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Morphological innovations are those evolutionary novelties that appear without a
clear ancestral structure, totally de novo. The turtle shell is a classical morphological innovation that
has mesmerized researchers over a century, and despite deep studies addressing its origin, how turtles
acquire the shell remains a mistery. During my project, | have utilized state-of-the-art technologies in
order to tackle this ﬁroblem. By using techniques of next ?eneration sequencing, like ChlP-seq, I have
been able to establish hundreds of candidate regultatory elements that seem to be turtle-specific and
linked to the carapacial ridge, the embryonic structure that controls de development of the turtle
carapace.
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1. WML DOE &
(1) The evolutionary
morphological

origin of
innovations requires the
establishment of a new underlying
mechanisms or the rewiring of parts of
previous existing gene regulatory
networks that allow the de novo invention
of a previously inexistent structure
Understanding how these mechanisms are
changed during evolutionary time is

crucial to understand morphological

evolution in general. Moreover, due to
the uniqueness character of morphological
innovations, their study and the genomic
features coding them allow us to clearly
study genotype—phenotype relationships
what eventually can help to establish
general mechanisms of how genomic changes
translate into phenotypic changes

(2) The turtle

morphological innovation, not present in

shell 1is a genuine
any other amniote vertebrate. The shell
consists of two parts, a dorsal moiety,
or carapace, and a ventral counterpart,
or plastron. In this project I have
studied the evolutionary development of
the turtle carapace, by analyzing the

genetic factors involved in the
development of the carapacial ridge (CR):
the embryonic structure that controls the

development of the carapace

2. WHZEDHP

(1) The major purpose of this project
is to effectively find out which are
these regulatory elements, from a
genome—wide perspective, that are only
present in turtles and not in other
amniotes (such as the chicken and
mouse), and that specifically regulate
the expression of CR-specific genes

3. WrEo )51k Methods

Briefly, I have dissected hundreds of
embryos of turtle and performed ChIP-seq
analysis of several histone
modifications: histone 3 lysine 4 tri-
methylation (H3K4me3), which marks
promoters; H3K27me3, which marks
repressed loci; and H3K27 acetylation
(H3K27ac) which marks active zones in
the genome. The combination of all these
marks allowed the identification of
regions active in the CR and not active
in other parts of the turtle embryo.

(1) Turtle and chicken eggs were obtained
from local farmers and incubated until
the desired stage: TK14 in the case of
turtles and HH25 in the case of chicken.
(2) CRs, limbs and lateral body walls were
microdissected from the above mentioned
embryos in ice—cold PBS, fixed 20 min.
with 1% formaldehyde and snap—frozen in
liquid nitrogen.

(3) Chromosome immunoprecipitation (ChIP)
of  histone modifications (H3K4me3,
H3K27ac and H3K27ac) were performed with
commercial antibodies (abcam) according
to standard protocols. The histone—bound
DNA was disassociated and subjected to
DNA library preparation and sequenced in
HiSeq 1500 platforms
support unit at RIKEN.
(4) ChIP-seq peaks were called by using
MACS2 with default
comparisons between chicken and turtle
datasets were done with BEDTOOLS

in a sequencing

parameters, and

4. WFFERKE Results

(1) Identification of DNA regions marked
by histone modifications. In general, and
taking into account the thress tissues
assayed in my experiments, I have found
approximately an average of ~15 thousand
elements marked with H3K4me3 (Fig. 1),
indicating their putative role as
promoters; 40 thousand regions marked by
H3K27ac (Fig. 1), indicating that these
are active areas of the chromatine; and
“18 thousand of peaks called to be
enriched in H3K27me3 (Fig. 1), i.e, that
are repressed
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Figure 1. Number of peaks (thousands) enriched in
three different histone modifications.

(2) Identification of promoters and
enhancers. Next, I combined the datasets
of H3K4me3 and H3K27ac in order to
distinguish putative promoters from
enhancers. Active promoters are generally



marked by both H3K4me3 and H3K27ac, while
putative enhancers are only marked by
H3K27ac, excluding H3K4me3 marks. Figure
2 shows that I have been able to identify
between 40-50 thousand active regions, of
which around ~6 thousand are active
promoters, and the rest are enhancers.
The tissue with more active regions was
the 1imb, indicating that it develops via
a more complex regulatory network.
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Figure 2. Number of active regions (in thousands)
consisting of promoters and enhancers.

(3) CR-specific enhancers. The
comparative analysis of the datasets from
the three assayed tissues allowed me to
identify those that are only active in
the CR, not in limbs and body wall,
meaning that they could have an important
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Figure 3. Venn diagram showing the enhancers
identified in this study and how they are shared
between tissues.

role in the formation of the carapace.
Most of the active enhancers identified
in this project are common in the three

tissues (2721 out of 8679) (Fig. 3). The
tissue with most specific enhancers was
the lateral body wall, with a total of
1876 (Fig. 3). Although limbs had the
majority of active regions, the
proportion of those shared by other
tissues was also the highest. Finally, I
have been able to identify 494 enhancers
that are specific to the carapacial ridge
(Fig. 3).
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