skeletal elements represents another crucial inno-
vation in early vertebrate evolution. While their chordate ancestors 
possessed only a notochord for structural support, early vertebrates 
developed mineralized tissues in the form of dentine and enamel-like 
tissues, as evidenced by the presence of conodonts and other early 
vertebrate fossils (Donoghue, et al. [4]). This innovation provided en-
hanced structural support and protection, while also facilitating more 
efficient muscle attachment and locomotion.

The earliest vertebrates exhibited a remarkable diversity of mor-
phological adaptations. The Cambrian forms like Myllokunmingia 
showed a combination of primitive and derived characters, includ-
ing well-developed myomeres, a dorsal fin, and possible gill pouches 
(Shu, et al. [5]). These features suggest that even the earliest verte-
brates had already evolved sophisticated locomotory and respiratory 
systems. The presence of paired eyes and otic capsules in these early 
forms also indicates the development of advanced sensory systems, 
crucial for their success as active swimmers and predators. The subse-
quent radiation of vertebrates during the Ordovician Period (485-444 
million years ago) saw the emergence of more diverse morphological 
forms, particularly among the agnathans or jawless vertebrates. The 
appearance of complex dermal armor in ostracoderms, represented 

by groups such as heterostracans and osteostracans, marked a signif-
icant development in vertebrate evolution (Janvier [6]). This external 
armor served multiple functions, including protection from predators 
and possibly osmotic regulation, while also providing insights into the 
early evolution of the vertebrate skeleton. 

A major breakthrough in vertebrate evolution came with the 
development of jaws, derived from modified gill arches, during the 
Late Ordovician to Early Silurian periods. This innovation, leading to 
the emergence of gnathostomes (jawed vertebrates), revolutionized 
feeding strategies and predator-prey relationships in aquatic ecosys-
tems (Brazeau, et al. [7]). The earliest jawed vertebrates, including 
placoderms and acanthodians, showed remarkable diversity in jaw 
morphology and feeding adaptations, setting the stage for the later 
radiation of modern vertebrate groups. The evolution of paired ap-
pendages represents another crucial innovation in vertebrate mor-
phology. While the earliest vertebrates possessed only median fins, 
the development of paired fins, first appearing as lateral fin folds and 
later evolving into distinct paired appendages, provided enhanced 
maneuverability and stability in aquatic environments (Coates [8]). 
This innovation would later prove crucial in the evolution of tetrapod 
limbs and the subsequent conquest of land by vertebrates.

The sensory systems of early vertebrates also underwent sig-
nificant evolution. The development of specialized sensory organs, 
including complex eyes, otic capsules for balance and hearing, and 
an elaborate lateral line system for detecting water movements, 
enhanced their ability to interact with their environment. These in-
novations were accompanied by the evolution of an enlarged brain 
with distinct regions, setting vertebrates apart from their chordate 
ancestors (Northcutt [9]). The evolutionary success of early verte-
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brates was further enhanced by the development of more efficient 
respiratory and circulatory systems. The evolution of gills with en-
hanced surface area and a more complex circulatory system, includ-
ing a muscular heart and closed blood vessels, enabled better oxygen 
delivery to tissues, supporting more active lifestyles (Shu, et al. [5]). 
These physiological innovations were crucial for the increasing met-
abolic demands of early vertebrates. Understanding the origin and 
early evolution of vertebrates has been greatly enhanced by recent 
technological advances in paleontology and developmental biology. 

Techniques such as synchrotron radiation X-ray tomographic 
microscopy have revealed unprecedented details of early vertebrate 
anatomy, while studies in evolutionary developmental biology have 
shed light on the genetic mechanisms underlying major morpholog-
ical transitions (Gai, et al. [10]). The study of early vertebrate evolu-

tion continues to be an active field of research, with new fossil dis-
coveries and analytical techniques regularly providing fresh insights. 
The integration of paleontological evidence with developmental and 
molecular data has created a more comprehensive understanding of 
how vertebrates evolved their distinctive features. This evolution-
ary history not only illuminates our own biological heritage but also 
provides crucial insights into the mechanisms of major evolutionary 
transitions (Figure 2). As we continue to uncover new fossils and de-
velop more sophisticated analytical techniques, our understanding of 
vertebrate origins and early evolution becomes increasingly refined. 
The story of vertebrate evolution serves as a remarkable example of 
how major innovations in body plan and physiology can lead to the 
radiation of successful new forms of life, ultimately giving rise to the 
extraordinary diversity of vertebrates we see today [11].

Note: Source: Lingham-Soliar T [11].
Figure 2: First Vertebrates. 

Discussion
The evolution of vertebrates and their distinctive morpholog-

ical characteristics represents one of the most compelling chapters 
in the history of life, with profound implications for understanding 
major evolutionary transitions. Building upon the foundational as-
pects outlined in the introduction, a deeper examination of vertebrate 
origins reveals complex patterns of innovation and adaptation that 
merit careful consideration. The Cambrian emergence of vertebrates 
occurred within a broader context of rapid animal diversification, 
commonly known as the Cambrian Explosion. The appearance of Myl-

lokunmingia and Haikouichthys during this period suggests that fun-
damental vertebrate characteristics evolved relatively quickly, though 
the precise timing and sequence of these innovations remain subjects 
of ongoing research. Recent studies using molecular clock analyses, 
combined with fossil evidence, indicate that many key vertebrate fea-
tures may have evolved in a stepwise fashion during the late Ediacaran 
to early Cambrian periods (Peterson, et al. [12]). The evolution of the 
vertebrate head represents a particularly significant innovation that 
warrants detailed discussion. The development of a complex head, fa-
cilitated by neural crest cells, marked a fundamental departure from 
the more simplified anterior end of invertebrate chordates. This “new 
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head” hypothesis, first proposed by Gans and Northcutt, continues to 
provide a useful framework for understanding the emergence of ver-
tebrate complexity. The incorporation of placodes alongside neural 
crest cells enabled the development of sophisticated sensory systems, 
including paired eyes with complex retinas, olfactory organs, and bal-
ance organs. These innovations dramatically enhanced the ability of 
early vertebrates to process environmental information and respond 
to stimuli.

The mineralization of skeletal elements in early vertebrates de-
serves particular attention, as it represents a major evolutionary in-
novation with multiple functional implications. The appearance of 
phosphatic skeletal tissues, including dentine and enameloid, provid-
ed new opportunities for structural support and protection. Recent 
research has revealed that the genetic pathways involved in skele-
tal mineralization were likely co-opted from more ancient systems 
involved in calcium regulation. The evolution of skeletal tissue also 
facilitated the development of more powerful muscular systems, as 
mineralized elements provided more efficient attachment points for 
muscles. The evolution of the vertebrate nervous system represents 
another area of significant innovation. While their chordate ancestors 
possessed a simple nerve cord, early vertebrates developed an elabo-
rate brain with distinct regions, including a well-developed forebrain, 
midbrain, and hindbrain. This neural complexity supported the pro-
cessing of information from multiple sensory systems and enabled 
more sophisticated behavioral responses.

The emergence of specialized neural circuits and enhanced pro-
cessing capabilities likely played a crucial role in the success of early 
vertebrates as active predators. The development of a more efficient 
circulatory system in early vertebrates merits detailed examination. 
The evolution of a chambered heart and closed circulatory system 
represented a significant advancement over the simpler circulato-
ry systems of invertebrate chordates. This innovation enabled more 
efficient oxygen delivery to tissues and supported the increasing 
metabolic demands of active predation. The evolution of hemoglo-
bin-based oxygen transport systems further enhanced the efficiency 
of vertebrate respiration, though the timing of this innovation re-
mains somewhat uncertain. The evolution of the vertebrate immune 
system represents another crucial innovation that deserves attention. 
The emergence of adaptive immunity, including the development of 
specialized lymphoid tissues and antibody-producing cells, provided 
early vertebrates with enhanced protection against pathogens. This 
sophisticated immune system, unique to vertebrates, likely played a 
crucial role in their evolutionary success by enabling them to better 
cope with parasites and pathogens.

Recent advances in developmental biology have provided new 
insights into the genetic mechanisms underlying vertebrate innova-
tions. Studies of gene regulatory networks in both vertebrates and 
their closest living relatives have revealed that many vertebrate inno-
vations involved the modification of existing genetic pathways rather 
than the evolution of entirely new genes. The duplication of entire 

genomes early in vertebrate evolution likely provided raw material 
for the evolution of novel features through the modification of dupli-
cated genes. The role of ecological factors in driving vertebrate evo-
lution warrants careful consideration. The emergence of vertebrates 
coincided with significant changes in marine ecosystems, including 
the evolution of more complex food webs and predator-prey relation-
ships. The development of active predatory lifestyles by early verte-
brates likely drove the evolution of enhanced sensory systems, more 
efficient locomotory capabilities, and sophisticated neural process-
ing. This ecological context helps explain the selective pressures that 
shaped early vertebrate evolution. The evolution of vertebrate feed-
ing systems represents another area of significant innovation.

The transition from filter-feeding to more active predation re-
quired numerous modifications to the ancestral chordate body plan. 
The development of a more muscular pharynx enhanced sensory 
capabilities, and eventually the evolution of jaws represented major 
innovations in vertebrate feeding biology. The diversity of feeding 
strategies that emerged among early vertebrates likely contributed 
to their evolutionary success and subsequent radiation. The devel-
opment of the vertebrate endocrine system represents a significant 
advancement in physiological regulation. While hormone-like mol-
ecules exist in all animals, vertebrates evolved a particularly so-
phisticated endocrine system with specialized glands and complex 
regulatory networks. This system enabled more precise control of 
development, metabolism, and reproduction, contributing to the evo-
lutionary success of vertebrates. Recent discoveries have shed new 
light on the early stages of vertebrate evolution. The identification of 
possible vertebrate fossils from the early Cambrian has pushed back 
the timing of key innovations and suggested more complex patterns 
of character evolution than previously recognized. 

These findings highlight the importance of continued paleonto-
logical research in understanding vertebrate origins. The evolution 
of vertebrate sensory systems represents a major advance in animal 
sensory capabilities. The development of complex eyes with sophis-
ticated retinas, elaborate balance organs, and lateral line systems 
provided early vertebrates with unprecedented abilities to detect and 
respond to environmental stimuli. These sensory innovations likely 
played crucial roles in the evolution of active predatory lifestyles and 
the subsequent radiation of vertebrate groups. The role of develop-
mental modifications in vertebrate evolution continues to be an ac-
tive area of research. Studies of vertebrate embryology have revealed 
that many key innovations involved changes in the timing and spatial 
patterning of development. The concept of developmental modularity 
has proven particularly useful in understanding how major evolution-
ary transitions could occur through modifications of existing devel-
opmental programs. The evolution of vertebrate locomotory systems 
represents another significant area of innovation. 

The development of more efficient swimming mechanisms, sup-
ported by a mineralized skeleton and enhanced muscular system, 
enabled early vertebrates to occupy new ecological niches. The sub-
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sequent evolution of paired fins provided additional control over 
movement and set the stage for later innovations in vertebrate loco-
motion. The integration of multiple lines of evidence, including fossil 
data, comparative anatomy, developmental biology, and molecular 
genetics, has provided a more comprehensive understanding of ver-
tebrate origins. This synthetic approach has revealed that vertebrate 
evolution involved both the modification of existing features and the 
emergence of novel characteristics through various evolutionary 
mechanisms. Looking forward, several key questions about verte-
brate origins remain to be fully resolved. The precise timing and se-
quence of key innovations, the role of genome duplications in facilitat-
ing vertebrate evolution, and the nature of selective pressures driving 
major transitions continue to be active areas of research. Additionally, 
the discovery of new fossils and the application of novel analytical 
techniques promise to provide further insights into this crucial evo-
lutionary transition. The study of vertebrate origins and evolution 
continues to benefit from technological advances. New imaging tech-
niques, including synchrotron radiation X-ray tomographic microsco-
py and micro- CT scanning, have revealed unprecedented details of 
fossil anatomy. Similarly, advances in molecular biology and bioinfor-
matics have provided new tools for understanding the genetic basis 
of vertebrate innovations. 

The emergence and early evolution of vertebrates represents a 
remarkable example of how major evolutionary transitions can oc-
cur through the integration of multiple innovations. The combination 
of enhanced sensory capabilities, sophisticated neural processing, 
mineralized skeletal elements, and efficient physiological systems 
enabled vertebrates to occupy new ecological niches and ultimately 
give rise to an extraordinary diversity of forms. Understanding this 
transition not only illuminates our own biological heritage but also 
provides insights into the mechanisms of major evolutionary change.

Conclusion
The origin and early evolution of vertebrates represents a water-

shed moment in the history of life that fundamentally transformed 
animal body plans and set the stage for unprecedented morpholog-
ical innovations. Through the examination of fossil evidence, com-
parative anatomy, developmental biology, and molecular studies, we 
have gained substantial insights into how vertebrates acquired their 
distinctive features. The emergence of neural crest cells, mineralized 
tissues, complex sensory systems, and sophisticated physiological 
mechanisms during the Early Cambrian period marked the beginning 
of a remarkable evolutionary trajectory. The stepwise acquisition of 
vertebrate characteristics, from basic chordate features to complex 
vertebrate innovations, demonstrates how major evolutionary transi-
tions can occur through the modification of existing structures and the 
emergence of novel features. The continuing discovery of new fossils, 
combined with advances in analytical techniques and developmental 
studies, promises to further refine our understanding of vertebrate 
origins. While significant progress has been made in understanding 
this crucial evolutionary transition, important questions remain re-

garding the precise timing and sequence of key innovations, the role 
of genome duplications, and the nature of selective pressures that 
drove vertebrate evolution. Future research will undoubtedly provide 
new insights into these fundamental questions about our biological 
heritage. Understanding vertebrate origins not only illuminates our 
evolutionary history but also provides crucial insights into the mech-
anisms of major evolutionary transitions. The vertebrate success 
story, beginning with humble chordate ancestors and leading to the 
remarkable diversity of modern vertebrates, continues to inspire new 
research and deepen our appreciation of evolutionary processes.

Conflicts of Interest
The Author claims that there are no conflicts of interest.

Disclaimer/Publisher’s Note
The statements, opinions and data contained in all publications 

are solely those of the individual author(s) and contributor(s) and 
not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim 
responsibility for any injury to people or property resulting from any 
ideas, methods, instructions or products referred to in the content.

References
1.	 Shu DG, Luo HL, Conway Morris S, Zhang XL, Hu SX, et al. (1999) Lower 

Cambrian vertebrates from south China. Nature 402: 42-46.

2.	 Holland ND, Chen J (2001) Origin and early evolution of the vertebrates: 
new insights from advances in molecular biology, anatomy, and palaeon-
tology. BioEssays 23: 142-151.

3.	 Green SA, Simoes-Costa M, Bronner ME (2015) Evolution of vertebrates as 
viewed from the crest. Nature 520: 474-482.

4.	 Donoghue PCJ, Sansom IJ (2002) Origin and early evolution of vertebrate 
skeletonization. Microscopy Research and Technique 59: 352-372.

5.	 Shu DG, Morris SC, Han J, Zhang ZF, Yasui K, et al. (2003) Head and back-
bone of the Early Cambrian vertebrate Haikouichthys. Nature 421: 526-
529.

6.	 Janvier P (2015) Facts and fancies about early fossil chordates and verte-
brates. Nature 520: 483-489. 

7.	 Brazeau MD, Friedman M (2015) The origin and early phylogenetic histo-
ry of jawed vertebrates. Nature 520: 490-497.

8.	 Coates MI (2003) The evolution of paired fins. Theory in Biosciences 122: 
266-287.

9.	 Northcutt RG (2002) Understanding vertebrate brain evolution. Integra-
tive and Comparative Biology 42: 743-756.

10.	 Gai Z, Donoghue PCJ, Zhu M, Janvier P, Stampanoni M (2011) Fossil jawless 
fish from China foreshadows early jawed vertebrate anatomy. Nature 476: 
324-327.

11.	 Lingham-Soliar T (2014) The First Vertebrates, Jawless Fishes, the Agna-
thans. In: The Vertebrate Integument. Springer, Berlin, Heidelberg 1.

12.	 Peterson KJ, Cotton JA, Gehling JG, Pisani D (2008) The Ediacaran emer-
gence of bilaterians: congruence between the genetic and the geological 
fossil records. Philosophical Transactions of the Royal Society B 363: 
1435-1443.

https://dx.doi.org/10.26717/BJSTR.2024.59.009307
https://pubmed.ncbi.nlm.nih.gov/11169587/
https://pubmed.ncbi.nlm.nih.gov/11169587/
https://pubmed.ncbi.nlm.nih.gov/11169587/
https://pubmed.ncbi.nlm.nih.gov/25903629/
https://pubmed.ncbi.nlm.nih.gov/25903629/
https://pubmed.ncbi.nlm.nih.gov/12430166/
https://pubmed.ncbi.nlm.nih.gov/12430166/
https://www.nature.com/articles/nature14437
https://www.nature.com/articles/nature14437
https://www.nature.com/articles/nature14438
https://www.nature.com/articles/nature14438
https://link.springer.com/article/10.1007/s12064-003-0057-4
https://link.springer.com/article/10.1007/s12064-003-0057-4
https://academic.oup.com/icb/article/42/4/743/659098
https://academic.oup.com/icb/article/42/4/743/659098
https://www.nature.com/articles/nature10276
https://www.nature.com/articles/nature10276
https://www.nature.com/articles/nature10276


Copyright@ :    Richard Murdoch Montgomery | Biomed J Sci & Tech Res | BJSTR.MS.ID.009307. 51618

Volume 59- Issue 3 DOI: 10.26717/BJSTR.2024.59.009307

Submission Link: https://biomedres.us/submit-manuscript.php

Assets of Publishing with us

•	 Global archiving of articles

•	 Immediate, unrestricted online access

•	 Rigorous Peer Review Process

•	 Authors Retain Copyrights

•	 Unique DOI for all articles

https://biomedres.us/

This work is licensed under Creative
Commons Attribution 4.0 License

ISSN: 2574-1241
DOI: 10.26717/BJSTR.2024.59.009307

Richard Murdoch Montgomery. Biomed J Sci & Tech Res 

https://dx.doi.org/10.26717/BJSTR.2024.59.009307
https://dx.doi.org/10.26717/BJSTR.2024.59.009307

