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ARTICLE INFO ABSTRACT

V(D)J recombination is a process of somatic recombination catalyzed by proteins encoded by RAG1 and RAG2
genes, both restricted to the genome of jawed vertebrates. Their proteins constitute the enzymatic core of V(D)J
recombination machinery and are crucial for jawed vertebrate adaptive immunity. Mammals possess great
ecological diversity, and their complex evolutionary history associated with radiation to different environments
presented many distinct pathogenic challenges from these different habitats. Cetaceans comprise a mammalian
order of fully aquatic mammals that have arisen from a complete terrestrial ancestor and, accordingly, was
confronted with challenges from changing environmental pathogens while they transitioned from land to sea. In
this study we undertook molecular evolutionary analyses of RAG1 and RAG2 genes, exploring the possible role
of natural selection acting on these genes focusing on the cetacean lineage. We performed phylogenetic re-
constructions on IQ-TREE, together with selection analyses in the codeml program of the PAML package, and in
the FITMODEL program for codon evolution and switching on both the RAG1 and RAG2 genes. Our findings
demonstrate that RAG1 and RAG2 remained fairly conserved among tetrapods, with purifying selection acting
on both genes, with evidence for a few punctuated shifts in nucleotide substitution rates of both genes along
tetrapod evolution. We demonstrate differential evolution in the closely linked genes RAG1 and RAG2 specifi-
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cally in cetaceans.

1. Introduction

The adaptive immune system became possible after the acquisition
of a retroposon that, millions of years ago, invaded the genome of an
early vertebrate, as only vertebrates have both of the elements of the
retroposon: two sites of recognition signal sequences (RSSs) and the
presence of recombination-activation genes (Schatz et al., 1989;
Janeway, 2001). These genes, known as RAG1 and RAG2, encode a site-
specific recombinase that acts on germline gene segments to produce all
immunoglobulin molecules and T cell receptors of the adaptive immune
system (Schatz et al., 1989; Janeway, 2001). The RAG transposon do-
mestication model predicts a critical divergence during chordate evo-
lution in which, in jawed vertebrates, the RAG transposase acquired
properties of a recombinase, whereas in amphioxus, transposase func-
tions were retained (Zhang et al., 2019).

The jawed vertebrate adaptive immune system relies on a diverse
array of immunoglobulins (Ig) and T-cell antigen receptors (TCRs) for
specific recognition of antigens (Agrawal et al., 1998; Teng and Schatz,
2015). This system consists of cells that provide pathogen specific im-
munity to the host through somatic rearrangement of antigen receptor

* Corresponding author.
E-mail address: mariananery@gmail.com (M.F. Nery).

https://doi.org/10.1016/j.molimm.2019.10.014

genes (Thompson, 1995). Each Ig or TCR polypeptide consists of a
constant region and a variable region, and it is in the variable region
that the antigen recognition and specificity is determined (Schatz,
2004). In the germ line, the variable region is encoded by non-
contiguous gene portions split into V (variable), J (joining) and, in some
cases, D (diversity) segments. Each of these gene segments is joined in a
site-specific recombination reaction, known as V(D)J recombination, to
form the exon that encodes the antigen-binding portion of the poly-
peptide (Agrawal et al., 1998; Schatz, 2004).

The discovery of RAG genes is considered a hallmark of adaptive
immunity, as their proteins constitute the enzymatic core of V(D)J re-
combination machinery (Fugmann et al., 2006; Kapitonov and Koonin,
2015; Poole et al., 2017). The RAG1-RAG2 complex catalyzes random
assembly of V, D, and J gene segments that are present in the genome in
numerous copies and generate the enormous variety of the assembled
antibodies and antigen receptors (Gellert, 2002; Kapitonov and Koonin,
2015). RAG1 and RAG2 genes are closely linked in the human genome,
located just 8 kilobases apart from one another, and they are con-
vergently transcribed (Oettinger et al., 1990; Greenhalgh et al., 1993).

Among jawed vertebrates, mammals possess great ecological
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diversity, and their complex evolutionary history associated with their
radiation to different environments, might have depicted many distinct
pathogenic challenges from different habitats (Tian et al., 2018). The
aquatic environment was one of these habitats colonized by different
extant mammalian lineages five times. Cetaceans comprise a mamma-
lian order of fully aquatic mammals, that originated about 50 million
years ago in the Eocene epoch from a terrestrial ancestor (Thewissen
et al., 2009). In addition to anatomical and physiological innovations
required for life in water, cetaceans must have been confronted with
challenges from changing environmental pathogens while they transi-
tioned from land to sea (Shen et al., 2012; Ishengoma and Agaba,
2017). These challenges exerted intensified selection pressure on the
genomes of colonizing species, especially on those genes and gene fa-
milies related to the immune system, as already reported (e.g. Haldane,
1949; Wlasiuk and Nachman, 2010; Areal et al., 2011; Ishengoma and
Agaba, 2017).

In this context, cetaceans comprise ideal candidate taxa to study the
molecular evolutionary mechanisms behind the vertebrate immune
system, since this lineage has experienced a radical habitat change
during its evolutionary history. Accordingly, the aim of this study was
to investigate the molecular evolution of the RAG1 and RAG2 genes in a
phylogenetic framework, exploring the possible role of natural selection
acting on these genes focusing on cetaceans in comparison to their
terrestrial counterparts.

2. Material and methods
2.1. Phylogenetic reconstruction

Vertebrate RAG1 and RAG2 coding sequences were retrieved from
GenBank (NCBI) and Ensembl public databases. All accession numbers
are depicted in Supplementary Table 1. A total of 49 sequences of
terrestrial vertebrates, 7 other marine mammals and 8 cetacean se-
quences were selected to perform the analyses. Nucleotide and amino
acid sequences were aligned using MUSCLE software (Edgar, 2004). We
used the PAL2NAL program to generate a codon alignment, and this
alignment was used to estimate the type and rate of nucleotide sub-
stitutions in coding DNA (Suyama et al., 2006). The phylogenetic tree
was reconstructed using IQ-TREE (Nguyen et al., 2015) software using a
maximum likelihood approach, and implemented the fast method of
substitution model selection with  ModelFinder  program
(Kalyaanamoorthy et al., 2017). The ultrafast bootstrap approximation
(UFBoot) (Minh et al., 2013) with 1000 replicates, also was im-
plemented in the IQ-TREE software package. The models MGK +
F3 X 4+ G4 and GY + F1 X 4+ G4 were used for RAG1 and RAG2 re-
spectively as selected by Bayesian Information criterion (BIC).

2.2. Selection analyses

To test for signatures of positive selection and to infer sites under
positive selection, we used the codeml program in the PAML 4.7
package (Yang, 2007) and FITMODEL (Guindon et al., 2004), which
implements Markov-modulated models of codon evolution or switching
site evolution models on RAG1 and RAG2 genes separately.

In PAML, we applied branch models, which allow the w ratio to vary
among branches in the phylogeny and are useful for detecting positive
selection acting on particular lineages (Yang, 1998; Yang and Nielsen,
1998). Within branch model strategy, we estimated the likelihood of
the free-ratio model, which assumes an independent w (=dy/ds) ratio
for each branch; the one-ratio model, which estimates a unique w value
for all branches along the tree; and the two-ratio model, which esti-
mates one w for the Cetacea lineage and another for the rest of the
phylogeny. Also, we tested the branch-site model, that attempts to
detect positive selection that affects only a few sites along a specified
branch (Zhang et al., 2005). The branch-site analysis divides the tree
into foreground branches (Cetacea), where sites may be under positive
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selection, and background branches where positive selection is absent
(the rest of the phylogeny) (Yang and Nielsen, 2002; Yang et al., 2005;
Zhang et al., 2005). Under this model, sites are categorized into four
classes 0, 1, 2a, and 2b. Site class 0 includes codons that evolve under
purifying selection on both the foreground and background branches,
with 0 < wg < 1. In site class 1, codons evolve neutrally in all lineages,
with w; = 1, whereas in classes 2a and 2b, positive selection is allowed
on the foreground branches with w, > 1, but not on the background
branches. This model is compared with the corresponding null hy-
pothesis of neutral evolution, where w, is fixed to 1. If the null hy-
pothesis is rejected by the likelihood ratio test (LRT), a Bayes empirical
Bayes approach is used to calculate the posterior probabilities that each
site has evolved under positive selection on the foreground lineage
(Yang et al., 2005).

To further investigate the molecular evolution of RAG1 and RAG2
genes, we performed likelihood analyses under a nested set of codon-
substitution models with FITMODEL version 0.5.3 (Guindon et al.,
2004). We used models MO and M3, and the switching models M3 + S1
and M3 + S2. Model MO assumes that all sites in a sequence alignment
are subject to the same selection process (homogeneous). As im-
plemented in FITMODEL, under the M3 model, variation in selective
constraint across sites is modeled as three rate ratio classes with w1, w2
and w3. Switching was modeled as a time-reversible Markov process
with three additional parameters: the overall rate of interchange among
rate ratio classes (8), a coefficient for shifts between w1 and w3 (a), and
a coefficient for shifts between w2 and w3 (B). The S1 model im-
plemented in FITMODEL imposes equal switching rates among w1, ®2
and w3 rate ratio classes (o = 5 = 1), and the S2 model allows a and 3
to vary freely accounting for unequal rates of switches between selec-
tion classes (Guindon et al., 2004).

For both PAML and FITMODEL nested likelihood ratio tests (LRTSs)
were performed for model comparisons. For PAML models, the LRTs
were performed between free-ratio model vs. one-ratio model and two-
ratio model vs. one-ratio model (Table 1). For FITMODEL the com-
parisons were performed between the following models: no rate het-
erogeneity vs. variation across sites (MO vs. M3), variation across sites
without vs. with switching among substitution rate ratio classes (M3 vs.
M3 + S1), and equal switching rates vs. class-dependent switching rates
across branches (M3 + S1 vs. M3 + S2) (Table 2). The chi-square test
was employed to estimate the statistical difference (P < 0.05). Degrees
of freedom for each test were equal the difference in the number of
parameter estimated for the models under comparison.

Additionally, we used the HyPhy package (Pond and Frost, 2005) in
the DataMonkey Server (Weaver et al., 2018) to implement the RELAX
model (Wertheim et al., 2014), which tests whether the strength of
natural selection has been relaxed or intensified along a specified set of
test branches.

Also, it is important to consider that GC-biased gene conversion
(gBGC) is a recombination-associated process that causes variation in
GC content and has an important influence on substitution patterns,
leading to sequence accelerated evolution (Galtier et al., 2009). To test
for gBGC on our alignment, we implemented the program phastBias
(Capra et al., 2013) available as part of the PHAST software package
(Hubisz et al., 2011) that uses a hidden Markov model and statistical
phylogenetic models that consider the influence of both natural selec-
tion and gBGC on substitution rates and patterns.

3. Results
3.1. Phylogenetic analyses of RAG1 and RAG2 genes

Mammalian RAG1 and RAG2 phylogenetic trees resulted in similar
topologies, with occasional differences in some phylogenetic relation-
ships. In both trees (Figs. 1 and 2), mammals form a monophyletic
clade, with the lineage of cetaceans being part of Cetartiodactyla, and
sister clade of Hippopotamidae. In RAG1, both cetaceans and bovids
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Likelihood analyses of the branch models and branch-site models in the PAML program for RAG1 and RAG2. Abbreviations of table’s cells are as follows: likelihood
value (InL), omega value (w), number of parameters (np), likelihood ratio test (LRT), degrees of freedom (df) and the P values.

PAML

BRANCH MODEL

Model InL ) np LRT df P value
RAGI One-ratio model —57620.68 0.09074 126 — — —
Two-ratio model —57221.58 various 249 798.2 123 0
Free-ratio model —57599.56 0.08868; 0.22258 127 42.24 0
RAG2 One-ratio model —26095.59 0.13293 126 — — —
Two-ratio model —25925.59 various 249 340 123 0
Free-ratio model —26095.29 0.13250; 0.16241 127 0.6 0.43
BRANCH-SITE MODEL
Model InL np LRT df P value
RAG1 Null Model —56293.55 128 — — —
Model A —56293.55 129 0 1 1
RAG2 Null Model —25656.34 128 — — —
Model A —25655.46 129 1.76 1 0.18
Table 2 3.3. Shift in the site-specific selection process

Likelihood analyses and P values of the models in the FITMODEL program for
RAG1 and RAG2 sequence data. Abbreviations of table’s cells are as follows:
likelihood value (InL), omega value (w), parameter estimates values (p),
switching rates values (R) and P values.

Fitmodel

MO M3 M3 + S1 M3 + S2
RAG1
InL —65937.20 —62608.04 —62441.29 —62381.36
0l 02 03 0.3 0.00.30.9 0.00.31.1 0.00.31.3
pl p2 p3 1.0 0.30.30.2 0.40.30.2 0.4 0.30.1
R12RI3R23 — — 0.15 0.15 0.15 0.19 0.00 1.18
P value — 0 P < 0.001 P < 0.001
RAG2
InL —31291.80 —30688.42 —30635.45 —30629.07
0l 02 03 0.3 0.00.30.9 0.00.31.1 0.0 0.7 2.4
pl p2 p3 1.0 0.30.30.2 0.40.30.2 0.1 0.50.3
RI12RI3R23 — — 0.15 0.15 0.15 0.39 0.00 0.70
P value — 0 P < 0.001 P < 0.001

clade are closer to Camelidae, while in RAG2 they are closer to Suidae.
Tree lengths indicate that RAG1 and RAG2 experienced accelerated
evolutionary rates in the ancestral lineage of all tetrapods, after their
separation from fishes. The lengths of tree branches also show that both
genes had greatly accelerated evolutionary rates in the Pinnipedia
lineage, with most evolutionary modifications happening in Arctoce-
phalus for both genes (Supplementary material, Figs. 1 and 2).

3.2. Identifying sites under positive selection

For RAG1, the model that best fit our data on branch model was the
two-ratio model, where the Cetacea lineage has a greater w value (0.22)
when compared to the rest of the tree (0.08), suggesting that cetaceans
accumulated more modifications on the RAG1 sequence throughout
their evolutionary history (Table 1). The RELAX algorithm im-
plemented on DataMonkey identified a significant relaxation in the
selection pressure in the cetacean lineage for this gene, that could ex-
plain this evolutionary acceleration. For RAG2, the two-ratio model did
not fit the data better, a result that matches the result of RELAX, which
did not identify a significant relaxation in the cetacean lineage when
compared to other lineages. The results from the branch-site model
were not significant for both genes (Table 1), not being able to identify
sites under positive selection in cetacean lineage.
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We carried out maximum-likelihood analysis on FITMODEL soft-
ware under a set of branch-site codon substitution models in order to
investigate the substitution process on RAGl and RAG2 genes. We
performed likelihood analyses under a nested set of codon-substitution
models (M3, MO, M3 + S1, M3+s2) (Guindon et al., 2004). Table 2
shows that log likelihoods improved significantly as parameters were
added to the nested substitution models (P < 0.001). These results
suggest that M3 + S2 (unequal switching rates among three w rate ratio
classes) is the best codon substitution model for both RAG1 and RAG2
genes. Under this model, the substitution rate ratio estimated for the
three classes were w1l = 0.0, ®2 = 0.3 and w3 = 1.3 (Table 2). The
switching rate (represented by the R letters on Table 2) between w2 and
w3 (R23 = 1.18 for RAG1 and R23 = 0.70 for RAG2) was significantly
higher than the switching rates between wl and w2 and between wl
and w3 (Table 2). These results implies that site-specific shifts between
moderate purifying selection (w2) and relaxed selection (w3) occurred
more frequently than shifts that involves the most highly constrained
rate ratio classes for both RAG1 and RAG2 genes. With an w con-
siderably lower than one for almost all the rate ratio classes, excluding
3 for both genes, the sum of the parameter estimates (p1, p2 and p3)
values of the M3 + S2 model suggests that most sites are under pur-
ifying selection for both genes (RAGl = 80% and RAG2 = 90%;
Table 2).

No position in our alignment was identified with probability of
being in one of the gBGC states, thus rejecting the action of GC-biased
gene conversion in RAG1/RAG2 genes in cetaceans.

4. Discussion

This study represents the first molecular evolution analyses of RAG1
and RAG2 genes focusing on cetaceans. The phylogenetic trees gener-
ated depicted short branches for both genes among all cetacean species
(Figs. 1 and 2). On both trees, the phylogeny is fully resolved for Ce-
tacea, and forms a definite clade for mammals with the lineage of ce-
taceans being part of Cetartiodactyla and sister clade of Hippopota-
midae. Considering RAG1, Cetartiodactyla clade is better supported in
relation to RAG2 phylogeny. For RAG1 gene tree, cetaceans and bovids
are closer to camelids. This result does not support previous phyloge-
netic studies using RAG1 gene, which places cetaceans and bovids
closer to suids (Waddell and Shelley, 2003). On the other hand, our
RAG2 phylogenetic analyses show cetaceans and bovids closer to suids
instead of camelids, which is the most accepted position of this phy-
logeny considering previous phylogenetic studies (e.g. Waddell and
Shelley, 2003; Gatesy et al., 2013). On a previous study of extant
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Fig. 1. Phylogenetic relationships recovered through maximum likelihood analyses from the molecular data of RAG1 gene. (A) Phylogenetic relationships among all
the species in the study. The gray chart represents the Euungulata clade. (B) Phylogenetic relationships at the species level of the Euungulata clade, with emphasis on
cetaceans. The numbers in blue represent the bootstrap values that support each node of the phylogenies. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Phylogenetic relationships recovered through maximum likelihood analyses from the molecular data of RAG2 gene. (A) Phylogenetic relationships among all
the species in the study. (B) Phylogenetic relationships at the species level of the Euungulata clade, with emphasis on cetaceans, and the insertion of microbats closely
related to the Artiodactyls. The numbers in blue represent the bootstrap values that support each node of the phylogenies. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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cetaceans including RAG1 gene, the topology derived from Bayesian
analyses of nucleotide resembled the Cetacea topology generated by our
analyses, with the same relationship found between whales and dol-
phins (McGowen et al., 2009).

The  ratio is a measure of natural selection acting on the protein.
In short, values of w < 1, =1, and > 1 indicates negative purifying
selection, neutral evolution, and positive selection respectively.
However, the ratio averaged over all sites and all lineages is almost
never > 1, since positive selection is unlikely to affect all sites over
prolonged time (Yang, 1997). Our PAML results for RAG1 indicated a
statistically higher w value for cetaceans (0.22) when compared to the
rest of the phylogeny (0.08), which means that this lineage accumu-
lated more modifications throughout its evolutionary history, i.e. this
gene on this branch experienced an acceleration in the rate of evolu-
tion. This result corroborates with the result from the RELAX model
that identified a relaxation in the purifying selection pressure for RAG1
in the cetacean lineage, suggesting that such relaxation may have al-
lowed the acceleration on the evolutionary rate in cetaceans, as seen
with their higher o value. Taken together, the results corroborate a
relaxation on the selective pressure of RAG1 gene rather than a stronger
and direct action of positive selection. For RAG2, the two-ratio model
did not fit better the data, a result that agrees with the RELAX result,
which did not identify a significant relaxation along the cetacean
lineage when compared to other lineages. It is possible that other
lineages of our set of species have experienced an acceleration in the
evolution rate of this gene, since the free-ratio model better fits the data
when compared to the one-ratio model.

On FITMODEL, a posterior probability greater than 90% for selec-
tion class w3 are considered to have evolved under relaxed selection,
whereas a posterior probability lower than 20% for selection class w3 is
considered to be subject to purifying selection. For RAG1, under the
M3 + S2 model, only one site (270) presented w3 posterior probability
of 95% and thus, was identified as evolving under relaxed selection
through the phylogeny. The core RAG1 domain contains the nonamer
binding domain (NBD), and two domains namely the central with zinc
finger B (ZFB) region and C-terminal domains. The site 270 is located in
the CDN region, which possess sequence signals critical for nuclear
localization, zinc coordination, and interactions with nucleic acid, and
is conserved from the sea urchin to human (Arbuckle et al., 2011;
Kumar et al., 2015). Mutations in the first 90 amino acids of RAG2
severely inhibit basic recombination reaction, formation of signal joints
by deletion and formation of both signal and coding joints by inver-
sional recombination (Cuomo and Oettinger, 1994). The first 90 amino
acids of RAG2 sequences on our FITMODEL analyses was conserved and
had no sites evolving under relaxed selection. A total of 24 sites were
under purifying selection (w3 < 20%), and the rest had posterior
probabilities ranging from 21% to 89%, whereas the first 63 amino
acids had the same w3 values (33%), confirming their conservation. A
total of four sites had a posterior probability greater than 90% for w3 in
RAG2 analyses (113, 124, 397, 428). The site 428 is found in the C-
terminus of the protein (Cuomo and Oettinger, 1994). None of the es-
timates values for both genes were near 1, which would suggest neu-
trality.

Although RAG1 and RAG2 genes are highly conserved, previous
comparisons of RAG2 amino acids in frogs, mammals and chickens
indicated that RAG2 is less conserved than RAG1 (Greenhalgh et al.,
1993). Our FITMODEL analyses for RAG2 from all tetrapods confirm
this statement, considering the four sites found to be under relaxed
selection compared to one site of RAG1.

RAG1 appears to have originated from a TE of the Transib family
and is able to mediate low levels of recombination in the absence of
RAG?2, since this gene contain all the essential domains and activities
needed to bind and cleave DNA, placing RAG2 in the role of an ac-
cessory or regulatory factor (Ji et al., 2010; Teng et al., 2015; Carmona
et al., 2016). Evidence supports a model for RAG evolution in which a
Transib transposon captured a RAG2-like open reading frame in an
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early deuterostome to give rise to the original RAG transposon, which
in turn gave rise to RAG1, RAG2 and RSSs in jawed vertebrates and
RAGIL and RAG2L transposable elements and gene pairs in in-
vertebrates (Kapitonov and Jurka, 2005; Carmona and Schatz, 2017).
Despite this RAG1 mediating ability, it is still proposed that RAG2 plays
a critical role in the establishment and evolution of V(D)J recombina-
tion (Carmona et al., 2016). It is believed that, when acquiring a RAG2-
like element, both genes were able to provide functional advantages
that allowed for the evolution of adaptive immune system of early
jawed vertebrates (Carmona et al., 2016). A more recent study proposes
that a modular design of the RAG complex - with largely autonomous
catalytic cores, swappable DNA binding modules and a RAG2 accessory
subunit - facilitated the adaptation of RAG family enzymes to changing
host environments and functional demands, which includes the adap-
tations in jawed vertebrates that led to a ‘tamed’ RAG recombinase that
possesses coupled cleavage activity, adherence to the RSSs 12/23 rule
and suppressed transposition activity (Zhang et al., 2019). Thus, despite
closely linked in the genome and despite working together for gen-
erating diversity in the adaptive immune system, RAG1 and RAG2
genes have different evolutionary origins, function separately and thus,
may have different evolutionary rates.

Drastic environmental changes such as the transition from a ter-
restrial to marine habitat should select for numerous evolutionary
adaptations (Chikina et al., 2016). The oceans harbor an enormous
diversity and number of viruses and prokaryotes, which could fre-
quently become a threat to marine mammals (Whitman et al., 1998;
Suttle, 2007). The abundance of viruses exceeds that of bacteria and
archaea by approximately 15-fold (Bettarel et al., 2000), and estimates
of cell density, volume, and carbon indicate that prokaryotes are ubi-
quitous in marine environment (Ducklow and Carlson, 1992; Simon,
1994). The RAG1 gene structure is not conserved in fishes but it is
highly conserved among tetrapods (Kumar et al., 2015), and one could
hypothesize that this gene behave differently in different environments,
being less evolutionarily conserved in the aquatic environment, con-
sidering the greater number and diversity of pathogens in this habitat.

5. Conclusion

In summary, our findings demonstrate that RAG1 and RAG2 genes
remained fairly conserved among tetrapods, with purifying selection
happening on both RAG1 (80% of sites under purifying selection) and
RAG2 (90% of sites under purifying selection) genes, and evidence for a
few punctuated shifts in nucleotide substitution rates of both genes
along tetrapod evolution. When considering only the cetacean lineage,
RAG1 gene shows an accelerated rate of evolution with a relaxation of
the selective pressure, while for RAG2 this relaxation was not observed
and no specific acceleration on evolutionary rate. These results de-
monstrate differential evolution happening in the closely linked genes
RAGI1 and RAG2 in cetaceans, with RAG1 being less conserved when
compared to other mammals of the phylogeny. It is important to note
that this is only a brief part of the whole story. Since RAG genes act on
DNA substrates and on a complex panorama of recombination signals,
future work focusing on locus subject to the action of RAG genes, such
as Ig and TCR genes, will be important to further clarify how molecular
evolution acts on immunological genes during the occupation of new
environments.
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Glossary
MGK +F3 x 4+ G4 model of substitution

MGn: onsynonymous/synonymous (dn/ds) rate ratio with additional transition/trans-
version (ts/tv) rate ratio;
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+F3 x 4: unequal nucleotide frequencies and unequal nucleotide frequencies over three
codon positions;

+G4: discrete Gamma model with default 4 rate categories.

process (that is, the various states possibly reached and their probabilities of occur-
rence) depends only on the present state, not on past. Markov processes can be in
discrete time, when states are assigned to successive “steps,” or “generations,” or in
continuous time, when the time to next event is an exponential random variable.
GY +F1 x 4+ G4 model of substitution

Abbreviations

GYn: onsynonymous/synonymous and transition/transversion rate ratios;

+F1 x 4u: nequal nucleotide frequencies but equal nucleotide frequencies over three LRTs: likelihood ratio tests LRTs;
codon positions;

+ G4: discrete Gamma model with default 4 rate categories.
Markov-modulated Markov models of codon evolution: this means that the future of the

TE: transposable element;
RAG1: recombination activation gene 1;
RAG2: recombination activation gene 2;
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