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Limb diversity in vertebrates
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Why do tetrapods have exactly
two pairs of limbs
(or less) and
why has this number remained
fixed for over 380 million years?
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 The vertebrate limbs vary a lot in shape and function Why?
* The number of limbs is fixed How?



Limb diversity in vertebrates

Positional control of limb development
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Why do tetrapods have exactly
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why has this number remained
fixed for over 380 million years?
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The vertebrate limbs vary a lot in shape and function Why?
The number of limbs is fixed How?
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Positional control of limb development

Local initiation of the limb bud

What factors determine the location of limb buds?

Inhibition of additional limb buds

What factors suppress additional limb buds’ development?

Evolution of paired appendages and developmental burden

What has constrained the evolution of the limb bud number?



Limb buds emerge from the lateral plate mesoderm

Where are limbs formed?

Tetrapod limbs develop from
embryonic primordia — the limb buds
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Limb buds emerge from the lateral plate mesoderm

Lateral Plate Mesoderm

Where are limbs formed?

Tetrapod limbs develop from
embryonic primordia — the limb buds

Two pairs of limb buds are specified
in the lateral plate mesoderm (LPM)

Intermediate Mesoderm

Neural tube
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Image: Gilbert S.F. “Paraxial Mesoderm: The Somites
and Their Derivatives.” (2000).

Scanning electron micrograph section of a 50 hr
chick embryo. The limbs form from the lateral plate
mesoderm, and a migratory contribution from
adjacent somites. The intermediate mesoderm lies
in between the lateral and somitic mesoderm.
Courtesy of Gary C. Schoenwolf, University of Utah
School of Medicine.

Image: Johnson RL & Tabin CJ, Cell 1997

What determines the position of the
limb buds and
gives the LPM the ability
to form limbs?

Image: A.Klimovich / CAU



Hox-genes code marks the competent zones

Where are limbs formed?

Tetrapod limbs develop from
embryonic primordia — the limb buds

Two pairs of limb buds are specified
in the lateral plate mesoderm (LPM)

The LPM is patterned along the
anterior-posterior (rostro-caudal) axis by
expression of specific Hox genes
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Hox-genes code marks the competent zones
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Retinoic acid (RA) restricts the competent zone

Local production of retinoic acid (RA)
by RALDH enzyme in somites and
local degradation of RA
by CYP26 enzyme in flank mesoderm
create a gradient of RA activity

High RA activity in the context
of Hox4/5 and Hox6 activity
permits Thx5 expression

[somitel [ lateral plate mesoderm |

Hox

U0

e .
@ >

( RA; f

O induction initiation  outgrowth

Modified from: Nishimoto et al., Cell Reps 2015

Hox5

V.
X
o

I

| |— (floating ribs)

(o))
>
O
I
@)
~
>
O
I
|
~
~
P
(@)
I
Modified from:

- Cervical (neck)

I (connect to
sternum)

o0 I0Y |

. Lumbar

X" bindiimb

. Sacral

. Caudal (tail)

8
https.//learn.genetics.utah.edu/content/basics/hoxgenes/



Retinoic acid (RA) restricts the competent zone

Local production of retinoic acid (RA)
by RALDH enzyme in somites and

local degradation of RA

by CYP26 enzyme in flank mesoderm

create a gradient of RA activity

High RA activity in the context
of Hox4/5 and Hox6 activity
permits Thx5 expression

|somite| | lateral plate mesoderm |

O
@~
(>

RA

D induction initiation  outgrowth

Modified from: Nishimoto et al., Cell Reps 2015
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Experimental validation of the limb bud induction:
Insertion of an impermeable barrier between somites and LPM

Modified from: Nishimoto et al., Cell Reps 2015 9



Summary: Induction of the limb buds

The forelimb program depends on the
combinatorial action of Hox4/5/6 genes
and local RA activity, which allow the
expression of Thx5.

The hindlimb induction program follows
similar molecular logic: Specific Hox-
genes code (Hox9/10/11) is
complemented by activity of Pitx factor,
which jointly allow Thx4 expression and
hindlimb bud growth.

Why no limb buds are formed in the
mid-trunk region, between the fore-
and hindlimb buds?
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In the forelimb bud LPM, Tbx5 expression is induced by a combinatorial code of
rostral Hox proteins that bind directly to its limb-specific enhancer in intron 2. In the
caudal LPM, Pitx1 expression is induced by a combinatorial code of caudal Hox
genes while Tbx5 is repressed. PITX1 directly binds to hindlimb-specific enhancer
A and B (HLEA and HLEB) to drive the expression of Tbx4 in the prospective
hindlimb bud. Both Tbx4 and Tbx5 trigger the expression of Fgf10 in the
mesenchyme. After this stage, FGF10 interacts in a positive regulatory loop with
FGF8 in the ectoderm, and this reciprocal regulation is crucial fo1rO limb bud

outgrowth.



Inhibition of the limb buds

The forelimb program depends on the

combinatorial action of Hox4/5/6 genes

and local RA activity, which allow the
expression of Thx5.

The hindlimb induction program follows
similar molecular logic: Specific Hox-
genes code (Hox9/10/11) is
complemented by activity of Pitx factor,
which jointly allow Thx4 expression and
hindlimb bud growth.

Why no limb buds are formed in the
mid-trunk region, between the fore-
and hindlimb buds?
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The trunk LPM expresses a Hox code (Hox6/7/8) that
is inhibitory for limb initiation. Additionally, inductive
signals like RA are missing.

Thus, expression of Tbx5/Tbx4 is genetically shut off,

and an additional limb cannot form. y




Developmental constraints in the evolution of paired appendages
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Image: Stewart et al., PNAS 2019

The two-pair appendage plan
predates the origin of
tetrapods and dates back
over 430 MYA

All jawed vertebrates, including nearly
all living fish, have exactly two pairs
of paired appendages: pectoral fins

(forelimb homolog) and pelvic fins Zoological Museum CAU
(hindlimb homolog).

Why is this plan so conse1r\2/ed?

Image: zoologischesmuseumkiel @ Instagram




Developmental constraints in the evolution of paired appendages

Hox genes control regionalization of the entire body

The number and location of paired appendages and placement of most organ systems
has been remarkably constrained. e G
o i T e e el
Adding new limb pairs would require L
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inserting new LPM competent zones.
This requires global re-organization of the Hox
patterning. This is virtually impossible, since Hox
domains control other organ placement and

DEVELOPMENTAL BIOLOGY 11e, Figure 12.23
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development (e.g., the nervous system, heart, RA and FGF signaling are critical for
digestive system). development of other organs as well
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Developmental constraints in the evolution of paired appendages

Hox genes control regionalization of the entire body

The number and location of paired appendages and placement of most organ systems
has been remarkably constrained. [ - R e—— - —
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patterning. This is virtually impossible, since Hox
domains control other organ placement and
development (e.qg., the nervous system, heart,
digestive system).
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Functional integration of

developmental programmes
constrains their evolution

The “Developmental Burden” concept:

Once a developmental system becomes tightly integrated with other essential developmental
processes, it becomes very difficult for evolution to modify it without causing widespread dysfunction.

“Developmental burden” means that limb initiation is deeply integrated with axial patterning, RA/FGF

gradients, and LPM organogenesis—so altering limb number would disrupt many essential systems,

making limb-number evolution highly constrained. 4



Breaking the code

nature communications
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Tgfbrl controls developmental plasticity between the

hindlimb and external genitalia by remodeling their
regulatory landscape
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Image: Lozovska et al., Nat Commun 2024



Summary: Positional control of limb development

Local initiation of the limb bud
What factors determine the location of limb buds?
Hox-code, LPM competence, and inductive activity

Inhibition of additional limb buds
What factors suppress additional limb buds’ development?
Hox-code and lack of inductive activity

Iage: https://artprojectsforkids.or/

Evolution of paired appendages and developmental burden
What has constrained the evolution of the limb bud number?
Ancestral two appendage fields, integration of the developmental
programs (burden) with axial patterning

Developmental gene programs contstrain the evolution of possible developmental outcomes
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Questions for self-control

. Where along the vertebrate body axis are limb buds initiated, and which
embryonic tissues contribute to their formation?

. What molecular mechanisms determine the anterior—posterior positions of
forelimb and hindlimb buds in vertebrates?

. Limbs are formed at two specific positions in the vertebrate animal’s trunk.

Why are limb buds not normally induced outside the forelimb and hindlimb
fields?

. Why do tetrapods and all gnathostomes consistently have only two pairs of
appendages?

. Explain the concept of Developmental Burden and illustrate it using the
molecular programs that control limb position.
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