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Abstract

In the study of immunoglobulin V genes in fish genomes, we found that the species Gouania
willdenowi does not possess any such regions, neither for the heavy chain nor for the light chains.
Also, genes that code for the immunoglobulin constant regions were also not found. A detailed
analysis of the chromosomal region of these genes revealed a deletion in the entire locus for regions
of the heavy and light chains. These studies provide evidence that this species does not possess
genes coding for immunoglobulins. Additionally, we found the genes that code for CD79a and
CD79b protein molecules have also been deleted. Regions for the Ta/8 lymphocyte receptors are
present but the T /6 receptors were not found. In transcripts of two other Gobiesocidae species,
Acystus sp. and Tomicodon sp., no antibody sequences could be detected, possibly indicating the
absence of immunoglobulins in all species of this family.
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1. Introduction

The genes that code for immunoglobulins (IG), T lymphocyte receptors (TCR), and major
histocompatibility class I and II complexes (MHC-I and MHC-II, respectively) had their origins
in jawed vertebrates. In the case of IG, a locus was generated for the immunoglobulin heavy chain
(IGH) genes and another independent locus for the light chains. Once originally constituted in
these early species, these loci have remained intact throughout the evolution of all vertebrates.

The IG loci of teleosts has an organization similar to that found in terrestrial vertebrates. The
locus for the IG constant regions (IGC) contains a wide region for the variable heavy-chain (VH)
genes, the presence of JH and DH minigenes, and genes for IgM and IgD located downstream. An
additional gene has been found in some species for the constant chain, referred to as IgT. These
genes code for antibodies that may be in soluble form or as membrane receptors for B cells.

The B-lymphocyte receptor (BCR) is necessary for the generation of antibody response. Both
in mammals and fish, it is a multimeric molecular complex formed by surface Ig and two other
non-covalently associated proteins (CD79a and CD79b), which are necessary for receptor expres-
sion and function. Both CD79a and CD79b have an extracellular immunoglobulin-like domain, a
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transmembrane domain, and a cytoplasmic stem with an ITAM motif essential for signal transduc-
tion (Michael, 1995). In mammals, the CD79a molecule is encoded by the MB-1 gene (Sakaguchi
et al., 1988), and the CD79b molecule by the B29 gene (Hermanson et al., 1988). Gene orthologs
have been described in fish (Liu et al., 2017).

The Gobiesocidae family (clingfishes) belongs to a clade of teleosts (Ovalentaria). Ovalentaria
includes 44 families with more than 5000 species. This term derives from the Latin where ‘ova’
means egg and ‘lenta’ means sticky. It is estimated from phylogeny studies that its appearance
was approximately 91 million years ago (MYA), determined by analyzing 10 nuclear genes of
579 species (Near et al., 2013). Clingfishes have a small size (<8 cm), flattened body, reduced
swim bladder, and an adhesive ventral disc that allows them to join surfaces (Briggs, 1955). They
are distributed widely across the world in more than 170 species and 50 genera (Conway et al.,
2018), having representatives both in the Pacific and Atlantic oceans, as well as in tropical and
temperate seas. Recently, Gobiesocidae has been included as one of the 17 families that are part
of the cryptobenthic reef fishes (CRF), in which at least 10 percent of the species of a family are
less than 5 cm (Brandl et al., 2018).

Gouania willdenowi (blunt-snouted clingfish), has a small size (5 cm max.) and usually in-
habits the interstices of gravel beaches. It is endemic to the Mediterranean Sea and its distribution
ranges from the Eastern to Western Mediterranean. It belongs to the order of the Gobiesociformes
(specifically, to the Gobiesocidae family), being the only representative of its genus, however re-
cently five species have been described using morphometric studies and analysis of different genes
(Wagner et al., 2019).

In this article we present surprising findings that suggest that the clingfish, Gouania willde-
nowi, lacks immunoglobulins as well as CD79a and CD79b. Therefore, this is a fish without BCRs
and without essential and central elements of the adaptive immune response, such as antibodies.

2. Methods

Genome sequences were obtained from the GeneArk database repository (https://vgp.github.i0).
These datasets constitute complete high quality assemblies without gaps. Gene transcripts of
Gouania willdenowi (RNA-seq) were obtained from the NCBI and correspond to the files ERR2639611,
ERR2639610 and ERR2639609. The gene transcripts of fish deposited in China National Genbank
were also studied from sequences reported from the Transcriptomes of 1,000 Fishes (FISHT1K)
project.

The V regions of immunoglobulins and T lymphocyte receptors were identified from the
genome datasets by the Vgeneextractor program (Olivieri et al., 2013). This program scans the
entire genome and obtains most of the V regions. When the entire genome is scanned, a large num-
ber of false positives is obtained. To eliminate them, two filtering procedures were used. First,
each sequence obtained by the Vgeneextractor was scored by predictions from a deep learning
neural network (using Tensorflow) that was trained from known sequences of the 7 loci present
in vertebrates (IGHYV, IGKYV, IGLV, TRAV, TRBYV, TRGV and TRDV). A selection threshold on
the predicted score was used to retain a sequence in the positive set. Subsequently, a second pro-
cedure was used to decide which V gene sequences that were consecutive in genomic segments
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were selected, whereas those at isolated sites in the genome were eliminated (i.e., probable false
positives).

Specific searches for genes coding for the immunoglobulin constant regions and B-cell receptor
genes (CD79) were performed with known sequences of Oreochromis niloticus (Ovalentaria, (Wu
et al., 2019)). Additionally, from the annotations of the genomes of the NCBI, genes surrounding
the target genes were studied carefully.

The divergence time of the species in this study was determined by the online evolutionary
timescale tool at http://www.timetree.org/, which we also used to construct the species tree.

For sequence alignments, the SEAVIEW (Gouy et al., 2009) and Jalview (Waterhouse et al.,
2009) programs were used together with the clustalw algorithm (Sievers & Higgins, 2014). Phylo-
genetic trees of amino acid sequences were constructed from phyML (Guindon et al., 2010) using
default parameters within SEAVIEW. Graphic representations of trees were made with Figtree
(Rambaut A , 2019).

The exon search for MHC-I and MHC-II antigens was performed with our Python-based soft-
ware MHCfinder (Olivieri & Gambon-Deza, 2018). This application uses machine learning pre-
dictions to identify sequences of the three main MHC-I exons (i.e., exon-2, 3 and 4), the two main
MHC-II alpha- chain exons (i.e., exon-2 and 3), and the MHC-II beta- chain exons (i.e., exon-
2 and 3). Graphic representations of the exon maps were constructed with the Python library,
Genomediagram (Pritchard et al., 2005).

3. Results

With Vgeneextractor, V regions were searched for fish species with completely sequenced
genomes without gaps ( from the GeneArk public repository https://vgp.github.io/, described in
Methods) (Table 1). While all teleost fishes studied have an IGHV locus and several loci similar
to the IGKV regions of terrestrial vertebrates, we did not find neither the VH nor the VK regions
in the two Gouania willdenowi genomes studied. Also, IG constant region (IGC) genes were not
found in specific searches in these genomes. However, TRAC and TRBC genes were found, while
TRGC and TRDC were not. Finally, the genes for CD79a and CD79b molecules that conform the
B cell receptor were not found.

We analyzed the microsynteny of this regions in Ovalentaria from NCBI genome datasets with
an assembly at the chromosomal level. In all the fishes studied, CD79a is flanked by the LIPE
and AERHGF]1 genes. In Gouania willdenowi, no CD79a gene is found between these two genes
(Figure S1). Similarly, CD79b is always found between SCN4A and IFNA3-like genes in other
fishes, but is absent in the case of Gouania willdenowi and there is a inversion (Figure S2). Genes
for IGH (heavy chains) and IG light chains in Gouania willdenowi are not located among those
flanked genes in other Ovalentaria species (Figures S3, S4)

To identify the moment in evolution when the loss of these genes occurred, we studied tran-
scriptome sequences from the Fish-T1k project (Sun et al., 2016). Since Gouania willdenowi is
in the genus Ovalentaria, we performed of BLAST search of IgM of all Ovalentaria transcripts.
All fishes from this genus have IgM sequences except for two species, Tomicodon sp. and Acyrtus
sp.. As Gouania willdenowi, these two species belong to the Gobiesocidae family, suggesting that
immunoglobulins are absent from species of this family. The estimated divergence time of 77
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Table 1: Number of V regions per locus

Specie ighv igkv iglv tr(a/d)v trbv trgv
A._centrarchus | 240 93 - 87 97 15
A._percula 54 13 - 24 30 4
A._testudineus | 203 29 - 84 72 22
C._gobio 36 5 - 12 40 -
D._cupleoides 87 29 - 49 26 7
E._calabaricus 76 105 - 55 41 9
E. lucius 67 80 - 54 41 11
E._naucrates 58 97 - 42 44 14
G._willdenowi - - - 77 57 -
L._chanluniae 37 1 - 107 71 13
M._armatus 145 144 - 115 41 13
P._flavescens 107 47 - 29 53 1
P._ranga 86 37 4 54 93 23
S._aurata 302 102 - 274 299 64
S._formosus 164 193 - 154 62 19
S._trutta 75 49 - 131 218 9
T. _rubripes 78 21 - 55 27 18

MYA between the Gobiesocidae family from Blenniiformes, the next closest in evolution, may be
the origin of this genetic modification. In the three Gobiesocidae species studied, the sequences
for CD79a and CD79b and for TRGC and TRDC were not found. However, the Va and Vg chains
genes (TRAV and TRBY, respectively) of TCR were found.

The sequences of the V genes for the a and 8 chains, TRAV y TRBV respectively, were studied
in detail in Gouania willdenowi . From Vgenextractor (see Methods), 77 TRAV exon sequences
were obtained from scaffold 258 and in the Super Scaffold 5; while 57 TRBV exon sequences
were found in the Super Scaffold 7. The TRBV exon sequences display similar variability to that
found in other species with 8-10 clusters from similar regions (Figure 2 and Supplementary Figure
S6). The TRAV exon sequences are quite similar to each other with particularities in the sequence
(Figure 2 and Supplementary Figure S5). In these TRAV exons, the framework regions are highly
conserved; in all the exons there is a cysteine in the L2 region at the beginning of the sequence,
and another cysteine in most of the sequences in the third framework region (in addition to the
canonical cysteine).

This study also searched for the presence of MHC-1 and MHC-II genes. These genes are
related to the adaptive immune response and the loss of MHC class II genes has been described in
cod species. With MHCfinder (see Methods section), which uses machine learning to recognize
the main MHC exons, we found 31 genes that are probably viable for MHC-I and one gene for
an MHC-II alpha chain and another for an MHC-II beta chain (Figure 3). Unlike that found in
mammals, these MHC-I genes are found on chromosomes different from those of MHC-II, which
was already described in teleost fish (Kaufman, 2018).
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Figure 1: The phylogenetic tree of the Ovalentaria families of teleost fish. The tree was constructed from evolutionary
data provided by Timetree (http://www.timetree.org/). The clade is indicated corresponding to the Blenniiformes
within which is the Gobiesocidae family, of which Gouania willdenowii, Acyrtus sp. and Tomicodon sp. belong.

4. Discussion

Due to the recent availability of complete fish genomes, we could undertake a complete study
of IG and MHC genes in these species, allowing us to discover the absence of immunoglobulin
genes in Gouania willdenowi. This is the first such case described in vertebrates.

Apart from the absence of IG genes, the CD79a and CD79b genes that make up the B lympho-
cyte receptor are also absent, suggesting they were lost first in evolution. It is difficult to imagine
that the loss of antibody genes occurred in the initial evolutionary process since several loci are
located on different chromosomes. The loss of CD79 may explain the subsequent disappearance
of the IG genes. The absence of the CD79 proteins that are necessary to form the B-lymphocyte
receptor, left the immunoglobulins without environmental selection, subsequently leading to the
deletion of these IG genes over time.

We found that the loss of these IG genes is restricted to Gobiesocidae. The three representative
fish of this family that we studied all lack these genes and neither CD79 nor the IGs are present
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Figure 2: The phylogenetic tree of the V exons amino acid sequences from Gouania willdenowi. The exon V se-

quences were aligned with the ClustalQ, tree construction with PhyML with the LG matrix. The sequences of exons
Vp are displayed in green, while those for Va are in red.

in the published transcriptomes. The loss of the T y/d receptor is more difficult to explain. This
receptor is not present in Squamata reptiles (Olivieri et al., 2014), suggesting that it is expend-
able in evolutionary lines of jawed vertebrates. Based upon the data available, we cannot discern
whether the loss of this receptor in the Gobiesocidae family is linked to the loss of IG genes, or
corresponds to another additional event.

G. morhua (Atlantic cod) has lost the genes for MHC-II, CD4, and CD74, thereby deprived
of the classical adaptive immunity pathway to respond against bacterial and parasitic infections.
Nonetheless, the Atlantic cod does not seem more vulnerable to infections. A probable explanation
for this is that the development of compensatory mechanisms arising from an expansion in the
number of genes that code for MHC-I (something that also observed in Gouania willdenowi)
and a specific repertoire of TLRs for the Atlantic cod (Star et al., 2011). Similarly, a fish that
is phylogenetically distant, such as S. typhle (pipefish), lacks MHC-II, the CD4 receptor, and
TCRGD (Haase et al., 2013). All these facts suggest deletions of basic genes for immune response
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Figure 3: Schematic representation of the MHC-I and MHC-II exons found with MHCfinder in the genome of Gouania
willdenowi. Exons that make up an MHC gene are grouped together based upon a simple heuristic rule, based upon
their distance along the genome: they are grouped if the distance between them is less than 3000 kb, otherwise they are
considered part of other genes or non-viable isolated exons. Super Scaffold 3 has most of the MHC-I genes, although
they are also found in other segments of the genome. The MHC-II genes are located in the Super Scaffold 11.

can occur in fish and these species can still be viable. We have not found alternatives to the
absence of 1G in Gouania willdenowi. The presence of at least 31 MHC-I genes is not considered
exceptional in fish. Likewise, the peculiarities of the sequences of the TRAV (V) are of uncertain
significance, and the search for Toll-like genes does not give different results from those in other
fish.

The absence of these genes at the transcriptome level were studied in Tomicodon sp. and
Acyrtus sp. and were found to have similar results with respect to these genes as that of Gouania
willdenowi. It is possible, that by extension of this evidence, that these genes are absent across the
entire Gobiesocidae family. This would be surprising and would require further studies since this
family is composed of more than 170 species worldwide with 50 genders.

Despite being unable to produce antibodies, it was demonstrated that Rag!~/~ Danio rerio (ze-
brafish) reach adulthood without obvious signs of infection under non-sterile conditions (Wien-
holds et al., 2002). Recently, it was shown that these Ragl~/~ fish show signs of early aging and
a decreased lifespan when compared to wild-type fish (Novoa et al., 2019). In humans, agamma-
globulinemia pathology is described by a mutation in the CD79 gene, which is a serious disease
that forces patients to be treated with exogenous immunoglobulins. The fact that these fish can
survive in nature suggests that the functionality of their immune system is different from that of
mammals, at least in response to infection.

The main question raised by this study concerns the viability of a vertebrate without genes
for antibodies. Antibodies were described in mammals as a defense mechanism against infection.
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Subsequently, autoimmune phenomena were discovered that indicate that their own structures can
be recognized. In recent years, multiple immune responses to cancers or senescent cells are being
described. Therefore, such studies indicate that the activities of the immune system are greater
than those that were initially deduced. However, the extrapolation of what is found in mammals
to fish does not have to be absolute. The acquired immune system was created with the first
jawed vertebrates. In general, its creation has been attributed as a defense mechanism against
infection, and therefore it can be complementary or redundant to the innate system already present
in previous evolutionary lines.

Considering the existence of fish that do not possess antibodies yet are nonetheless viable
species, suggests that the adaptive immune system may have been created primarily for functions
other than infection, perhaps as a cellular control system to prevent the development of cancers
or senescence. This immune system must have evolved in animals that moved to land as demon-
strated by the appearance of new antibody genes with more effective class switch recombination
(CSR) phenomena and affinity maturation processes. These adaptations probably extended the
functionality of the immune system towards infection, which may explain the differences in via-
bility between fish and subsequent species. This hypothesis could explain the flexibility observed,
where components of the adaptive immune system are absent in some species of fish without their
viability being compromised, while in mammals a severe immunodeficiency is generated. It is
expected that as more fish genomes are available these questions can be explored further.

5. References

References

Brandl, S. J., Goatley, C. H., Bellwood, D. R., & Tornabene, L. (2018). The hidden half: ecology and evolution of
cryptobenthic fishes on coral reefs. Biological Reviews, 93, 1846—1873.

Briggs, J. C. (1955). A monograph of the clingfishes (Order Xenopterygii). Stanford Ichthyol Bull, 6, i—iv+.

Conway, K. W., Stewart, A. L., & Summers, A. P. (2018). A new genus and species of clingfish from the Rangitahua
Kermadec Islands of New Zealand (Teleostei, Gobiesocidae). ZooKeys, (p. 75).

Gouy, M., Guindon, S., & Gascuel, O. (2009). Seaview version 4: a multiplatform graphical user interface for
sequence alignment and phylogenetic tree building. Molecular biology and evolution, 27, 221-224.

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., & Gascuel, O. (2010). New algorithms and
methods to estimate maximum-likelihood phylogenies: assessing the performance of phyml 3.0. Systematic biol-
ogy, 59, 307-321.

Haase, D., Roth, O., Kalbe, M., Schmiedeskamp, G., Scharsack, J. P., Rosenstiel, P., & Reusch, T. B. (2013). Absence
of major histocompatibility complex class II mediated immunity in pipefish, syngnathus typhle: evidence from
deep transcriptome sequencing. Biology letters, 9, 20130044.

Hermanson, G. G., Eisenberg, D., Kincade, P. W., & Wall, R. (1988). B29: a member of the immunoglobulin gene
superfamily exclusively expressed on beta-lineage cells. Proceedings of the National Academy of Sciences, 85,
6890-6894.

Kaufman, J. (2018). Unfinished business: evolution of the MHC and the adaptive immune system of jawed vertebrates.
Annual review of immunology, 36, 383-4009.

Liu, X., Li, Y.-S., Shinton, S. A., Rhodes, J., Tang, L., Feng, H., Jette, C. A., Look, A. T., Hayakawa, K., & Hardy,
R. R. (2017). Zebrafish B cell development without a pre-B cell stage, revealed by CD79 fluorescence reporter
transgenes. The Journal of Immunology, 199, 1706-1715.

Michael, R. (1995). The B-cell antigen receptor complex and co-receptors. Immunology today, 16, 310-313.


https://doi.org/10.1101/793695

bioRxiv preprint doi: https://doi.org/10.1101/793695; this version posted October 5, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Near, T. J., Dornburg, A., Eytan, R. 1., Keck, B. P,, Smith, W. L., Kuhn, K. L., Moore, J. A., Price, S. A., Burbrink,
F. T., Friedman, M. et al. (2013). Phylogeny and tempo of diversification in the superradiation of spiny-rayed
fishes. Proceedings of the National Academy of Sciences, 110, 12738—12743.

Novoa, B., Pereiro, P., Lépez-Muiioz, A., Varela, M., Forn-Cuni, G., Anchelin, M., Dios, S., Romero, A., Martinez-
Lépez, A., Medina-Gali, R. M. et al. (2019). Ragl immunodeficiency-induced early aging and senescence in
zebrafish are dependent on chronic inflammation and oxidative stress. Aging cell, (p. €13020).

Olivieri, D., Faro, J., von Haeften, B., Sdnchez-Espinel, C., & Gamboén-Deza, F. (2013). An automated algorithm for
extracting functional immunologic v-genes from genomes in jawed vertebrates. Immunogenetics, 65, 691-702.
Olivieri, D., von Haeften, B., Sanchez-Espinel, C., Faro, J., & Gambon-Deza, F. (2014). Genomic V exons from

whole genome shotgun data in reptiles. Immunogenetics, 66, 479-492.

Olivieri, D. N., & Gambon-Deza, F. (2018). Primate mhc class i from genomes. bioRxiv, (p. 266064).

Pritchard, L., White, J. A., Birch, P. R., & Toth, I. K. (2005). Genomediagram: a python package for the visualization
of large-scale genomic data. Bioinformatics, 22, 616—617.

Rambaut A (2019). https://github.com/rambaut/figtree/releases/tag/vl.4.4.

Sakaguchi, N., Kashiwamura, S., Kimoto, M., Thalmann, P., & Melchers, F. (1988). B lymphocyte lineage-restricted
expression of mb-1, a gene with CD3-like structural properties. The EMBO journal, 7, 3457-3464.

Sievers, F., & Higgins, D. G. (2014). Clustal Omega, accurate alignment of very large numbers of sequences. In
Multiple sequence alignment methods (pp. 105-116). Springer.

Star, B., Nederbragt, A. J., Jentoft, S., Grimholt, U., Malmstrgm, M., Gregers, T. F., Rounge, T. B., Paulsen, J.,
Solbakken, M. H., Sharma, A. et al. (2011). The genome sequence of atlantic cod reveals a unique immune
system. Nature, 477, 207.

Sun, Y., Huang, Y., Li, X., Baldwin, C. C., Zhou, Z., Yan, Z., Crandall, K. A, Zhang, Y., Zhao, X., Wang, M. et al.
(2016). Fish-tlk (transcriptomes of 1,000 Fishes) Project: large-scale transcriptome data for fish evolution studies.
Gigascience, 5, 18.

Wagner, M., Bracun, S., Skofitsch, G., Kovaci¢, M., Zogaris, S., Iglésias, S. P., Sefc, K. M., & Koblmiiller, S. (2019).
Diversification in gravel beaches: a radiation of interstitial clingfish (Gouania, Gobiesocidae) in the Mediterranean
Sea. Molecular phylogenetics and evolution, (p. 106525).

Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M., & Barton, G. J. (2009). Jalview version 2—a multiple
sequence alignment editor and analysis workbench. Bioinformatics, 25, 1189-1191.

Wienholds, E., Schulte-Merker, S., Walderich, B., & Plasterk, R. H. (2002). Target-selected inactivation of the
zebrafish ragl gene. Science, 297, 99-102.

Wu, L., Bian, X., Kong, L., Yin, X., Mu, L., Wu, S., Gao, A., Wei, X., Guo, Z., & Ye, J. (2019). B cell receptor
accessory molecule CD79 gets involved in response against streptococcus agalactiae infection and BCR signaling
in nile tilapia (Oreochromis niloticus). Fish & shellfish immunology, 87, 212-219.


https://doi.org/10.1101/793695

bioRxiv preprint doi: https://doi.org/10.1101/793695; this version posted October 5, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Material

25,237K 25,364K
- - - :> <:| |::> Oreochromis niloticus. Chr LG11

aerhgfl cd79%a  lipe tmem145 mrpl7 trypsin-1-like Salarias fasciatus. Chr 11

Xiphophorus maculatus. Chr3

21,651K 21,782K
- - - |:> <:| <:| Oryzias Latipes. Chr16

aerhgfl cd79a  lipe tmem145 mrpl7 trypsin2 Parambasis ranga. Chr16
0,129K 0,300K

trypsin-2-like mrpl7  tmem145 lipe cd79a aerhgf1

— 14355K
- - - :> <:, <:, Poecilia reticulata. Chr LG16 :> <:| <:| - @]_

Maylandia Zebra. Chr LG11
aerhgf1 cd79a lipe tmem145 mrpl7 trypsin-1

24,169K 24,318K
- - - |:> <:| <:] Astatotilapia calliptera. Chr 11

aerhgf1 cd79a lipe tmem145 mrpl7 PRSS42-like

63,244K 63,475K
- - - |:> <:| <:| Nothobranchius furzeri. Chr sgr05

aerhgf1 cd79a lipe tmem145 mrpl7 trypsin-2-like

11,006K
<: - ’ F Xiphophorus couchianus. Chr3
mi tmem145  lipe d79a aerhgf1

trypsin-1-like rpl

Gouania willdenowi. Chr 16

Figure S1: Gene microsynteny of CD79a identified in Ovalentaria fishes. The color coding is as follows: CD79a
(green), genes flanking CD79a (red), other genes next to flanking genes (orange), different genes in Ovalentaria fishes

(grey). In all Ovalentaria studied, CD79a is flanked by the AERHGF1 and LIPE genes except in Gouania willdenowi,
where it is absent.
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Figure S2: Gene microsynteny of CD79b identified in Ovalentaria fishes. The color coding is as follows: CD79b
(green), genes flanking CD79b (red), other genes next to flanking genes (orange), different genes in Ovalentaria
fishes (grey). In all Ovalentaria studied, CD79b is flanked by the SCN4A and IFNA3-like genes except in Gouania
willdenowi, where it is absent.
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Figure S3: Gene microsynteny of the IGH loci identified in Ovalentaria fishes. The color coding is as follows: the
IGH locus (green), genes flanking the IGH locus (red), other genes next to flanking genes (orange), different genes in
Ovalentaria fishes (grey). The IGH locus is flanked by at least one of the following genes, SPSB3, ATPV0OC, NACCl,
CRAMPI1 or CABPS genes, all of which are present in Chr 8 of Gouania willdenowi but not in the IGH locus.

12


https://doi.org/10.1101/793695

bioRxiv preprint doi: https://doi.org/10.1101/793695; this version posted October 5, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Angpti7 POMC-I
ke IGK LOCUS like like dike ke

) s - s .

arhgap1 arl6ips  slc19a2

Gnb3-ike CLECAE-l
ke

10,837K 10,860K
CLEC4E  Gnb3-
IGK LOCUS dike ) like

Xiphophorus maculatus. Chr13
Xiphophorus couchianus. Chr13
Astatotilapia calliptera. Chr22
Maylandia zebra. Chr LG22

IGK LOCUS rnmt

ncam2 IGK LOCUS
) - 4in <> @ Parambassis ranga. Chr 2
2362 33K 361K 897K
CLEC4E CLEC4E CLEC4
Hike : ike IGK Locus G.Ilke: l 6K Locus
grik54i CEACAM Sema6d-1
B777K 6.789K 6.988K ke 5-like ike
uncharacteri uncharacteri
mrps21 crabp2 IGK LOCUS zed protein  zed protein pol2rk. 3 .
O — Oryzias latipes. Chrit
‘Sema6d-li IGK LOCUS ‘CEACAMG-  grik5-li frrs1 IGK LOCUS POMC-Angpti7

Gnb3i CLECA4E IGK LOCUS
-like

- e .
GIMAP GIMAP
4-like  4-like

CEACAMG-  grik5 ZBED1-|
like ke ike

Semaéd IGK LOCUS

auhlike uncharacteri uncharacteri
zed protein  zed protein IGK Locus

CLEC4E- Gnb3

TEF  znf865-  shisa6 IGK LOCUS POMC- ndufbd
like like

&@-—-@ ............

IGK LOCUS

& — -@-—-Q ...............................................
8121K

) e—— (e - e )

Poecilia reticulata. LG11

POMC-Angpti7
like -like,

Oreochromis niloticus. Chr LG22

griks-  CEACAMS- IGK LOCUS
like like ike

) a - (-

Nothobranchius furzeri. Chr sgr19

acot8 IGK LOCUS ift52 mybI2

) esseseee— - )

grikS-like CEACAMS- Sema6d

=)

Gnb3  CLEC4E  POMC- Angpti7

1,989K

sici9a2  atg3  cars2

ddrgkt atnb233-1

arhgap1  arl6ip6
ke

DT e
30,758K

acots  ardc3: amdcd- amded-  ifts2  mybl2
I like [ like [ like [ I [
frrst  frrst

shisag  ZnfB65-  TEF

2ZBED1 GIMAP4 GIMAP4
ke dike  -like

e

Gouania

mrps21 crabp!
205K 3,020K

Gouania

Salarias fasciatus. Chr 5

NW_021144868.1

uncharacteri uncharacteri
protein  zed protein _ pol2rk

Gouania willdenowi. Chr 11

Gouania willdenowi. Chr 2

Gouania willdenowi. Chr 5

Gouania willdenowi. Chr 18

NW_021145250.1

Figure S4: Gene microsynteny of the IGK loci identified in Ovalentaria fishes. The color coding is as follows: the
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observed in any case of Gouania willdenowi.

13


https://doi.org/10.1101/793695

bioRxiv preprint doi: https://doi.org/10.1101/793695; this version posted October 5, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Super Scaffold 5-0/1-83

Super Scaffold 5-1/1-89

Super Scaffold 5-2/1-99

Super Scaffold 5-31/1-94
scaffold 258 arrow ctgl-4/1-94
scaffold 258 arrow ckgl-5/1-94
scaffold 258 arrow ctgl-6/1-53
scaffold 258 arrow ctgl-7/1-93
scaffold 258 arrow ctgl-8/1-99
scaffold 258 arrow ctgl-9/1-948
scaffold 258 arrow ctgl-10/1-949
scaffold 258 arrow ckgl-11/1-100
scaffold 258 arrow ctgl-12/1-38
scaffold 258 arrow ctgl-13/1-39
scaffold 258 arrow ctgl-14/1-99
scaffold 258 arrow ctgl-15/1-39
scaffold 258 arrow ctgl-16/1-949
scaffold 258 arrow ckgl-17/1-28
scaffold 258 arrow ctgl-18/1-38
scaffold 258 arrow ctgl-18/1-39
scaffold 258 arrow ctgl-20/1-99
scaffold 258 arrow ctgl-21/1-39
scaffold 258 arrow ctgl-22/1-949
scaffold 258 arrow ckgl-23/1-28
scaffold 258 arrow ctgl-24/1-38
Super Scaffold 5-25/1-99

Super Scaffold 5-26/1-99

Super Scaffold 5-27/1-499

Super Scaffold 5-28/1-899

Super Scaffold 5-28/1-89

Super Scaffold 5-30/1-33

Super Scaffold 5-31/1-939

Super Scaffold 5-32/1-99
scaffold 258 arrow ctgl-34/1-39
scaffold 258 arrow ctgl-35/1-4949
scaffold 258 arrow ckgl-26/1-98
scaffold 258 arrow ckgl-37/1-100
scaffold 258 arrow ctgl-38/1-39
scaffold 258 arrow ctgl-39/1-99
scaffold 258 arrow ctgl-40/1-39
scaffold 258 arrow ctgl-41/1-949
scaffold 258 arrow ckgl-42/1-98
scaffold 258 arrow ctgl-43/1-38
scaffold 258 arrow ctgl-44/1-39
scaffold 258 arrow ctgl-45/1-99
scaffold 258 arrow ctgl-4&6/1-100
scaffold 258 arrow ctgl-47/1-949
scaffold 258 arrow ckgl-48/1-100
scaffold 258 arrow ctgl-48/1-38
scaffold 258 arrow ctgl-50/1-100
scaffold 258 arrow ctgl-51/1-99
scaffold 258 arrow ctgl-52/1-39
scaffold 258 arrow ctgl-53/1-94
scaffold 258 arrow ckgl-54/1-98
scaffold 258 arrow ctgl-55/1-38
scaffold 258 arrow ctgl-56/1-39
scaffold 258 arrow ctgl-57/1-99
scaffold 258 arrow ctgl-58/1-39
scaffold 258 arrow ctgl-58/1-949
scaffold 258 arrow ckgl-60/1-28
scaffold 258 arrow ctgl-61/1-38
scaffold 258 arrow ctgl-62/1-39
scaffold 258 arrow ctgl-63/1-99
scaffold 258 arrow ctgl-64/1-39
scaffold 258 arrow ctgl-65/1-4949
scaffold 258 arrow ckgl-66/1-98
scaffold 258 arrow ctgl-67/1-38
scaffold 258 arrow ctgl-68/1-39
scaffold 258 arrow ctgl-69/1-89

= 2 R SR 2R ) B S S == R R R R

"

R OR S =R 2

= =

=

2 = R R =R R R

===

Conservation

£ 557-132543 36633265
puality | l.l.l] |

Censensus

CEGEEKVTQPPGDVI LTGRO TATLECTF+ TLTDSNPY LEWYKQEVN S Y PKFILRRSRY SADNS PEFVEDRFDAELEDS SVPLMIQDLHVCDSAVYYCALR

Figure S5: Deduced amino acid sequences of the sequences of Va exons (TRAV) obtained with Vgenextractor (see
Methods). The graph was obtained with the Jalview. Notable are the conserved Framework regions, the presence of
cysteine as the first amino acid, and the presence of an additional cysteine in the Framework 3 region.
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Figure S6: Deduced amino acid sequences of the sequences of VS exons (TRBV) obtained with Vgenextractor (see
Methods). The graph was obtained with the Jalview.
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