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EVOLUTION

Unraveling the history of limb

bones

Ancient fossils give clues as to when features of modern tetrapod bones

emerged.
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ny land creature with a backbone and

four limbs is related to a fish that

started to crawl over 360 million years

ago (NiedZwiedzki et al., 2010). Since then,
evolutionary processes have shaped this ances-
tor into a brethren of four-legged ‘tetrapods’,
from frogs to lizards to your pet dog. The fossil
record, and in particular limb bones, provide
scant but tantalizing clues about the stepwise
changes that helped the early descendants of
this fish to acquire the traits which allowed them
to become fully terrestrial 300 million years ago.
Limbs first evolved as a way to adapt to life in
shallow waters, but they became a game
changer for land travel (Ahlberg, 2018). Over
time, they acquired characteristic features; for
instance, in modern tetrapods, limb growth gen-
erally takes place in the metaphysis — the ‘neck’
area near the end of long bones, which hosts a
mineralized region known as the growth plate.
There, cartilage cells organize into calcified col-
umns, forming a characteristic three-dimensional
fan-like meshwork (Hall, 2005). Today, limb
bones also serve additional roles. While fish cre-
ate red blood cells in the liver and kidney for

example, most current species of tetrapods carry
out this process in the marrow of their long
bones (Akiyoshi and Inoue, 2012). Now, in
elife, Sophie Sanchez and colleagues based at
Uppsala University, the European Synchrotron
Radiation Facility, Flinders University and Come-
nius University — including Jordi Estefa (Uppsala)
as first author — report new insights into when
these characteristics of limb bones emerged in
tetrapods during the water-to-land transition
(Estefa et al., 2021).

To explore how limb bones developed in
early tetrapods, the team harnessed synchrotron
micro-computed tomography, a technique that
uses a high-powered particle beam scanner to
virtually ‘slice’ up and image thin layers of fossil-
ized bone. The resulting images are then
stacked together using computer processing to
produce a detailed three-dimensional model of
the internal structure of the limb bone.

The analyses revealed that the fan-like struc-
tures that form the growth plate in the metaphy-
sis were present both in the ancient amphibian
Metoposaurus — which mainly lived in water —
and two ‘amniote’ species, Seymouria and Dis-
cosauriscus, which could reproduce on land. This
suggests that growing bone by calcifying carti-
lage columns is a process that appeared in ear-
lier, water-bound tetrapods, and has a shared
origin between amphibians and amniotes. The
way that tetrapod limbs grow today was there-
fore already present in our earliest four-limbed
ancestors, long before the transition to land
(Figure 1).

In most current tetrapods, the columns in the
metaphysis host stem cell niches that produce
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Figure 1. How tetrapods acquired new bone characteristics as they transitioned from water to land. (A) About
380 million years ago, lobe-finned tetrapods were still water-bound (top). Yet, lengthwise cross sections of their
forelimb bones (bottom) show that they had already evolved limbs that elongate through calcified cartilage
columns (dark blue) within the metaphysis — the area near the extremities of the bones that features a ‘growth
plate’ formed of cartilage (light blue). Marrow processes — the blood vessels (red) between the mineralized
columns in the growth plate — were also present at this stage. However they did not communicate freely with the
open cavity inside the shaft. (B) Tetrapods that first ventured onto land 360 million years ago (top) also elongated
their limbs at the growth plate. Their bones do show evidence of marrow processes occurring within the
metaphysis (bottom), but they still produce red blood cells via their liver and kidney. Indeed, a trait necessary for
red blood cell production in the bone is missing: the blood vessels of the marrow processes open into small
connected cavities in the bone rather than communicating with the open marrow cavity. (C) Fully terrestrial
tetrapods appeared 300 million years ago (top), and they retained the fan-like growth plate of their ancestors
(bottom). However, the cavities within their bones indicate that the marrow processes were interconnected via
blood vessels, and that they communicated with the bone marrow. This suggests that red blood cells were now

produced within bone.

the precursor cells which mature into red blood
cells (Orkin and Zon, 2008). For this arrange-
ment to work, the niches need to be connected
to the primary blood vessels that invade the
marrow cavity: this allows red blood cells to be
released from the bone into the systemic circula-
tion (Calvi et al., 2003; Zhang et al., 2003;
Tanaka, 1976). However, Estefa et al. found
that in older, water-bound tetrapods, the spaces
within columnar meshwork did not communicate
with the bone marrow cavity. In fact, the earliest
evidence of communication between these two
structures was found in fully terrestrial tetrapods
that could reproduce on land 300 million years

ago. Crucially there was no evidence of this con-
nection in tetrapods from 360 million years ago,
even though these creatures could already
explore land (Figure 1). Producing red blood
cells inside the bone marrow was thought to be
required for life out of water (e.g., Kapp et al.,
2018), but these results indicate that this may
not be the case. Instead, they suggest that bone
marrow and red cell production appeared suc-
cessively rather than simultaneously during evo-
lution, even though these characteristics are
intimately linked in tetrapods today.

Next, the team endeavors to discover exactly
at what point the site of red blood cell
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production migrated to bone marrow — and why.
If this event took place in the first tetrapods to
explore land, then all their descendants could
have inherited this trait. If the migration hap-
pened later, when terrestrial tetrapods had
already started to occupy distinct habitats, then
red blood cell production in bone marrow may
have evolved several times independently.
Finally, pinning down when or in which taxon
red blood cell production first relocated to the
marrow will help to understand the environmen-
tal or biological factors that triggered this migra-
tion. In turn, this could shed light on the
subsequent biological innovations that became
unlocked when red blood cells started to be
produced inside bones.

Holly N Woodward is in the Department of Anatomy
and Cell Biology, Oklahoma State University Center for
Health Sciences, Tulsa, United States

holly.ballard@okstate.edu
[ https://orcid.org/0000-0003-0413-0681

Competing interests: The author declares that no
competing interests exist.
Published 02 March 2021

References

Ahlberg PE. 2018. Follow the footprints and mind the
gaps: a new look at the origin of tetrapods. Earth and
Environmental Science Transactions of the Royal
Society of Edinburgh 109:115-137. DOI: https://doi.
org/10.1017/51755691018000695

Akiyoshi H, Inoue AM. 2012. Comparative histological
study of hepatic architecture in the three orders
amphibian livers. Comparative Hepatology 11:1-8.
DOI: https://doi.org/10.1186/1476-5926-11-2,

PMID: 22905994

Evolution | Unraveling the history of limb bones

Calvi LM, Adams GB, Weibrecht KW, Weber JM,
Olson DP, Knight MC, Martin RP, Schipani E, Divieti P,
Bringhurst FR, Milner LA, Kronenberg HM, Scadden
DT. 2003. Osteoblastic cells regulate the
haematopoietic stem cell niche. Nature 425:841-846.
DOI: https://doi.org/10.1038/nature02040,

PMID: 14574413

Estefa J, Tafforeau P, Clement AM, Klembara J,
Niedzwiedzki G, Berruyer C, Sanchez S. 2021. New
light shed on the early evolution of limb-bone growth
plate and bone marrow. eLife 10:e51581. DOI: https://
doi.org/10.7554/elife.51581

Hall BK. 2005. Bones and Cartilage: Developmental
and Evolutionary Skeletal Biology. Academic Press.
DOI: https://doi.org/10.1016/B978-0-12-319060-4.
X5000-3

Kapp FG, Perlin JR, Hagedorn EJ, Gansner JM,
Schwarz DE, O'Connell LA, Johnson NS, Amemiya C,
Fisher DE, Wélfle U, Trompouki E, Niemeyer CM,
Driever W, Zon LI. 2018. Protection from UV light is an
evolutionarily conserved feature of the haematopoietic
niche. Nature 558:445-448. DOI: https://doi.org/10.
1038/541586-018-0213-0, PMID: 29899448
Niedzwiedzki G, Szrek P, Narkiewicz K, Narkiewicz M,
Ahlberg PE. 2010. Tetrapod trackways from the early
Middle Devonian period of Poland. Nature 463:43-48.
DOI: https://doi.org/10.1038/nature08623,

PMID: 20054388

Orkin SH, Zon LI. 2008. Hematopoiesis: an evolving
paradigm for stem cell biology. Cell 132:631-644.
DOI: https://doi.org/10.1016/j.cell.2008.01.025,

PMID: 18295580

Tanaka Y. 1976. Architecture of the marrow
vasculature in three amphibian species and its
significance in hematopoietic development. American
Journal of Anatomy 145:485-497. DOI: https://doi.
org/10.1002/aja.1001450407

Zhang J, Niu C, Ye L, Huang H, He X, Tong WG, Ross
J, Haug J, Johnson T, Feng JQ, Harris S, Wiedemann
LM, Mishina Y, Li L. 2003. Identification of the
haematopoietic stem cell niche and control of the
niche size. Nature 425:836-841. DOI: https://doi.org/
10.1038/nature02041, PMID: 14574412

Woodward. eLife 2021;10:e66506. DOI: https://doi.org/10.7554/eLife.66506

30of3


https://orcid.org/0000-0003-0413-0681
https://doi.org/10.1017/S1755691018000695
https://doi.org/10.1017/S1755691018000695
https://doi.org/10.1186/1476-5926-11-2
http://www.ncbi.nlm.nih.gov/pubmed/22905994
https://doi.org/10.1038/nature02040
http://www.ncbi.nlm.nih.gov/pubmed/14574413
https://doi.org/10.7554/eLife.51581
https://doi.org/10.7554/eLife.51581
https://doi.org/10.1016/B978-0-12-319060-4.X5000-3
https://doi.org/10.1016/B978-0-12-319060-4.X5000-3
https://doi.org/10.1038/s41586-018-0213-0
https://doi.org/10.1038/s41586-018-0213-0
http://www.ncbi.nlm.nih.gov/pubmed/29899448
https://doi.org/10.1038/nature08623
http://www.ncbi.nlm.nih.gov/pubmed/20054388
https://doi.org/10.1016/j.cell.2008.01.025
http://www.ncbi.nlm.nih.gov/pubmed/18295580
https://doi.org/10.1002/aja.1001450407
https://doi.org/10.1002/aja.1001450407
https://doi.org/10.1038/nature02041
https://doi.org/10.1038/nature02041
http://www.ncbi.nlm.nih.gov/pubmed/14574412
https://doi.org/10.7554/eLife.66506

