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Abstract

The earliest tetrapods had hands and feet with up to eight digits but this number was subsequently reduced
during evolution. It was assumed that lineages with more than five digits no longer exist but investigations of
clawed-frogs now indicate that they posses a rudimentary or atavistic sixth digit in their hindlimb. A recent
reevaluation of the stem tetrapod Ichthyostega predicts that its seven digits evolved from two different types of
ancestral fin radials, pre-axial and post-axial. In this context we now ask the question, should we consider a pre-axial
origin of the thumb as reason for its unique genetic signature?
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Introduction

When the first tetrapods emerged from the water around
400 million years ago [1] their hands and feet looked quite
different from the ones seen in modern day species. In-
stead of the five fingers and toes characteristic for our-
selves and most other extant tetrapods, the hands and feet
of stem tetrapods such as Ichthyostega and Acanthostega
numbered up to seven or eight digits [2, 3]. For millions
of years to follow, tetrapods had six digits until this chan-
ged to the canonical pentadactyl Bauplan at the end of
the Devonian around 350 MYA [3-5] (a period whose tet-
rapods remain poorly known due to fragmentation of the
fossil record [6]). This organization into a limb with five
digits has proven extremely stable. Reductions are quite
common (as in horses, pigs and birds) but supernumer-
ary digits, beyond the “5”, are exceedingly rare and are
only known from mutant or highly inbred domesticated
animals [7].

Main text

This reign of pentadactylism now may need to be recon-
sidered. The lab of Koji Tamura reinvestigated the
morphology of the hindlimbs in clawed frogs (Xenopus
tropicalis) and they suggest that a well developed claw
anterior to the thumb is in fact a true digit [8]. This
would mean that frogs (at least on their feet) have six
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digits (of which the authors name the first one digit 0, as
not to interfere with the classical patterning of I-V from
thumb to pinky finger) (Fig. 1a). The occurrence of an-
terior, digit like structures (going by the names of pre-
pollux and pre-hallux) was already well-documented [9],
but these were generally assumed to be modified carpal
bones. This assumption however needs to be placed in
the historical context that for a long time five was con-
sidered the archetypical number of digits. It is now be-
coming increasingly clear that the ancestral number of
digits is higher than five [2, 3, 5, 10] and this realization
could ignite a new debate on whether the pre-pollux and
pre-hallux are digits or part of the wrist/ankle bones, in
favor of an interpretation of them being true digits.

The suggestion to consider the pre-pollux/pre-hallux
as true digits is not new; Galis et al. [7] already list a
number of criteria to consider them as digits equal to all
other digits and many 19" and early 20™ century de-
scriptions of the limb also classify them as digits (see ref-
erences in [7]). One possible problem with this
interpretation is that their ontogeny departs from that of
the other five digits. The skeletal elements in the limb
display a pattern of sequential splitting and branching of
cartilage condensations, during which a sequence of
‘parent’ and ‘progenitor’ elements can be distinguished.
These processes have been recognized over a century
ago (e.g. work by LI. Smalhausen) and have been de-
scribed in an influential model by Shubin and Alberch in
1986 [11]. Although it is now clear that the ‘branching’
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Fig. 1 Digit 0 in Xenopus tropicalis and putative relationships between
digits and pre-axial and post-axial sides of the fin. a The left hindlimb
of Xenopus tropicalis drawn after reference [8] with indication of the
digit numbers. Digit 0 appears as an antero-ventral protrusion bearing
a distinct claw. (Claws on digit 0-lll are drawn in black). b Pectoral fin of
lungfish and limbs of Ichthyostega and mouse. The metapterygial axis
is indicated with a dashed line and runs through the post-axial
part of the limb in Ichthyostega and mouse. Mednikov [13] recently
hypothesized that the three most anterior digits in Ichthyostega derived
from the pre-axial side of ancestral fins (indicated in red). Given the
unique genetic position of the thumb, its identity as either ‘post-axial
(blue) or ‘pre-axial’ (red) digit could be investigated

and ‘splitting’ events observed during chondrification do
not provide a mechanism for the formation of the differ-
ent limb bones (see discussion by Cohn et al. [12]), they
provide a phylogenetically conserved pattern that could
identify groups of limb elements sharing ontogenetic
programs and evolutionary histories. The meta-analysis
of the chondrification pattern in the limb suggests that
branching events originating from the posterior part of
the limb (emanating from the ulna/fibula and forming
the ‘digital arch’) are related to the canonical five digits
[11]. The pre-pollux/pre-hallux however, appear to de-
rive from the cartilage condensation on the anterior side
of the limb, that is, the radius/tibia, which would argue
against their classification as digits. These observations
can however be reconciled when we consider the limb
in comparison with the fins of lobe-finned fish (sarcop-
terygians) and in light of a recent reinterpretation of the
limbs of Ichthyostega [13], which suggests that digits can
derive from anterior condensations as well.
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The fins of the Australian lungfish (Neoceratodus for-
steri) (our closest living ‘fish’ relative) are constructed as a
bi-serial fin with radials present on either side of a central
axis, the metapterygium, or metapterygial axis [11, 14]
(Fig. 1b). These radials are referred to as pre-axial and
post-axial radials. Most interpretations of the relationships
between sarcopterygian fins and tetrapod limbs accept
that the metapterygial axis runs through the ulna/fibula
(i.e. the posterior part of the limb) [11, 12] and that digits
correspond to some type of post-axial radial [14, 15]
(Fig. 1b) (which possibly evolved during the fin-to-limb
transition through acquisition or elaboration of a distal
phase of Hox gene expression [16—20]). In this interpret-
ation the radius/tibia corresponds to a pre-axial radial. As
the pre-pollux/pre-hallux (or digit O that is) derives from
the radius/tibia [11], this digit would in fact constitute a
pre-axial digit, different in its origin from the post-axial
digits. A recent reinterpretation of the stem tetrapod
Ichthyostega [13] indeed suggests that the presence of pre-
axial digits is an ancestral tetrapod character. Ichthyostega
possesses seven digits, which show a clear morphological
differentiation into anterior and posterior digits [2, 3, 5].
Mednikov shows that Ichthyostega can be interpreted as
having a bi-serial limb in which the three anterior digits
correspond to pre-axial digits and the four posterior ones
to post-axial digits [13] (Fig. 1b). This interpretation indi-
cates the presence of both pre-axial and post-axial digits
as ancestral for tetrapods.

Could this fresh view on frog feet and stem tetrapod
toes change the way we see our own extremities? The
answer is, perhaps. If we look at the thumb - digit I- in
the context of pre-axial versus post-axial digits, it is
striking that numerous characters set it apart from the
four posterior digits (i.e. digit II-V). For instance, the sig-
naling molecule sonic hedgehog (SHH) is required for
the formation of all the digits except digit I [21, 22]
(likewise the radius does not require SHH whereas
the ulna does [23]). Furthermore, there is a suite of
genetic markers that distinguish digit I from the pos-
terior digits [24] such as absence of Hoxd9 through
Hoxd12 [19, 25, 26] and dHand?2 [24], and a known
Hoxd enhancer (island II) appears to specify a distinct
territory in the posterior digits excluding the thumb
[27]. Regarding the thumb’s ontogeny it has been
noted that the connection to the digital arch is not
obvious in all species [7, 11]. Further there is a strong
correlation between congenital ‘pre-axial’ radial deficien-
cies and thumb agenesis [28]. Also morphometric analysis
suggests that the morphology of digit I evolves largely in-
dependent from the modularized behavior of the posterior
digits [29] (although in this latter case arguably selection
for the opposable thumb may play a significant role and
morphometric analysis should be carried out across a
wider range of tetrapods).
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Conclusions

Given the above considerations, the possibility exists
that our thumb stands out (or sticks if you will) from
the other four digits because it may share the genetic
program with the pre-axial side of the ancestral fins and
therefore possibly descends from a pre-axial radial (al-
though homology amongst digits [10, 19, 30, 31] and
across the fin-to-limb transition [17, 18] remain complex
issues). Such hypothesis would require a careful com-
parison of the genetic programs of pre-axial and post-
axial radials in relation to the digits. In vivo studies of
the extinct tetrapod ancestors are obviously not possible.
Their closest living approximation is the Australian
lungfish (Neoceratodus forsteri), the only extant fish with
an elaborate bi-serial fin. It will be interesting to see
how the genetic programs compare in pre-axial versus
post-axial radials, using for instance comparative tran-
scriptomics. An expansion of the posterior limb field
during the fin-to-limb transition [32] has recently been
proposed based on shark fins, which exhibit a broader
domain of what could correspond to a ‘pre-axial’ limb
field (as indicated by Alx4, Handl, Pax9) and a smaller
domain of what would arguably resemble a ‘post-axial’
limb field (as indicated by Hand2 and data already avail-
able for Hoxd12 [33]). The analysis of the expression
boundaries of these and other relevant genes relative to
the metapterygial axis in lungfish would reveal how the
regulatory programs of our limbs compare to the pre-
axial and the post-axial sides of sarcopterygian fins. Con-
sidering the recent decline of the Australian lungfish in
the wild and the closure of the breeding colony at the
McQuairie University [34], it is uncertain if there will
ever be a chance to conduct such experiments.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
JMW conceived and drafted the manuscript with essential revisions from
AM. Both authors read and approved the final manuscript.

Acknowledgement
JMW and AM are supported by funds from the University of Konstanz and
AM by an ERC-advanced grant (number 293700-GenAdap).

Received: 13 July 2015 Accepted: 5 September 2015
Published online: 15 September 2015

References

1. Niedzwiedzki G, Szrek P, Narkiewicz K, Narkiewicz M, Ahlberg PE. Tetrapod
trackways from the early Middle Devonian period of Poland. Nature.
2010;463(7277):43-8. doi:10.1038/Nature08623.

2. Coates MI, Clack JA. Polydactyly in the Earliest Known Tetrapod Limbs.
Nature. 1990;347(6288):66-9. doi:10.1038/347066a0.

3. Coates MI, Ruta R. Skeletal changes in the transition from fins to limbs. In:
Hall BK, editor. Fins into limbs. Chicago: The University of Chicago Press;
2007. p. 15-37.

4. Clack JA. An early tetrapod from 'Romer's Gap'. Nature. 2002;418(6893):72-6.
doi:10.1038/nature00824.

10.

20.

22.

23.

24.

25.

26.

27.

28.

Page 3 of 4

Laurin M, Girondot M, de Ricgles A. Early tetrapod evolution. Trends Ecol
Evol. 2000;15(3):118-23. doi:10.1016/50169-5347(99)01780-2.

Anderson JS, Smithson T, Mansky CF, Meyer T, Clack J. A Diverse Tetrapod
Fauna at the Base of 'Romer's Gap'. PloS one. 2015;10(4), e0125446.
doi:10.1371/journal.pone.0125446.

Galis F, van Alphen JJM, Metz JAJ. Why five fingers? Evolutionary constraints
on digit numbers. Trends Ecol Evol. 2001;16(11):637-46. doi:10.1016/50169-
5347(01)02289-3.

Hayashi S, Kobayashi T, Yano T, Kamiyama N, Egawa S, Seki R, et al. Evidence
for an amphibian sixth digit. Zoological letters. 2015;1(17):1-9. doi:10.1186/
s40851-015-0019-y.

Fabrezi M. A survey of prepollex and prehallux variation in anuran limbs.
Zool J Linn Soc-Lond. 2001;131(2):227-48. doi:10.1006/Zjs.2000.0234.
Welten MC, Verbeek FJ, Meijer AH, Richardson MK. Gene expression and
digit homology in the chicken embryo wing. Evolution & development.
2005;7(1):18-28. doi:10.1111/j.1525-142X.2005.05003 .

Shubin NH, Alberch P. A morphogenetic approach to the origin and basic
organization of the tetrapod limb. In: Hecht MK, Wallace B, Prance GT,
editors. Evolutionary Biology. New York: Plenum Press; 1986. p. 319-287.
Cohn MJ, Lovejoy CO, Wolpert L, Coates MI. Branching, segmentation and
the metapterygial axis: pattern versus process in the vertebrate limb.
BioEssays. 2002;24(5):460-5. doi:10.1002/bies.10088.

Mednikov D. Urodelans, Ichthyostega and the Origin of the Tetrapod Limb.
Paleontological Journal. 2014:48(10):1092-103. doi:10.1134/50031030114100074.
Johanson Z, Joss J, Boisvert CA, Ericsson R, Sutija M, Ahlberg PE. Fish
fingers: Digit homologues in Sarcopterygian fish fins. J Exp Zool Part B.
2007;308B(6):757-68. doi:10.1002/Jez.B.21197.

Shubin N. The evolution of paired fins and the origin of tetrapod
limbs. In: Knecht MK, editor. Evolutionary Biology. New York: Plenum
Press; 1995. p. 39-86.

Sordino P, van der Hoeven F, Duboule D. Hox gene expression in teleost
fins and the origin of vertebrate digits. Nature. 1995;375(6533):678-81.
doi:10.1038/375678a0.

Woltering JM, Noordermeer D, Leleu M, Duboule D. Conservation and
divergence of regulatory strategies at Hox Loci and the origin of tetrapod
digits. PLoS biology. 2014;12(1):21001773. doi:10.1371/journal.pbio.1001773.
Gehrke AR, Schneider |, de la Calle-Mustienes E, Tena JJ, Gomez-Marin C,
Chandran M, et al. Deep conservation of wrist and digit enhancers in fish.
Proceedings of the National Academy of Sciences of the United States of
America. 2015;112(3):803-8. doi:10.1073/pnas.1420208112.

Woltering JM, Duboule D. The origin of digits: expression patterns
versus regulatory mechanisms. Developmental cell. 2010;18(4):526-32.
doi:10.1016/j.devcel.2010.04.002.

Freitas R, Gomez-Marin C, Wilson JM, Casares F, Gomez-Skarmeta JL. Hoxd13
contribution to the evolution of vertebrate appendages. Developmental
cell. 2012;23(6):1219-29. doi:10.1016/j.devcel.2012.10.015.

Scherz PJ, McGlinn E, Nissim S, Tabin CJ. Extended exposure to Sonic
hedgehog is required for patterning the posterior digits of the
vertebrate limb. Developmental biology. 2007;308(2):343-54.
doi:10.1016/j.ydbio.2007.05.030.

Chiang G, Litingtung Y, Harris MP, Simandl BK, Li Y, Beachy PA, et al.
Manifestation of the limb prepattern: limb development in the absence of
sonic hedgehog function. Developmental biology. 2001;236(2):421-35.
doi:10.1006/dbio.2001.0346.

Ros MA, Dahn RD, Fernandez-Teran M, Rashka K, Caruccio NC, Hasso SM, et
al. The chick oligozeugodactyly (ozd) mutant lacks sonic hedgehog function
in the limb. Development. 2003;130(3):527-37. doi:10.1242/dev.00245.
Wang Z, Young RL, Xue HL, Wagner GP. Transcriptomic analysis of avian
digits reveals conserved and derived digit identities in birds. Nature.
2011,477(7366):583-U345. doi:10.1038/Nature10391.

Montavon T, Le Garrec JF, Kerszberg M, Duboule D. Modeling Hox gene
regulation in digits: reverse collinearity and the molecular origin of thumbness.
Genes & development. 2008;22(3):346-59. doi:10.1101/gad.1631708.

Wagner GP, Vargas AO. On the nature of thumbs. Genome biology.
2008;9(3):213. doi:10.1186/gb-2008-9-3-213.

Montavon T, Soshnikova N, Mascrez B, Joye E, Thevenet L, Splinter E, et al.
A regulatory archipelago controls Hox genes transcription in digits. Cell.
2011;147(5):1132-45. doi:10.1016/j.cell.2011.10.023.

James MA, Green HD, McCarroll Jr HR, Manske PR. The association of radial
deficiency with thumb hypoplasia. The Journal of bone and joint surgery
American volume. 2004;86-A(10):2196-205.


http://dx.doi.org/10.1038/Nature08623
http://dx.doi.org/10.1038/347066a0
http://dx.doi.org/10.1038/nature00824
http://dx.doi.org/10.1016/S0169-5347(99)01780-2
http://dx.doi.org/10.1371/journal.pone.0125446
http://dx.doi.org/10.1016/S0169-5347(01)02289-3
http://dx.doi.org/10.1016/S0169-5347(01)02289-3
http://dx.doi.org/10.1186/s40851-015-0019-y
http://dx.doi.org/10.1186/s40851-015-0019-y
http://dx.doi.org/10.1006/Zjls.2000.0234
http://dx.doi.org/10.1111/j.1525-142X.2005.05003.x
http://dx.doi.org/10.1002/bies.10088
http://dx.doi.org/10.1134/S0031030114100074
http://dx.doi.org/10.1002/Jez.B.21197
http://dx.doi.org/10.1038/375678a0
http://dx.doi.org/10.1371/journal.pbio.1001773
http://dx.doi.org/10.1073/pnas.1420208112
http://dx.doi.org/10.1016/j.devcel.2010.04.002
http://dx.doi.org/10.1016/j.devcel.2012.10.015
http://dx.doi.org/10.1016/j.ydbio.2007.05.030
http://dx.doi.org/10.1006/dbio.2001.0346
http://dx.doi.org/10.1242/dev.00245
http://dx.doi.org/10.1038/Nature10391
http://dx.doi.org/10.1101/gad.1631708
http://dx.doi.org/10.1186/gb-2008-9-3-213
http://dx.doi.org/10.1016/j.cell.2011.10.023

Woltering and Meyer Frontiers in Zoology (2015) 12:23

29.

30.

32.

33.

34.

Reno PL, McCollum MA, Cohn MJ, Meindl RS, Hamrick M, Lovejoy CO.
Patterns of correlation and covariation of anthropoid distal forelimb
segments correspond to Hoxd expression territories. Journal of
experimental zoology Part B, Molecular and developmental evolution.
2008;310(3):240-58. doi:10.1002/jez.b.21207.

Wagner GP, Gauthier JA. 1,2,3 = 2,34 a solution to the problem of the
homology of the digits in the avian hand. Proceedings of the National
Academy of Sciences of the United States of America. 1999;96(9):5111-6.
doi:10.1073/pnas.96.9.5111.

Salinas-Saavedra M, Gonzalez-Cabrera C, Ossa-Fuentes L, Botelho JF, Ruiz-
Flores M, Vargas AO. New developmental evidence supports a homeotic
frameshift of digit identity in the evolution of the bird wing. Frontiers in
zoology. 2014;11(1):33. doi:10.1186/1742-9994-11-33.

Onimaru K, Kuraku S, Takagi W, Hyodo S, Sharpe J, Tanaka M. A shift in
anterior-posterior positional information underlies the fin-to-limb evolution.
elife. 2015;4. doi:10.7554/eLife.07048.

Freitas R, Zhang G, Cohn MJ. Biphasic Hoxd gene expression in shark paired
fins reveals an ancient origin of the distal limb domain. PloS one.
2007;2(8):e754. doi:10.1371/journal.pone.0000754.

Joss JM. The Australian lungfish, Neoceratodus forsteri: a personal story.
General and comparative endocrinology. 2011;173(1):1-3. doi:10.1016/
Jygcen.2011.05.004.

Page 4 of 4

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central



http://dx.doi.org/10.1002/jez.b.21207
http://dx.doi.org/10.1073/pnas.96.9.5111
http://dx.doi.org/10.1186/1742-9994-11-33
http://dx.doi.org/10.7554/eLife.07048
http://dx.doi.org/10.1371/journal.pone.0000754
http://dx.doi.org/10.1016/j.ygcen.2011.05.004
http://dx.doi.org/10.1016/j.ygcen.2011.05.004

	Abstract
	Introduction
	Main text
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgement
	References



