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Abstract

Cetaceans correspond to mammals that have returned to the marine environment. Adaptive changes
are very significant with the conversion of the limbs into flippers. It is studied the changes that
have occurred in immunoglobulins, MHC class I and II and T cell receptors genes. Constant re-
gions of immunoglobulins are similar to those of the rest of mammals. An exception is the IgD
gene, which is composed of three CH domains but CH1 similar to CH1 of immunoglobulin M. In
the IGHV locus, it exist a decrease in the number of VH genes with the absence of genes within
Clan 1. The number of VA genes is greater than that of Vk. In the genes for T lymphocyte recep-
tors, it exists a decrease in the number of Va genes with loss of significant clades and subclades.
In VB and Vv, there is also the loss of clades. These declines of Va, VB and Vv are not present
Artiodactyla, and they are specific to Cetaceans. In MHC present tree evolutive lines of class I
genes. These species have DQ, DR, DO and DM genes, but they are no present DP genes.

Keywords: Cetaceans immunoglobulins, Evolution of Immunoglobulins, MHC Cetaceans, TCR
cetaceans.

1. Introduction

Cetaceans are mammals that returned to the aquatic environment. The closest terrestrial mam-
mals are the Artiodactyla, more specifically the hippopotamus. In their adaptation process, gross
phenotypic changes have occurred with the conversion of limbs to flippers and flukes. There are
two parvordens. One is the Odontoceti (Cetaceans with teeth like the dolphin) and another called
Mysticeti that encompasses the whales with a feeding system through filtering. Fossils of whale
ancestors dating back 50 million years (Gatesy & O’Leary, 2001). In molecular studies, the diver-
gence of the species present today began 35 million years ago (?).

The organs of the immune system have been studied in detail, finding no differences with ter-
restrial mammals. These studies strengthen the idea of the conservation of immune structures in
mammals despite morphological and environmental changes in their evolution (Romano et al.,
2002). However, this environmental change must impact the immune system. The presence
of antibodies in serum was studied, and its messenger RNA sequenced (Nash & Mach, 1971}
Andrésdottir et al., 1987). An IgM sequence of RNAm is described in dolphin. This immunoglob-
ulin in the transmembrane region shows a variation in the CART motif of uncertain significance
(Lundgvist et al., 2002)). In dolphins, two genes for IgG are described with characteristics similar
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Figure 1: The figure represents the phylogenetic tree of the species present in this study. It has been obtained from the
web http://www.timetree.org/. In the nodes, the divergence time is expressed.

to those of other mammals (Mancia et al., 2006). The sequence of an mRNA for IgA has also been
published (Mancia et al., 2007)) having similarity to the IgA of artiodactyls.

Of the genes of the T lymphocyte receptors, there is a study of the TRAV/DV and TRGV loci.
They found a simple gene structure with few V genes in its loci (Linguiti et al., 2016)). There is a
recent study of the gene structure of MHC class II genes in cetaceans, concluding that they present
a general pattern similar to that of other mammals (Zhang et al, 2019). There are also studies
on the allelic variability of these proteins. Alleles are common in class I and DQB antigens.
The presence of the same alleles in different species is interesting, suggesting a positive selection
(Hayashi et al.l, 2003}; [Xu et al., 2009} [Vassilakos et al., 2009).

In mammals, the number of V regions in the immunoglobulin and TCRs loci is variable
(Olivieri et al., 2014b). There is currently no explanation for this variation. In that work, a low
number of V genes evidenced in mammals that have evolved to adapt to an aquatic environment.
Cetaceans are the most significant. In this work, it describes the characteristics of the genes of
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antibodies, V genes of TCRs and MHC of cetaceans.

2. Material and Methods

The entire study is with freely available data. The sequences of the genomes are in the NCBI,
and on the web, https://vgp.github.io/. To obtain the sequences of interest, we use our applica-
tions developed in Python. For the general study of the sequences, the Biopython library was
used (Cock et al., 2009). The exons of the constant regions of the heavy and light chains of the
antibodies and the MHC class I and class II genes were performed with a machine learning (ten-
sorflow (Abadi et al., 2016)) trained for their recognition. Other publications express the specific
operation (Olivieri et al., 2020b). Vgeneextractor program similar to the previous one adapted for
recognition of the V exons was used (Olivieri et al., 2020a). These applications extract the possi-
ble target exon. For this, a blast was performed with an artificial sequence that gives positivity to
the objective. All hypothetical possible exons around the hit are translated into amino acids. The
amino acid sequences are analyzed by machine learning, and the target sequences are obtained.
Later, after a manual review, if the exons obtained are considered valid, they are added to machine
learning.

The graphic representation of the exons was also done with a simple python application using
the genomediagram library (Pritchard et al., 2006).

The amino acid sequences obtained were aligned with the MAFFT program (Katoh et al.,
2005). The trees were built with the Fasttree program (Price et al., 2010) using the LG matrix
(Le & Gascuel, 2008) and gamma parameter. The tree visualization was done with the Figtree
program (http://tree.bio.ed.ac.uk/software/figtree/)

3. Results

Cetaceans are Laurasatheria mammals that have adapted to the marine environment. These an-
imals have undergone significant phenotypic changes. We decided to study the essential molecules
of the adaptive immune system.

At the time of writing this article, there are 12 reference genomes deposited with the NCBI.
With computer tools (CHfinder) we look for the exons that code for CHs of immunoglobulins.

3.1. immunoglobulins

All species have at least one gene for each of the immunoglobulin classes present in mammals
(table [T), Gene duplication found for IgG. All cetaceans have IgD with three exons for CHs. It
stands out that the CH1 of IgD is identified to the CH1 of IgM while CH2 and CH3 are as IgD.

The study of 8 genomes is represented schematically in the figure[2] In general, all species have
a very conserved position of genes with an IgM followed by an IgD, two genes for two isotypes
of IgG, one gene for IgE and a gene for IgA. An exception is that of Balaenoptera acutorostrata,
which has a gene for internal IgG in a standard position and three genes for 3 IgGs appear after
gen for IgA. Also in Physeter catodon, additional exons of IgGs appear, but they must be part of
pseudogenes.
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Table 1: Number of genes for Inmunoglobulins class

IGHM IGHD IGHG IGHE IGHA IGKC IGLC

Monodon_monoceros 1 1 1 2 1 1 1
Neophocaena_asiaeorientalis 1 1 2 1 1 1 1
Phocoena_sinus 1 1 2 1 1 1 2
Tursiops_truncatus 1 1 2 1 2 1 3
Orcinus_orca 1 1 2 1 1 1 1
Physeter_catodon 1 1 2 1 1 1 3
Balaenoptera_acutorostrata 1 1 4 1 1 1 1
Balaenoptera_musculus 1 1 2 1 1 1 1
Lagenorhynchus_obliquidens 1 1 1 1 1 1 1
Globicephala_melas 1 1 1 ? ? 1 1
Lipotes_vexillifer 1 1 1 1 1 1 2
Sousa_chinensis 1 1 2 1 1 1 1

The same CHfinder program has added training to identify the exons of the constant regions
of the light chains of immunoglobulins. All species have one gene for the constant region of the
kappa chain and 1 to 3 genes for the lambda chain (tableT)).

3.2. Vregions

Among the genes of immunoglobulins and those of T lymphocyte receptors, the genes that
show the greatest changes in number enter species correspond to the V genes. We obtained the V
exons of the seven loci that exist in mammals. The V exons obtained with the Vgeneextractor are
expressed in Table 3| As can be seen, Cetaceans present a low number of V exons in all loci. Also
highlights the presence of a greater number of VA than Vk genes.

In previous publications in which the Immunoglobulin sequences in the dolphin were de-
scribed, they indicated the possibility of a low number of VH genes (Lundqvist et al., [2002).
With all the VH sequences obtained from the exons in the germinal line of the cetacean species,
we made a phylogenetic tree. Additionally we add the consensus sequences of the three clans that
are represented in primates and the sequences of the VH present in the cow.

The distribution of the clades indicates the presence of particularities in the sequences (figure
B). There are sequences belonging to Clan III, and there are no sequences associated with Clan L.
There is a high heterogeneity between sequences close to Clan II. The presence of an additional
clade with a large number of sequences not associated with the three known Clans stands out. In
this clade are the 21 VH exons of the cow. Within this new clade, the program extracted sequences
that present an additional conserved segment of more of 30 amino acids with abundant prolines
and cysteines amino acids. These sequences have already been described in the cow (Deiss et al.,
2019). Here we find that the same process of conformation of long CDR3 must occur in cetaceans.

Cetaceans for light chains have a higher number of VA genes than Vk. Three Vk clans and
at least 5 VA clans have been described. the primate sequences were aligned with those obtained
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Figure 2: Schematic representation of the exons found and validated with the CHfinder application. In brown are

exons identified as coding for IgM CHs. In green exons for IgD, in blue exons for IgG, in red exons for IgE and in

yellow exons for IgA. In each exon, the numbering of the CH encoding is indicated. The probability of certainty is
also expressed (1 is 100%). Exons not found with the CHfinder and that was found by the human review are unfilled.

from cetaceans. As can be deduced from the phylogenetic tree presented in the additional figure[9]

cetaceans have genes in each of the clans.

In previous publications, it was described in primates and rodents the presence of conserved
V region sequences in the chains of T cell receptors (Olivieri et al., 2014c; Olivieri & Gambon-

Deza, 2015). The sequences of V regions indicate probable evolutionary conservation of each one
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Table 2: Number of V genes in immunoglobulins and TCR loci

IGHV IGKV IGLV TRA/DV TRBV TRGC

Tursiops_truncatus 47 4 37 15 8 2
Physeter_catodon 8 6 16 18 12 2
Balaenoptera_acutorostrata 6 7 18 17 12 3
Monodon_monoceros 9 1 13 13 10 2
Lagenorhynchus_obliquidens 5 3 17 9 7 2
Orcinus_orca 26 2 19 7 8 2
Globicephala_melas 11 7 13 10 7 2
Lipotes_vexillifer 13 5 11 11 10 2
Neophocaena_asiaeorientalis 15 6 23 9 11 2
Delphinapterus_leucas 11 2 16 9 9 3
Phocoena_sinus 10 5 10 11 11 2

of them. That is to say, orthologous from each of the V regions exist in neighbouring species.
Something different from what happens with the V regions of antibodies where the emergence of
genes by duplication and subsequent selection occurs. These results suggest a probable determin-
ism in recognition of the V regions of chains of TCRs, perhaps mediated by the need to recognize
MHC molecules.

The deduced amino acid sequences of the V genes of the TRAV locus in primates and rodents
conform six significant clades, which in turn harbour 35 subclades in total. The sequences found in
the cetacean TRAV locus plus the consensus sequence of each primate clade were aligned. When
constructing the phylogenetic tree with this alignment, the presence of the primate consensus
sequences allows identifying if there are lines maintained with primates or if new ones are present.

The phylogenetic tree with the consensus sequences of each Primate clade in TRAV is in the
figure [l Four sequences outside the clades correspond to V& sequences. All the others can be
assigned to clades present in primates, indicating the conservation of these clades in evolution. Of
the six main clades described in primates, II and IV do not have representatives in cetaceans. Of the
35 subclades found in the TRAV loci of primates, only 15 are present. The results demonstrate a
selective decrease in the germinal repertoire of exons V. This diminished repertoire can be specific
to Cetaceans or inherited from the common ancestor they share with Artiodactyla. To clarify
this question, we obtained the Va regions of the cow genome. As can be seen in the additional
figure[T0|the cow has sequences rooted with most of the primate clades indicating its evolutionary
conservation. Clades II and IV have representatives in the cow. These results indicate that Va
genes losses occurred specifically in cetaceans.

The V[ genes have an evolutionary pattern similar to that explained above for the Va genes.
In primates and rodents, there are nine main clades. These main clades encompass a total of 25
subclades. The phylogenetic tree with the consensus sequences of each primate clade in TRBV
is in the figure [5| There are some differences from the pattern described above for the TRAV.
All the major primate clades except for clade III and IX have representatives in Cetaceans. The
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Figure 3: Figure present phylogenetic tree made with amino acid sequences obtained from the VH of cetaceans and
cows. The consense sequence of each of the clans identified in the primates has been added. Taxa in red are sequences
from primates, green from cow and blue from cetaceans. The alignment of the sequences was performed with the
mafft program and the tree with fasttree using the LG matrix and gamma parameter. The visualization was made with
the Figtree program.

decrease in subclades of the TRBV loci concerning primates is smaller than in the TRAV loci (35
to 15 versus 25 to 15). In the case of cetaceans, two subclades within the main clade II are not in
primates. As we did previously with the Va exons, we compared the V3 exons of cetaceans with
the V3 from a cow (figure[I1] Clades IIT and IX present exons in the cow, indicating that the loss
is after the divergence of Artiodactyla. Also of the two new subclades found in cetaceans, only
one of them is a related cow Vg.

With the Vgenextractor we also obtained the deduced amino acid sequences of the Vy ex-
ons. Vv genes in mammals are few in most species. In the phylogenetic trees carried out, they
suggest sequence conservation. In figure [f] we have schematically represented the results found
in cetaceans together with those found in cows and primates. The sequences obtained from the
Vv exons are into three main clades. Clade II features two subclades. While primates and cows
present sequences in all clades, cetaceans do not have sequences in Clade III.
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Figure 4: Figure present phylogenetic tree made with amino acid sequences obtained from the Va of cetaceans.
The consense sequence of each of the subclades identified in the primates is represented. Taxa in red are consensus
sequences from primates. Main clades in which they share primate and cetacean sequences are indicated in green
roman numerals while those that do not have cetacean representation are in red. The alignment of the sequences
was performed with the mafft program and the tree with fasttree using the LG matrix and gamma parameter. The

visualization with the Figtree program.

3.3. MHC class I and I1
It searches for central exons of MHC class I and class II antigens in the genomes of cetaceans

were with MHCfinder program. Clusters of exons 2, 3 and 4 of MHC class I and that of 2 and 3
of class Il were probably viable genes. The appearance of loose exons is typical at these loci, and
they are part of pseudogenes. In all species, the studied MHC genes are on the same chromosome.

There is an exception of one isolated class I gene that is on another chromosome.
In class I antigens we detect three evolutionary (lines Line 1, 2 and 3, figure[§). Representatives


https://doi.org/10.1101/2020.10.24.353342
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.24.353342; this version posted October 25, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

z
o @ i
g = Y o
ES] 2 9
3 g g2
£
g2 g3
3 ]
z® 3 S8 &
3 5! o6 235 Y o = o
g8 T8¢ 955 &
. % $58g 292252 $8888F
S 2 ) ] 2258585858
s, 1 R o 2 2 56384888
%, 9 o % 3 285 SEESf8SSIFS
% % % % o3 585 4885835885 5Fy
%, % % %2333 Ry 2585840 I8 0L
% %% 2 3% 2o°5°R 9%28538S5FFFF
8 %35 %3S B 05555 SsLES
4 % 0 %% B5,%%% oF g SESIESL S >
KS o, By %, %, % % % S %088 e = S, e 4 &
Dby g, %, N, G G % g b X3 GS e T F& & o & B &
s . 2 N0, % 27 208G R RIS
oy Y o, B, % 00 T\ 0 B SR FLFF T o
es @,{/ooo%@s‘){a %%, 200 0:340&)‘@(‘@(30%“
&) s, e, 8, 7y % = T el er A
/Qs”o g, 00, %, G % S & & 3
Pre, Cog, e, Cos O FLELELF S @ & &
” Sy o FO L ™ g o
ey, Ny, . WSS 08 (@
Up, Sl O & a0 o 0
T (o o g8
% Oz\QQ\oé o’ o®
@' A\
© RO
al, % R PR
e, y A o A W
004, 2 Sezg, % 5 i o ot
La 4 S o
N Cuy, 001, Cl @
00h0ggg, POles. e 05190 % OSSR o % a0
asig. Xillitg 95 3 20% s 0 W
" °r-9; Ve el A0 0
'entay, ] OFice®™ oyt ratd”
Del, 0c is-gg 6\0"\ e a 0
IPhinapy, ;smus_% Upu\ optera "
~MOnoceros.gg Dﬂe‘p inapterus eV
M Clade_3 II ‘Phocoena_sinus-! -
lonodon_monoceros-92 Neophocaena_asiaeorientalis-
Orcinus_orca-91 Clade_2
Turs.ops,‘vunca(usegg Clade. 1
hala_melas- | I
Globicep hs88 "\ Lipotes i
hynchus. obliquide! \ _vexillifer-44
orhy! - ta-
Lot tera cutoros'® I c Oreinus_orcq. 45
enoptere- atof /ag —-orca-,
Bala s e e iy Tursi
® s VO e ha 8, Vse; c s PS_tryp,
ore’ et B A lor lade hys, Catys..
P 00 e c/asno " Cato 10 eter 5-46
ze“aa o 205 Pler, o, ~Calodop
0% o0 \/ 72 Lag,, 8
weo®! g,
.
» [ .y,
%7 ed® o COR o
o) 0 P
\ 1,
N\ o op,
?‘\*&B 297 W A R\ o 0,
B ® VI o,
@0 0 M 0, Yo, %, on,
3 @ o & A %, o R e,
PR O o, P, Py NS, e
R A IS s, P, R, Corg S
i & o N - Q. Y% P, ", T8, 0
& TS FE e T % %, By e
o £ S EFE g S G, e oy g %
ST ESSeo Qe 8% % % R, % T,
2° o & L& LF P 2 % % % s Yo, % s s,
& PSR R T N T S
& R S @' P %% Y B N N . B Y
Y ST S & o S % B, B s,
s e I8 0 BT L% % A
ST § o N 23% 5% % % 7
& & $ - ° % ‘o 2 9 ', Yo %
& s s g 0P %Y &% % %
s gL 8 S w2 BP9 n
& & P ] %3 S
£ gz & CHS
s 8 $583% & 3 DY
&g 2358 ¢ 2 ®
g 9% . 8§ 3238%°% %
553800 338 3
&35 558 2280, $
e 58 g 8 g3 3% 3 3
g > 8 8§ T 0O c o 2 o
- 5 2% G %
5 g &0 2352 %32
g g 2388 = 2
& J 2 g g 2
& s 8 @ % 3
g s 2 & a8
& 2 2 2
3 £ N EX
g @
& %
]
@

0.3

Figure 5: Figure present phylogenetic tree made with amino acid sequences obtained from the Vg of cetaceans.
The consense sequence of each of the subclades identified in the primates is represented. Taxa in red are consensus
sequences from primates. Main clades in which they share primate and cetacean sequences are indicated in green
roman numerals while those that do not have cetacean representation are in red. The alignment of the sequences
was performed with the mafft program and the tree with fasttree using the LG matrix and gamma parameter. The
visualization with the Figtree program.

of lines 1 and 3 are at one end with the class I genes. Line 1 has only one gene per species, while
line 3 there are usually two or more per species. The genes of line 2 are on another chromosome,
and there is one gene per species.

MHC class II antigens have already been studied by other authors (Zhang et al., [2019). The
results with the CHfinder are consistent with those published. In this case, there are no exons
with stop codons or with altered reading frames belonging to pseudogenes. Within the class two
antigens, we evidenced the absence of DP sequences. The position of genes on the chromosome
is in figure [/l From the end of the class I genes, a gene for the DR alpha chain appears first,
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Figure 6: The figure represents the phylogenetic tree obtained from the alignment of Vy sequences of primates,
cetaceans and cow. The clades are collapsed to reduce size. In red are the clades of primates, in blue of cetaceans and
green of cow. The alignment of the sequences is with the mafft program and the tree with fasttree using the LG matrix
and gamma parameter. The visualization is with the Figtree program

Table 3: Number of MHC class I and II genes in cetaceans
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followed most of the time by two DRB genes (these are in the chain complementary to that of
the DRA gene). The DQA and DQB gene comes, the first being in the plus chain and the second
in the minus, then the DOA, DMA, DMB and DOB genes appear successively. Of the genomes
presented in figure [/}, all present structure described above except for Phisiter catodon in which
one of the DRB gene is lost, and the segment containing the DQ genes has undergone an inversion.
Also, the DMA gene is not located.

4. Discussion

The study presented shows that cetaceans have constant regions genes from immunoglobulin
and TCR genes similar to the rest of mammals. They also present histocompatibility antigens
common to other mammals. The most significant differences are found in the number of V genes.
An open test is why there are so many differences in the number of V genes in the germ line.
Cetaceans are the mammalian species that have fewer genes than those described so far.

It remains unclear why two classes of light chains are necessary for mammals. The number of
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Figure 7: Schematic representation of the exons found and validated with the MHCfinder application. In brown are
exons identified as coding for MHC class I antigens. In red exons for MHC class II alpha chain antigens and green
exons for MHC class II alpha chain antigens. Each exon is numbered. The probability of certainty is also expressed

(1 is 100%).

V regions is low. They have more genes for the lambda chain than for the kappa chain. Despite
having a low number of genes, they have members in each of the clans described at the loci of
these chains. Lambda light chains appear to have a different evolutionary process that kappa light
chains. Various clans can be identified and appear to be conserved among species as separate as
mammals and reptiles (Olivieri et al., 2014a)). These results suggest a specific functionality of
these clans that are not currently known. It is known that in terrestrial vertebrates, no species have
existed that have lost the lambda chain, but several evolutionary lines have lost the kappa chain
(snakes, birds) further supports this hypothesis. In this case, the decrease in V regions is more
pronounced in kappa, again suggesting the biological importance of lambda chains.

The number of VH genes is low in all species. A specific loss is evidenced since no species
has VH genes belonging to Clan I. This fact is inherited from an ancestor with artiodactylia as
demonstrated by the absence in the cow. Some sequences present an elongation of the germ
sequence of the exon for VH that conditions a very long CDR3 region with disulfide bridges.
These VHs are in a clade that is difficult to assign to a specific clan and probably corresponds to a
new clan associated with artiodactylia and cetaceans. There are sequences for Clan I and Clan II1

Exciting results are those found in the number and distribution of exons for Va and V. The
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Figure 8: Phylogenetic tree of MHC class I found in cetaceans. The sequence of the antigens is from the sequences of
the exons found with the MHCfinder application. The alignment is with the mafft program, the tree with the fasttree
program (LG matrix, gamma parameter) and the visualization with Figtree.

presence of much fewer Va genes is evidenced, not presenting clades or subclades that are present
in primates and rodents. Also, the V exons are related to specific primate clades. The absence of
two main clades (Clades II and IV) at the TRAV loci is evident. Clade II in primates has three
subclades indicating that it is a clade with a large presence of V genes. Clade IV of primates is
unique since it is a clade that only has one V gene per species, suggesting a specific recognition.
This V gene is absent in Cetaceans. Major clades are also missing at the TRBV locus. In this case,
they are III and IX clades. It is noteworthy that clade III is a clade with one Vf gene per species.
Clade IV Va and clade III VB have similar evolutionary maintenance characteristics. The lost
in cetaceans is suggestive that they may form a heterodimer with a specific function in primates.
This function failed cetaceans, and therefore the clades have disappeared. If this were true, it leads
to the assumption that there are selective pairings between Vas and VBs. There are human data
on the presence of specific heterodimers shared between individuals (Tanno et al., 2020). With a
greater number of studies in more species, it may be possible to confirm this hypothesis.

There is evidence that germline Vg genes have predetermined affinity for MHC antigens . This
evidence would support that the loss of Vs may be due to the loss of some MHC gene. Cetaceans
do not provide conclusive data (Krovi et al., 2019). The MHC genes of cetaceans are similar to
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those of other mammals.

Is there a relationship between the V gene losses between the different loci? In previous pub-
lications, we have shown the existence of correlations between the number of V genes in loci
between species (Olivieri et al., 2014c). The presence of a correlation between the number of V
genes for immunoglobulins and TCRs is intriguing. In the adaptive immune response, the major-
ity of antibody responses are T-dependent, suggesting the possibility of functional relationships
between the V genes of the antibodies and the Va and VS genes of the TCR. New studies will
be necessary to know if the loss of VH clade I in cetaceans is related to the loss of clades and
subclades in the TRAV and TRBV loci.
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Figure 9: The figure represents the phylogenetic tree obtained from the alignment of Vk and VA sequences of primates,
cetaceans and cow. The clades are collapsed to reduce size. In red are the clades of primates, in blue cetaceans and in
green cow. The alignment of the sequences is with the mafft program and the tree with fasttree using the LG matrix
and gamma parameter. The visualization was made with the Figtree program.
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Figure 10: The figure represents the phylogenetic tree obtained from the alignment of Va sequences of primates,
cetaceans and cows. The clades are collapsed to reduce size. In red are the clades of primates, in blue cetaceans and
green cow. The alignment of the sequences is with the mafft program and the tree with fasttree using the LG matrix
and gamma parameter. The visualization is with the Figtree program
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Figure 11: The figure represents the phylogenetic tree obtained from the alignment of Vg sequences of primates,
cetaceans and cows. The clades are collapsed to reduce size. In red are the clades of primates, in blue cetaceans and
green cow. The alignment of the sequences is with the mafft program and the tree with fasttree using the LG matrix
and gamma parameter. The visualization is with the Figtree program
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