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The coelacanth: Can a “living fossil” have active transposable elements

1n its genome?
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he coelacanth has long been

regarded as a “living fossil,” with
extant specimens looking very similar
to fossils dating back to the Creta-
ceous period. The hypothesis of a
slowly or even not evolving genome
has been proposed to account for this
apparent morphological stasis. While
this assumption seems to be sustained
by different evolutionary analyses on
protein-coding genes, recent studies
on transposable elements have pro-
vided more conflicting results. Indeed,
the coelacanth genome contains many
transposable elements and has been
shaped by several major bursts of
transposition during evolution. In
addition, comparison of orthologous
genomic regions from the genomes of
the 2
L. chalumnae

extant coelacanth  species
and L. menadoensis
revealed multiple species-specific inser-
tions, indicating transposable element
recent activity and contribution to
post-speciation genome  divergence.
These observations, which do not sup-
port the genome stasis hypothesis,
challenge either the impact of trans-
posable elements on organismal evolu-
tion or the status of the coelacanth as
a “living fossil.” Closer inspection of
fossil and molecular data indicate
that, even if coelacanths might evolve
more slowly than some other lineages
due to demographic and/or ecological
factors, this variation is still in the
“non-fossil”  vertebrate

range of a

species.
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The Coelacanth: An Assumed
“Living Fossil”

Coelacanths are lobe-finned fish that were
thought to be extinct for 70 million years
(Mega-annum, Ma), until a first living speci-
men was discovered fortuitously in South
Africa in 1938 by Marjorie Courtenay-Lat-
imer’ (Fig. 1). Two extant coelacanth species
have been described to date, Latimeria cha-
lumnae in Africa and L. menadoensis in
Indonesia.? Almost 80 years later, this fish
continues to puzzle scientists. Coelacanths
indeed present several unique and intriguing
features such as unpaired lobbed-fins looking
much like paired fins and highly modified
lungs/swim bladder. Together with lungfish,
they are the closest relatives to tetrapods, and
are therefore essential to study the emergence
of terrestrial vertebrates through comparative
studies (Fig. 2).>* Accordingly, coelacanths
share with tetrapods several morpho-anatom-
ical features that are not found in more dis-
tantly related vertebrates such as ray-finned
fishes. For example, the study of the structure
of their paired lobbed-fins is instrumental to
reconstruct the ancestral organization of the
paired appendages of the tetrapod ancestry
before the water-to-land transition that
required the evolution of fins to limbs.”

In addition, when the first extant coela-
canth was discovered, it reminded so much
fossil forms from the Cretaceous period
(150 to 65 Ma ago) that it was designated as
a “living fossil”, i.e. a species with a mor-
phology that did not evolve much over a
long period of time."® Notably, as no other
species belonging to the subclass Actinistia
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Figure 1. The African coelacanth Latimeria chalumnae (photo credit: Aquamarine Fukushima).

survived up to now but the 2 extant Latime-
ria species, it is expected that the species the
most similar to coelacanths are fossils. To
account for this apparent morphological sta-
sis, it has often been suggested that coela-
canths possess a slowly or even not evolving
® The recent sequencing of the
genomes of the 2 extant coelacanth species

allowed testing this assumption.>*

genome.”

Do Coelacanth Protein-Coding
Genes Evolve Slowly?

A first insight into genome dynamics in
coelacanths has been obtained from the
study of protein-coding genes. Before the
sequencing of the complete genome, a
number of analyses have been devoted to
the study of specific loci of interest, such

as the Hox and protocadherin gene clusters
of L. menadoensis. Interestingly, the analy-
sis of protein-coding sequences suggested
a significantly reduced rate of evolution
compared to other vertebrates.”'" These
observations were further supported by
the genome-wide data obtained through
the sequencing of the genomes of L. cha-
lumnae® and L. menadoensis.* In the
former study, 251 orthologous protein-
coding genes of L. chalumnae and tetra-
pods were concatenated and analyzed. An
average amino-acid substitution rate/site
of 0.89 was observed in the Latimeria line-
age. This is substantially lower than the
values found in some tetrapods, represent-
ing 73% and 81% of the substitution rates
in the human (1.21) and chicken lineages
(1.09), respectively. This result was
refined in the latter study by analyzing a
set of 5,247 orthologous genes. Depend-
ing on the method of estimation, the aver-
age amino-acid substitution rate
Latimeria was 57% and 72% of the rate
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Figure 2. A phylogram of vertebrates with TE content and landscape in genomes (black: % of TEs, gray: % of non-TE DNA). TE content in coelacanth is
from reference 3, a higher value has been reporter in another study.* Landscapes highlight transposon activity during evolution: TE copies are clustered
according to Kimura distances to their consensus sequence (X-axis), with more recent copies on the left of the graph and older more divergent copies
on the right. Actinistia: Latimeria chalumnae (African coelacanth); Actinopterygii: Gasterosteus aculeatus (three-spined stickleback); Aves: Gallus gallus
(chicken); Chelonii: Chrysemys picta (Western painted turtle); Chondrichthyes: Callorhinchus milii (elephant shark); Cyclostomata: Petromyzon marinus (sea
lamprey); Lissamphibia: Xenopus tropicalis (Western clawed frog); Mammalia: Homo sapiens (human). Coelacanth, stickleback, elephant shark and sea lam-
prey landscape data are from reference 29. Chicken, Western painted turtle, human and Western clawed frog landscape values were retrieved from
RepeatMasker Genomic datasets (http://www.repeatmasker.org/genomicDatasets/RMGenomicDatasets.html).
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observed in human.® In this analysis,
genetic diversity in coelacanth was found
to be extremely low, this being likely to be
due to both a small population size and a
reduced mutation rate.”

The alignment of genomic sequences
from both coelacanth species revealed a
very high percentage of interspecific nucle-
otide sequence identity: 98.7% globally
and 99.7% for exonic sequences only.”'?
Nikaido and colleagues even proposed a
nucleotide divergence of only 0.18%
between the complete nuclear genomes of
both species.4 Considering these nuclear
sequences, the divergence time between
both Latimeria species has been estimated
to be slightly older than that of human
and chimp (6-8 Ma),’ which show a simi-
lar degree of nucleotide sequence iden-
tity.'> However, other — and variable —
divergence times have been obtained using
mitochondrial (mt) DNA: from 4.7—
6.3 Ma using only 7 mt genes (cytb,
12SrRN, 16SRNA and 4 tRNA genes)’
up to 30-40 Ma using the whole miDNA
genome.14 These major differences might
be linked to a number of technical issues,
and a more precise divergence estimate
would probably require further investiga-
tions. Using a divergence time of
20-30 Ma, which might be a gross overes-
timation, it has been proposed that the
nucleotide substitution rate is 30—-40 times
lower between coelacanths than between
human and chimp.4 Taken together, all
these observations suggest that the evolu-
tionary rate of protein-coding genes is
lower in coelacanths than in human and
some other tetrapod lineages.

However, reduction of evolutionary
rate in coelacanth is not supported by all
studies, and might even not be specific to
the coelacanth lineage in vertebrates.
Indeed, a recent study based on a whole
genome alignment of several vertebrate
species did not confirm the finding of a
low mutation rate in protein-coding
regions of Latimeria. The analysis of four-
fold degenerate sites (4D sites) revealed
that the coelacanth displays a mutation
rate that equals that of mammals and is
about twice higher than those of saurop-
sids.'®> However, this estimation might be
biased by the fact that the coelacanth is at
the end of a long branch and that the satu-
ration at 4D sites is likely to be very high.
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Interestingly, it was also found that the
non-coding DNA flanking ultra-con-
served elements evolved at similar rates in
coelacanth and mammals.”

Of note, amino-acid substitution rate
and morphological evolution do not cor-
relate easily: results gathered during
decades of developmental genetics and
“evo-devo” studies have established that
morphological evolution is rather due to
changes in regulatory sequences than to
amino-acid substitutions.'® This is partic-
ularly well documented in the case of the
Hox genes, which encode a transcription
factor family that plays a key role in mor-
phogenesis. On the one hand, the Hox
complexes are very similar in human and
mouse, whereas these species display quite
different morphologies (for a recent
review, see ref.'’). On the other hand,
extant sharks resemble Cladoselache, a fos-
sil from Devonian, and were therefore
often considered as “living fossils,” but
undeservedly.'® However, sharks and rays
have lost their entire HoxC cluster after
their  divergence from chimerae.'”*°
Therefore the Hox complexes of Cladosel-
ache are thought to be much more closely
related to those of chimerae than to those
of modern sharks and rays. The tuatara
and the Western painted turtle are addi-
tional examples of contrasting aspects of
morphological and molecular evolution.
The tuatara displays very ancestral mor-
phological traits but a rapid rate of
genome evolution.”’ On the contrary, the
Western painted turtle shows very derived
traits and adaptation to anoxia and tissue
freezing but has a slow rate of genome

S 1522
evolution.’

Transposable Elements have
Shaped the Genome
of Coelacanth

Transposable elements (TEs) are pow-
erful drivers of evolution. These mobile
sequences are able to insert into new loca-
tions within genomes. Since they are gen-
erally repeated, they can also serve as
substrates for homologous recombination
and induce the formation of rearrange-
ments such as deletions, duplications,
TEs can
regulatory

inversions and translocations.

provide new coding and
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sequences to the genes of their hosts, and
can even be recruited as novel RNA and
protein-coding genes in a process called
molecular domestication.?>%* According
to the “living fossil” hypothesis, TE activ-
ity should be strongly reduced and even
absent in coelacanths.”’

Several lines of evidence indicate that
TEs have not been particularly “quiet” in
the coelacanth lineage since its divergence
from tetrapods. After firsts reports of the
presence of Short Interspersed Nuclear
Elements (SINEs) and DNA transposons
in Latimeria,”**” many different types of
TEs have been identified in coelacanths
after genome-wide analysis.”® Depending
on the study, TEs have been reported to
23%-50% of the
genome.> This fits well the range of the

cover coelacanth
values found in other vertebrate genomes
(from 6 to 55%, Fig. 2). Hence, coela-
canth genomes are not particularly poor
in transposable elements.

The most prominent types of TEs in
the coelacanth genome belong to retro-
transposons, particularly Long Inter-
spersed Nuclear Elements (LINEs) and
SINEs, but also a specific family of DNA
transposons called LatiHarb1.>%%7-2830
From the point of view of TE diversity,
the number of TE families is lower in coe-
lacanth than in teleost fish, but higher
than in chicken and mammals. This is
consistent with the phylogenetic position
of coelacanth in vertebrates, and with the
sequential loss of TE families observed in
the lineage leading to humans and birds
after divergence from ray-finned fish.?’

Clues on the evolutionary dynamics of
each type of TEs during the evolution of a
specific lineage can be obtained from a
«landscape» analysis, which represents the
distribution of TE copies according to
their degree of sequence identity with
their  family  consensus  sequence’’
(Fig. 2). In such an analysis, copies very
similar to their consensus, probably result-
ing from more recent transposition events,
are found on the left, while older copies
are on the right of the plot. While the
most ancient transposition burst in the
coelacanth genome might have resulted
from the expansion of LINEI retrotrans-
posons, 3 subsequent waves were detected,
involving CR1, LINE2 and Deu retro-
several DNA

transposons  as WCH as
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transposons such as Harbinge1r.4’28 This
suggested transposition activity in the past
and more recent evolutionary history of
the coelacanth lineage.

Transposable Elements
Contributed to Post-Speciation
Genome Divergence
in Coelacanths

An important direct proof of recent TE
transposition is based on the identification
of polymorphic insertions through the
comparison of orthologous genomic
sequences from different related species or
individuals. The close nucleotide sequence
similarity between L.

L. menadoensis genomes allowed searching

chalumnae and

for TE insertions present at a particular
locus in one species but absent from the
other.

By comparing 36 Bacterial Artificial
Chromosomes from L. menadoensis with
their orthologous regions in L. chalumnae
covering about 0.2% of the genome, 27
species-specific TE insertions were identi-
fied (13 in L. chalumnae and 14 in
L. menadoensis, respectively).”> Notably,
15 of them (55%) were CR1 retrotranspo-
sons. Several insertions presented different
hallmarks of recent transposition such as
an important number of highly similar
copies in the genome and the presence of
identical target site duplications flanking
the insertion. By extrapolating the results
obtained to the whole genome, we would
expect at least 6,500 TE insertions in one
of the Latimeria species that are not found
in the other. This number is probably
underestimated, since only gene-rich
regions considered, which
expected to be more refractory to TE
insertions than gene-poor regions. Inter-
estingly, this value is of the same order of

were are

magnitude as the number of specific TE
insertions detected between human and
chimp,33 suggesting  that
genomes do not evolve much more slowly

coelacanth

than primate genomes in terms of TE
activity.

Consistent with current activity, search
for TEs in transcriptomes from liver, testis
and muscle revealed transcription of a sig-
nificant proportion of TE families, with a
particular contribution of CR1 LINE, LE-
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SINE and LINE2 retrotransposons.3 % For
CR1 notably, several elements were found
to have a high level of expression but low
copy numbers in the genome, suggesting
true activity rather than basal background
transcription.  While presence of TE
sequences in transcriptome is not a defini-
tive proof of current activity, the detected
high expression of CR1 elements is in line
with their observed recent transposition in
the 2 coelacanth species. Hence, the data
obtained indicate that TEs have been and
are probably still active in coelacanth
genomes. Since TEs are assumed to be
powerful drivers of evolution, there is
therefore a discrepancy between the appar-
ent morphological stasis in coelacanths
and the transposition activity detected in
their genomes.

The Coelacanth: Living but
not Fossil?

If we assume that coelacanths did not
significantly change in terms of morpho-
logical appearance over millions of years,
such an observation would strongly chal-
lenge the postulated impact of transpos-
able elements on organismal evolution.
Importantly, coelacanths certainly do not
display the often assumed evolutionary-
frozen morphology and are far more
diverse than alleg_;ed.34 Indeed, the term
coelacanth is loosely used to designate a
family of more than 70 species regrouped
in about 30 genera. Actually, no coela-
canth fossil is available since the end of
the Cretaceous period; we therefore have
no information at all concerning the evo-
lution of coelacanth morphology during
the last 70 million years of evolution.

In addition, there is no representative
of the Latimeria genera in the fossil
record, and differences between Latimeria
and its closest relative genus Macropoma
are obvious. They not only present many
differences in length, vertebral column
regionalization, fin location and skull
anatomy, but they are also adapted to very
different environments. Indeed, the extant
Latimeria species have an oil-filled swim
bladder adapted to deep sea, whereas
Macropoma have an ossified swim blad-
der/lung, suggesting that they were shal-
low water dwellers.” Strikingly, the studies
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assuming a frozen morphology for coela-
canths refer to original descriptions pub-
lished in the first half of the past century,
and/or inappropriately cite articles from
Peter Forey that actually challenge the
long held view of coelacanths as morpho-
logically static from a cladistic point of
view.

Recently, a phylogenetic analysis of the
pace of morphological changes in the line-
ages of coelacanths, teleosts and tetrapods
came as a support for the slowly evolving
coelacanth hypothesis. Even if the com-
parison of paces of evolution between line-
ages on the basis of non-homologous
characters can be challenged, the rate of
morphological evolution for the Latimeria
lineage was estimated to be 3 times lower
than in teleosts, and 6 times lower than in
birds.*®> Indeed, it is not surprising that
the bird ancestry, which adapted first to
terrestrial and then to aerial life, displays
more dramatic osteological changes than
lineages that stayed in water. In addition,
even if it was claimed that the coelacanth
skeleton has accumulated synapomorphies
at a rate equal to one third of the rate
found in teleosts, it can hardly be consid-
ered as having a frozen morphology, since
many changes in shape and size are not
identified as synapomorphies.

Conclusions

It is not surprising to observe that the
Latimeria genome has been shaped by and
still contains active transposable elements:
the coelacanth has evolved, and therefore
does not deserve its status of “living
fossil.” Clearly, coelacanth morphology
has been less constant during evolution
than usually alleged. Moreover, nothing is
known about the evolution of metabo-
lism, immunity, development and behav-
ior in this lineage: the quite stable
organization of its skeleton does not imply
that other traits did not evolve. At the
genomic level, several studies converged to
the conclusion that the protein-coding
sequences of the coelacanth evolved signif-
icantly more slowly than the sequences
of other vertebrates including humans
and other mammals. However, only
30%-50% reductions in evolutionary
rates have been reported, which is far from
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no evolution at all. Moreover, a low sub-
stitution rate was not found in an inde-
pendent study on 4D sites'” and the Ka/
Ks is higher in coelacanths than in
human/chimp comparison.® There is thus
no strong evidence supporting that a lower
mutation rate and/or a stronger negative
selection could be at the origin of a lower
substitution rate at the amino-acid level.
Finally, the protein-coding sequences of
some other tetrapod lineages such as sau-
ropsids might evolve more slowly than
those of coelacanths.'’

It is well established that both the
mutation and the amino-acid substitution
rates are not constant across lineages. Even
if the coelacanth might in some aspects
evolve more slowly than other lineages
due to demographic and/or ecological fac-
tors, we assume that this variation is in the
range of “non-fossil” vertebrates. This is
supported by the fact that coelacanth
genomes contain, like those of other verte-
brates, active transposable elements. More
work is required to assess the impact of
these sequences as a source of mutations
and new regulatory and coding sequences
on the genomic and organismal diversity
of this fascinating fish.
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