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Abstract: Cryonotothenioidea is the main group of fishes that thrive in the extremely cold Antarctic
environment, thanks to the acquisition of peculiar morphological, physiological and molecular
adaptations. We have previously disclosed that IgM, the main immunoglobulin isotype in teleosts,
display typical cold-adapted features. Recently, we have analyzed the gene encoding the heavy
chain constant region (CH) of the IgT isotype from the Antarctic teleost Trematomus bernacchii (family
Nototheniidae), characterized by the near-complete deletion of the CH2 domain. Here, we aimed to
track the loss of the CH2 domain along notothenioid phylogeny and to identify its ancestral origins.
To this end, we obtained the IgT gene sequences from several species belonging to the Antarctic
families Nototheniidae, Bathydraconidae and Artedidraconidae. All species display a CH2 remnant
of variable size, encoded by a short C72 exon, which retains functional splicing sites and therefore is
included in the mature transcript. We also considered representative species from the three
non-Antarctic families: Eleginopsioidea (Eleginops maclovinus), Pseudaphritioidea (Pseudaphritis
urvillit) and Bovichtidae (Bovichtus diacanthus and Cottoperca gobio). Even though only E. maclovinus,
the sister taxa of Cryonotothenioidea, shared the partial loss of Ct2, the other non-Antarctic
notothenioid species displayed early molecular signatures of this event. These results shed light on

the evolutionary path that underlies the origins of this remarkable gene structural modification.

Keywords: teleost fish; Notothenioidei; genome modifications; IgT; exonic remnant;

immunoglobulin domain; Antarctic marine environment; molecular evolution.

1. Introduction

The peculiar architecture of the Immunoglobulin molecule (Ig) comprises two types of domains
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with similar secondary and tertiary structures, but different amino acid sequences: the variable
domains (V), which provide immunoglobulins the ability to recognize and bind foreign antigens,
and the constant domains (C), which perform effector functions. Another important difference
between C and V domains derives from their underlying genomic configuration. While C domains
are always encoded by individual exons, the V domains of both Ig heavy (VH) and light chains (VL)
are generated by a recombination activating gene -mediated rearrangement of multiple sets of
Variable (V), Diversity (D) and Joining (]) gene segments. Each Ig gene encodes both a
membrane-bound heavy chain form, which is present on the B-cell surface as B cell receptor
complex, and a secreted heavy chain, which can be mainly found in blood. Both forms are
generated by an alternative splicing process that involves the 3’ exons but does not alter the
rearrangement of VD] gene segments.

Different Ig isotypes can be distinguished based on the properties of their heavy chain constant
(CH) domains. Unlike mammals, which possess five Ig isotypes, teleosts only possess three different
Ig isotypes, i.e. IgM, IgD and IgT. IgM, mainly found in the blood but also present in mucosal
compartments, are the main players in systemic immune responses against a broad range of
pathogens [1]. Although the IgD isotype emerged early in vertebrate evolution, its functional role in
teleosts has remained unclear for long time. Previous data suggested that IgD participate in immune
tolerance and in basophil-mediated immunity [2]. Most recently, Perdiguero et al. [3] have shown
that secreted IgD interact with the gut microbiota, playing a relevant role in maintaining mucosal
homeostasis in rainbow trout. In 2005 a new Ig isotype, named "IgT" (for Teleost) or IgZ (for
Zebrafish), was discovered simultaneously in two teleost species, i.e. rainbow trout and zebrafish [4,
5]. Early studies had initially linked IgT to a specialized mucosal role in the gut [6]. However, further
evidence have expanded this function to other tissues, which include the [7], the nasopharyngeal
tract [8, 9], the gills [9] and the buccal cavity [10].

The growing body of molecular data obtained from other teleost species has progressively
revealed that IgT is a particularly heterogeneous Ig isotype. First, the number of IgT genes per
species can largely vary, from zero (e.g. channel catfish and medaka) to several paralogous copies
(e.g. rainbow trout and seabass) [11, 12].

The teleost Ig heavy chain (IgH) gene locus organization had been originally described as similar
to the mammalian “translocon” type, consisting of multiple sets of V gene segments located
upstream of multiple D and | segments, followed by Cu and Co exons, coding for the CH regions of
the IgM and IgD isotypes, respectively. Later, a comparative analysis of the IgH locus in several
teleost species overturned this concept, uncovering a novel and incredibly diversified genomic
organization [13]. In most cases, another set of D7 -Jt -Ct elements encoding the IgT heavy chain (t)
was found upstream of previously described D-J-Cu-C6 elements for IgM and IgD heavy chains. In
this configuration, upstream V segments can be rearranged either to DtJ7Ct for the IgT VH region,
or to DJCu for the same region of IgM.

The canonical structure of IgT, exemplified by zebrafish, comprises a CH region encoded by
four Ct exons, hereinafter referred to as Ct1, Ct2, Ct3 and Ct4. However, remarkable variations
have been observed in some teleosts. The pufferfish IgT heavy chain gene only comprises two Ct
exons, homologous to the zebrafish Ct1 and Ct4 exons, respectively [14]. The Nile tilapia and the
common carp also display unusual IgT domain architectures: the former only possesses the first two

CH domains [15], and the latter is characterized by the presence of at least three chimeric IgM/IgT
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molecules, encoded by different gene copies [16, 17].

The first report of an IgT CH region gene in a teleost species living under extreme conditions
dates back to 2015, when our group reported the unprecedented case of a nearly complete truncation
of the CH2 domain in the Antarctic fish Trematomus bernacchii [18]. Two out of the three variants
identified in this species, termed Long (TbeL) and Short (TbeS), respectively) were encoded by
alleles characterized by a large deletion and only displayed a short remnant of the Ct2 exon, which
was entirely skipped by alternative splicing in the third isoform, termed Shortest (TbeSts). Most
Antarctic fishes belong to the Perciform suborder Notothenioidei (Cryonotothenioidea), which
comprises five families (Nototheniidae, Harpagiferidae, Artedidraconidae, Bathydraconidae,
Channichthyidae) and about 130 species of marine fishes found in the Southern Ocean, with a
circum-Antarctic distribution, but also found in the more temperate coastal waters of the southern
hemisphere [19]. Notothenioidei are among the most intensively studied lineages of marine fishes
since they are a rare example of massive adaptive radiation driven by the same selective pressures
(e.g. isolation and cooling) that may have led to the dramatic extinction of most fish fauna in the
Southern Ocean [20-22]. The evolutionary success of Notothenioidei is marked by the acquisition of
key adaptive features that enabled cold adaptation, such as the expression of antifreeze
glycoproteins [23, 24]. At the same time, Notothenioidei lost other traits universally shared by
non-Antarctic metazoans, such as the inducible heat shock response [25] and, in the family
Channichthyidae, hemoglobin [26, 27].

Over the past 20 years, molecular and morphological studies allowed a revision of the
phylogenetic relationships among notothenioid lineages, contributing to improve our knowledge
about the adaptive radiation of these organisms [28-32]. Apart from the Antarctic Clade [33], three
non-Antarctic lineages, distributed in proximity of the Southern Ocean, i.e. the southern regions of
South America, around the Falkland Islands, Tristan da Cunha, New Zealand and south-eastern
Australia, are currently recognized [20, 34]. While the first one, Bovichtidae, includes six species, the
two other families are monotypic and therefore include a single species, i.e. Pseudaphritis urvillii
(family Pseudaphritioidae) and Eleginops maclovinus (family Eleginopsioidea). More recently, much
attention has been dedicated to these notothenioid taxa, due to their early divergence from the polar
lineage, which occurred before the climatic and geographic isolation of Antarctica, the drastic
reduction in water temperature, and prior to the morpho-physiological diversification of
cryonotothenioid species [35]. The study of the evolutionary history of Bovichtidae, based on
mitochondrial and nuclear DNA molecular phylogeny, as well as on morphological and meristic
characters, has been an essential factor for clarifying the process that drove the diversification
between Cryonotothenioidea and their non-Antarctic relatives. Indeed, the evolutionary radiation
of the genus Bovichtus and of the closely related cryonotothenioid species are characterized by a
similar timeline, and therefore the patterns of diversification and extinction observed in these two
lineages are expected to closely match each other [35]. Moreover, the revised positioning of E.
maclovinus as the sister lineage of Cryonotothenioidea (it was previously considered as closely
related to the nototheniid lineage Dissostichus) [30], provides another key information for the study
of the evolution of these fishes. Taking into account the updated information about notothenioid
phylogeny, the present work aims to extend the molecular analysis of IgT to the other notothenioid
families and to solve the key question as to whether the features of the T. bernacchii IgT are unique to

this species or shared by other Antarctic species. In order to track the evolutionary history of the Ct2
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exon and to pinpoint the timing of its partial loss, we obtained and comparatively investigated the
IgT sequences of representatives from each of the five Antarctic notothenioid families and the three
non-Antarctic lineages of Bovichtidae (Bovichtus diachantus and Cottoperca gobio), Eleginopsioidea (E.
maclovinus) and Pseudaphritioidae (P. urvillii). The findings reported here bring further insights into
the molecular evolution of the IgT gene in Antarctic fishes, marking the loss of the C72 exon before
the split between the Eleginopsioidea and Cryonotothenioidea lineages, and revealing early

signatures of this event in the other early-branching non-Antarctic Notothenioidei.

2. Results

2.1 The IgT ¢cDNA sequence of Eleginops maclovinus provides new evidence about the origin of the loss of

C12 exon in Antarctic species

Our investigations on the IgT cDNA sequences targeted several Antarctic species belonging to
the Nototheniidae, Artetidraconidae, Bathydraconidae and Channichthyidae families (see the
Materials and methods section for details), but also included the non-Antarctic species E. maclovinus
due to its phylogenetic placement as a sister lineage of Cryonotothenioidea.

We obtained partial cDNA sequences, coding for the CH region of the IgT secreted form in all
species analyzed, with the single exception of E. maclovinus, where the IgT membrane-bound form
was obtained. The multiple sequence alignment highlighted the high conservation of the Ct1 and
C74 exons in all species, as expected from previous publications (Figures 1 and S1). Mirroring the
previously reported case of T. bernacchii, all Antarctic teleosts displayed a truncated C72 exon, whose

size ranged from 24 to 51 nt (Figure 1, Table 1).

[C7l exon ]1[C72 exon
Emal GTGACTCATTCTGGAACCTCAAAAAGTGTGGAAATTAAAAA -~ ——=~ TACTCAA===TGT==== === CCAAAGATAGC 80
Ema2 GTGACTCATTCTGGAACCTCAAAAAGTGTGGAAATTAAAAAACAAGATACTCAA--~TGT==—=====~ CCAAAGATAGC
Tb30.3 GTGACTCACCCTGGAGGACAAAAAAGTTTGAGCATTAAAAAGGTTAA AGCACCTTCATGTTC
Tb30.7 GTGACTCACCCTGGAGGACAAAAAAGTTTGAGCATTAAAAAGGTTATTCAACTTTTAGGTGCTTTAGCACCTTCATGTCC
Tb30.8 GTGACTCACCCTGGAGGACAAAAAAGTTT ATTAAAA
Nco GTGGCTCACCCTGGAGGACCAAAAAGTTTGAACATTAAAAAN: CCTTCATGTCC
Ggil GTGACTCACTCTGGAGGATCAACAAGTTTGAACATTAAAAAT CTTCATGTAC
Hvel GTGACTCACCCTGGAGGACCAACAAGTTTGAGCATTAAAAAGG-—~ ~=CAATTCAACAAGCACCTTCATGTCC
Hve2 GTGACTCACCCTGGAGGACCAACAAGTTTGAGCATTAAAAAGG--~ --TAATTCAACAAGCACCTTCATGTCC
Gacl GTGACTCACCCTGGAGGACCAACAAGTTTGAACATTAAAAAGG CAATTCAACAAGCACCTTCATGTAC
Nk kkkky kkkkkpg:  kk kkkkgkk: shkRkRAK
1[C73 exon

Emal ===ATCGAAAGCTCCCAT========== === CACAATAGAACTGAAAAAATCAAGTCCCAAAGAAGTGTTCAATAACA 160
Ema2 -=--ATCGAAAGCTCCCAT- -=-CGCAATAGAACTGAAAAAATCAAGTCCCAAAGAAGTGTTCAATAACA
Tb30.3 AGAGACTAACGCTACCAT- ~-CACGATGAAACTGAACAAATCAAGTCCCAAAGAAATGTTCAACAACA
Tb30.7 AGAGACTAACGCTCCCAT-==mmmmm—m e e | CACGATGAAACTGAACAAATCAAGTCCCAAAGAAATGTTCAACAACA
Tb30.8 CTACCAT ACGATGAAACTGAACAAATCAAGTCCCAAAGAAATGTTCAACAACA
Nco AAAGACTAAAGCTCCCAT === = m e e e CACGATGAAACTGAACAAATCAAGTCCCAAAGAAATGTTCAACAACA
Ggil AGAGACTAAAGCTCCCAT-=====m === m e = CACGATGGAACTGAACAAATCAAGTCCCAAAGARATGTACACCAACA
Hvel AAAGACTAAAGCTCCCGTTTGTGTAGCTCCCGTCACGATGAAACTGATCATA-~~AGTTCCAAAGAAATGTTCAACAACA
Hve2 AAAGACTAAAGCTCCCGT=====mmm == — CACGATGAAACTGATCAAA---AGTTCCAAAGAAATGTTCAACAACA
Gacl AGAGACTAAAGCTCCCAT——===m== = m— CACGATGGAACTGATCAGA-~-~AGTCCCAAAGAAATGTTCAACAGCA

Kkg kK y K K kpkky KkkkkK 3k x Nk g kkkkkk ok g Rkk Kk sk Kk

Figure 1. Multiple alignment of partial cONA sequences spanning the 3" end of the Ct1 exon, and the 5" end of
the Ct3 exon. Nucleotide sequences are representatives of different cDNA clones coding for different variants
(wherever found), derived from the non-Antarctic species E. maclovinus (clones Emaland Ema?2), and from the
Antarctic species G. gibberifrons (clone Ggil), H. velifer (clones Hvel and Hve2, both coding for the same C72
remnant but differing in C73 length), G. acuticeps (clone Gacl). Three cDNA transcripts (Tb30.3, Tb30.7, Tb30.8)
encoding the TbeS, TbeL and TbeSts variants in T. bernacchii and one cDNA sequence from N. coriiceps (Nco),
obtained in a previous work [18], have been added for comparison. CT exon boundaries are reported above the
alignment. Gaps are indicated by dashes. Below the alignment, identical nucleotides are marked with an

asterisk, positions where only one sequence shows a different nucleotide are marked with a dot, positions
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differing in two nucleotides are marked with a colon. The duplicated 9-nt sequence at the beginning of the C73
exon of the Hve2 transcript is underlined. Since several sequences varying in length at the 5" and/or at 3’ were
obtained from each species, only the region of each representative sequence that aligned over the same length

has been shown here. Full alignments are provided in Figure S1.

The two variants cloned in E. maclovinus displayed a partially deleted C72 exon (30 or 36 nt long
in Emal and Ema2, respectively; see Table 1), revealing a C72 exon structure similar to Antarctic
Notothenioidei. On the other hand, we have previously shown that B. diacanthus, a non-Antarctic
species more distantly related with Cryonotothenioidea, retains the entire C72 exon (285 nt) [35]
(Table 1).

Table 1. Length of the IgT CH2 domain in non-Antarctic (in red) and Antarctic (in blue) notothenioid fish. The

minimum and maximum length values observed among all species are underlined.

Species Nucleotides Amino acids
B. diacanthus 285 95
C. gobio 282 94
P. urvillii 282 94
E. maclovinus Emal 30 10
E. maclovinus Ema2 36 12
T. bernacchii TbeS 33 11
T. bernacchii TbeL 51 17
G. gibberifrons Ggil 24 8
N. coriiceps Ncol 24 8
H. velifer * Hvel 39 13
G. acuticeps Gacl 39 13

* two Ct3 variants

Although Antarctic species and E. maclovinus shared the peculiar structure of Ct2, their
sequences differed due to several characteristic codon indels. In detail, the Ct3 exon of all Antarctic
species lacked one codon at positions 502, 598 and 617 (the latter was not missing in N. coriiceps), and
two consecutive codons at position 562. On the other hand, a single codon insertion was found at
position 526 in the Antarctic lineage (Figure S1). Interestingly, all Cryonotothenioidea also presented
four additional codons in the highly conserved Ct4 exon at positions 715, 718, 778 and 784 (Figure
S1).

2.2 Genomic analysis of the IgT gene in Antarctic species and Eleginops maclovinus: putting together the

first pieces of the puzzle

The next step in the exploration of the molecular mechanisms behind the partial loss of the C72
exon in Antarctic IgT gene was the extension of our analyses to the neighboring genomic regions (i.e.
the C71-C72 and the Ct2-Ct3 introns). Based on the data reported in the previous paragraph, we
used E. maclovinus as a reference for comparative analyses (Figures 2 and 52).

The two IgT genomic variants found in this sub-Antarctic species (Emal and Ema3) were
characterized by a C12 exon of variable size (30/36 nt) and matched those identified at the cDNA
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level. The Ct1-Ct2 intron of the isoform with the shortest Ct2 exon (Emal) displayed the insertion of
a CAAACA sequence immediately before the splicing acceptor site of the Ct2 exon (Figure 2). On
the other hand, the Ct2-Ct3 intron had identical length in both isoforms.

The two introns showed a significant size variation among Antarctic species. The Ct1-Ct2
intron ranged from 212 nt in N. coriiceps to 318 nt in T. bernacchii, which contained two 46-nt long
repeated regions (Table 2, Figure 2). N. coriiceps and G. gibberifrons displayed an insertion of
additional 15 nt at the 3" end of the intron, which was paired with the presence of the shortest C72
exon out of all the species analyzed (24 nt, 8 aa). The size and structure of Ct2-C73 intron was much
more conserved across Antarctic species, ranging from 115 nt in G. gibberifrons to 128 nt in H. velifer.

The short length of the G. gibberifrons intron was due to a 9-nt long deletion, which matched the

position of a 7-nt indel evidenced by the multiple sequence alignment in E. maclovinus (Figure 2).

[Cﬂ-Cﬂ intron

gEmal A TGTGATTTTAT T TACTIGCCATCATGGCTTICTITTCTCGT TGACT CCAAATGAATCACGT TCT TAATCTCAGT TTTATCCTGAARATGTTCAGTAGCACTCTTACTITCTCACGTTTATCGTICCTCCGTCATGTGICTT~

gEma3 “r" TGTGATTTTATTTACTIGCCATCATGGCTTTCTTTTCTCGT TGACTCCARATGAATCACGT TCTTAATCTCAGT TTTATCCTGAARATGT TCAGTAGCACTCTTACTTTCTCACGT TTATCGTCCTCCGTCATGTGTCTT-

g30.8 JACGTGATTTTATTTACTTGCTATCATGATCTICTTTACTCTTTGAGTCCAAATGAAGCACATT~~~~~~CTCAGT TTTATCCTGAAAATGT TCATTAACACTCTCACTIT! ALnL(vx1LAJLlHJ\LLLALLAM:M:ALAIACTTRA-—-RCAAATCT
g30.6 EACGTGATTTTATTTACTIGCTATCATGATCTICTITACTCTTTGAGTCCAAATGAAGCACATT~ ~CTCAGT TTTATCCTGAAAATGT TCATTAACACTCTCACTTCCTAATGT TTATCTCCATCCATCATGTGTCTTACTTAA-~-ACAAATCT
gNcol TATGATTTTATTTACCTTCTTGCCCGATCATCTTTACTCTTTGAGTCCAAATGCTGATCATT~ ~-CGT- CTTAAAAAT: CACTTTCTCCTGTTTATCTACGTCCATCATGTGTCTTACTTGA--~-ACAAATCT
gGgi2 RTGTGATTTTATTTACTIGCTATCATGATCTICTITACTCTTTGAGCCCAAATGAAGCACATT - ~CTCAGTTTTATCCTGAAAATGT TCATTAACACTCCCACTTTCTCATGT TTATCTICATCCATCATGTGTCTTACTTACTTTACAAATCT
gGgi3 JATGAGATTITATTTACTIGCTATCAGGATCTTICTT-ACTCTTTGAGCCCAAATGAAGCACAT -~ ~CTCAGTTT-ATCCTGAARATGTTCATTAACACTCTCACTTTCTCATGTIT-ATCTTCATCCATCATGTGTCTTACTTACTTTACAAATCT
gHve2 A CGTGATTTTATTTACTIGCTATCATGATCTICTITCCTCTTTGAGT CCAAATGAAGCACATT - ~CTCAGTTGTATCCTGAAAATGTTCATTAACAC--TCACTTTCTCATGT TTATCTICATCCATCATGTGTCTTACTTAA-~-AARAATCT
gHveS  [GACGTGATTITATTTACTIGCTATCATGATCTTICTITACTCTTTGAGTCCAAATGAAGCACATT- ~CTCAGTTGTATCCTGAARATGT TCATTAACAC--TCACTTTCTCATGT TTATCTTCATCCATCATGTGTCTTACT TAA-—-AARRAATCT
gGacl EACGTGATITTATTTACTTGCTATCATGATCTCCTTIACTCT[TG}\GTCCAAATGAAGCACATT ------ CTCAGATTCUCCI\:MAAIGTTCATTAAC:\C—-CC:\R,A TTCTCATGTTTATCTTCATCCATCATGTIGTCTTACTTAA--~AARAAATCA

L= e T R SERE R IREE RRRD K RRRIRRRRRERE R

gEmal AATATGATGCATTTCAAACTGATGTTAATH CAAATATCTAATTGIGTTCTTICTICCCC 320
gEma3 AATATGATGCATTTCAGACTGATGTTAATH CAAATATCTAATTGTGTTCTTICTTICCCC

¢30.8 AR TGATGCAT TTCAGACTGAT AT CAA T AR A A GATAT CTAT T TGTACT CTTTCTTCCCCATGCT TAGAGGCTAAAGCACCT T TCTCATGT TTATCT TCATCCATCATGTGT CTTACT TAAACAAATCTARAARATATCTATTTGTACTCTTICTTICCCC
g30.6 AAAATGATGCATTTCAGACTGATATCAAT AAAAGATAT CTAT T IGTACTCTIICTICCCCATGCT TAGAGGT TAAAGCACCTTTCTCATGT TTATCT TCATCCATCATGTGT CTTACT TAARCAAATCTAAAARATATCTATTIGTACTCTTICTICCCC

gNcol AAAATGATGAATTTCAARCTGATATCAATT- AATATCTATTTGTACTCTTICTTICCCC
gGgi2  ARARTGATGAATTTCAGACTGATATCAATT- TCTATCTGTACTCTTICTTICCC
gGgi3 ARAATGATGAATTTCAGACTGATATCAATT: A GTATCTATCTGTACTCTTICTTCCCC
gHve2 ARAATGATGCATTTCAGACGGATATCATIT- TATCTATTTGCACTCTTICTICCCC
gHveS  AAAATGATGCATTTCAGACGGATATCAITIT: AATATCTATTTGCACTCTTICTICCCC
gGacl MT?ATGCATATCAGACEGATATCATTT AATATCTATTTGCACTCTTICTTICCCC
]1[Ce2 exon ][ C2-Ct3 intron
gEmal ~~AATGTCCARAGATAGCATCGAAA \GAGGGCTAC-AC--TCATTACATAATACTGATTTACTGTAACTGATAGTATACATTATGCTCARATATAAGGGATGTACART 480

gEma3 ~-ARTGTCCAAAGATAGCATCGARA GAGGGCTAC-AC--TCATTACATAATACTGATTTACTGTAACT GATAGTATACAT TATGCTCAARTATAAGGGATGTACAAT
g30.8 GCACCTTCATGTCCAGAGACTAAC! GAGCTACTACTGTCATTACGTAATACTGI TTTACTGTAACTAATAGTATACATTATACTCAAATATAAGAGATCTACTGT
930.6 ATGCTT-------------——-] GGTTATTCAACTTTTAGGTGCTTTAGCACCTTCATGTCCAGAGACTAACK GAGCTACTACTGTCATTACATAATACTGT TTTACTGTAACTARTAGTATACATTATACTCARATATAAGAGATCTACTGT
gNcol  ATGCTTGGCCATAATTCAA TCCTTCATGTCCARAGACTAAA( GAGCTACTAATGTCATTACCTAATACTGTTITACTGTAACTARTAGTATACATTATACCCARATATTACACATCTACTGT
gGgi2 ATGCTTGGACATAATTCAA~ TCCTTCATGTATAGAGACTARA AAA GAGTTACTACTATCATTACATAATACTGTTTITACTGTAR ~TACATTATACTCAAATATAAGAGATCTACTGT
gGgi3 ATGCTTGGACATAATTCAA- \TCCTTCATGTACAGAGACTAAA GAGTTACTACTGTCATTACATAATACTGT TTTACTGTAACTAATAG--TACATTATACTCAAATATAAGAGATCTACTGT
gHve2 ~--AAGCACCTTCATGTCGAAAGACTAAN GAGCTACTACTGICATTACATAATACTGTTITACTGTAACTAATAGTATACATAATACTCARATATAAGAGATCTACTGT
gHveS ~AAGCACCTTCATGTCCAAAGACTAAA GAGCTACTACTGTCATTACATAATACTGT TTTACTGTAACT AATAGTATACATAATACTCAAATATAAGAGATCTACTGT

gGacl - —;‘mGCACCTTCATGTACAGAGACIM@AAGAACTACTACTGTCATTACATAAIACTGT TITACTGTAACTAATAGTATACATTATACTCAAATATAAGAGATCTACTGT

sikremrs: LIk IERAR ARG IARE K RRERRAR R ARRARAR I RAR R AR Ak B R

1[CT3 exon
gEmal  TTTTATTTATIG-TTTGTAT---
GEma3  TTTTATTTATIG-TITGTAT-------ICTIGITICTG
930.8  TTGTATTTATIGATTTATTICTGITGAICTIGITICIG
930.6  TTGTATTTATIGATTTATTTCTGITGATCTTGTTTCTGIRECTCTGAT-
gNcol  CTGTATGTATIGATTTTTTTCTGITGATCTIGITTCTGIRCTCCCAT-
gGgi2  TTGTATTTATIGATTTATTICTGITGATCTTGTTTCTGIRECTCCCAT-
gGgi3 TIGTATTTATIGATTTATITICIGITGAICT Ahlll'\.ﬂ:m ~CACGATGGAACTGAACA
gHve2  TTGTATTTATIGATTIGTTICTGTTGATCTIGITTCTGTEREECTCCCGT. ~CACGATGAAACTGATCA
gHveS  TTGTATTTATIGATTIGTTICTGITGATCTIGITT mgmwm TGTAGCTCCCGTCACGATGAAACTGATCA
gGacl  TTGTATTTATTGATTTATTTCTGITGATCTTGTTICTGIRWCTCCCAT-----===----== = ====--CACGATGGAACTGATCA

LRk kkkke Rk kR e JWs Wk RARRAK Tk

=-=TCTTGITICIG

~CACTATATAACTGAAAA S60

Figure 2. Multiple alignment of partial genomic sequences encoding the notothenioid IgT CH region.
Nucleotide sequences are representatives of different genomic clones coding for different variants (wherever
found) from the non-Antarctic species E. maclovinus (clones gEmal and gEma3), and from the Antarctic species
N. coriiceps (clone gNcol), G. gibberifrons (clones gGgi2 and gGgi3/pseudogene), H. velifer (clones gHve2 and
gHve5, both coding for the same Ct2 remnant but differing in C13 length), and G. acuticeps (clone gGac1). The
T. bernacchii clones g30.8 and g30.6, coding for the respective TbeS and TbeL variants, previously determined
[18], have been added for comparison. The exon-intron boundaries are reported above the alignment. Donor
and acceptor splicing sites are shaded in black. Gaps are indicated by dashes. Below the alignment, identical
nucleotides are marked with an asterisk, positions where only one sequence shows a different nucleotide are
marked with a dot, positions differing in two nucleotides are marked with a colon. The two duplicated 46-bp
long sequences in the T. bernacchii Ct1-Ct2 intron and the one duplicate 9-bp long sequence in the gHve5 Ct3

exon are underlined. Since several sequences varying in length at the 5" and/or at 3’ ends were obtained for each
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species, only the region of each sequence that aligned over the same length has been shown. Full alignments are

provided in Figure S2.

2.3 The genomic analysis of the IgT gene from non-Antarctic species sheds light on the stepwise process that led

to Ct2 exon loss

To elucidate the processes by which the C72 exon was progressively lost along the
evolution of Notothenioidei, we extended our analyses to the IgT-encoding genomic sequences of
three additional key non-Antarctic notothenioid species (i.e. B. diacanthus, P. urvillii, C. gobio, see the
Materials and Methods section).

The alignment of the partial genomic sequences (Figures 3 and S3) hinted that the evolutionary
process that led to the partial loss of the C72 exon might have already started before the split
between the Eleginopsioidea and Cryonotothenioidea lineages, as early as in the late Cretaceous.
Indeed, the gene of P. urvillii (Pseudaphritioidea) was characterized by early molecular signatures of
erosion shared with the Antarctic species or in their sister taxa E. maclovinus. In particular, a few
informative small deletions, matching the position of similar gaps in the sequence of E. maclovinus,
were found in the C71-Ct2 intron, but not in the C72-C73 intron, which only included a few indels
shared by all species, regardless of their position in the phylogeny of Notothenioidei (Figure 3).
Unlike E. maclovinus, P. urvillii retained a complete Ct2 exon, which only lacked the first three nt at
its 5" end.

The sequences of the two species belonging to Bovichtidae, the most early-branch of the
Notothenioidei lineage, also retained a complete Ct2 exon (e.g. 282 nt — 94 aa in C. gobio and 285 nt —

95 aa in B. diacanthus, see Table 1) and displayed much larger introns than E. maclovinus (Table 2).

Table 2. Length of the IgT Ct1-C72 and C72-C73 introns in non-Antarctic (in red) and in Antarctic (in blue)

notothenioid fish. The minimum and maximum length values observed across all species are underlined.

Species C71-C#2 intron (nt)  C72-C73 intron (nt)

B. diacanthus 242 144
C. gobio 224 147

P. urvillii 222 142
E. maclovinus 206 108
B. diacanthus 242 144
T. bernacchii 318 122
G. gibberifrons 237 115
N. coriiceps 212 126
H. velifer 216 128
G. acuticeps 216 126
T. bernacchii 318 122

However, the Ct1-Ct2 intron of C. gobio was also characterized by the presence of a few indels
in similar positions to those observed in P. urvillii and E. maclovinus (Figure 3).

The multiple sequence alignment of the Ct2 exon of non-Antarctic Notothenioidei interestingly
revealed that, despite the nearly complete deletion of the C72 exon, E. maclovinus retained the six

nucleotides found at the 3’end of its remnant nearly intact (with the single synonymous substitution
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TCG/TCT, see position 537 in Figure 3). This observation is in line with the high conservation of the

canonical donor and acceptor splicing sites of the remnant Ct2 exon observed in all species (Figure

3).
[Crl1-Cr2 intron
gBdi CGTGATTTT--TAACTTACTATCATGGCTCTCTTATGTCTATGAGTCCACATGCATCACCTTGTTAATCTCGTTTGG 80
gCgo CGTGATTTT--TAACTTACAATCATGGCTCTCTTATGTCTATGAGTCCACGTGCATCATGTTGTTAATCTCATTTGT
gPurl TGTGATTTTCTTTACTTACTATCATGCCC AT AT CCATCATTCCACATECTTCACCHAC T TAATCTCCGTTGA
gEmal TGTGATTTTATTTACTTGCCATCATGGCTTTCTTTTCTCGTTGACTCCAAATGAATCACGTTCTTAATCTCAGTTTT
gEma3 TGTGATTTTATTTACTTGCCATCATGGCTTTCTTTTCTCGTTGACTCCAAATGAATCACGTTCTTAATCTCAGTTTT

FRR I RAAAEEEE  RIRERR IR RRRRRERE 1 KRR RR I ARR KRR RRD KRR Ik I EEEEEEEE phA:
gBdi AATGTTAAA-TGTTCAGTACTATTTTCTGTTTCTCATGTTTATCGTCATCTCTCTGGTATTTTACAGTCAAAACTTTAAC 160
gCgo AATGTTAAAATGTTTGGTACCATTTTCTGTTTCTCATGTTTATCGTCGTCTCTCTGGAATTTTACATTCAAAATTCTAAG

gPurl ATCCTGAAAATGTTCAGTAATACT--CTGTTTCTCATGTTTATCATCATCAGTCTGGGATTTTACA-~ === ==~

gEmal ATCCTGAAAATGTTCAGTAGCACTCTTACTTTCTCACGTTTATCGTCCTCCGTCATGTGTCTTAAT -
gEma3 ATCCTGAAAATGTTCAGTAGCACTCTTACTTTCTCACGTTTATCGTCCTCCGTCATGCTGTCTTAAT ~~mmm e e e e

RipgRihAE REER L SRR iRk i RRERRERIRRRRRAR KK KR cwRiiw ckihkki:
gBdi ATTTTTAAAATAATGAATAACTACAGACTGATGTCAATTAAAAAACGGGTATCTCTTTTTCTGCTCCTTCTTCTCCACAT 240
gCgo Ammmmmm e TGAATAATTACAGACTGGT -~ ——=~~. AAAAAACGTGTATCTCTATTTCTGCTTTTTCTTCTCCACGT

-=TCTCTTTTTCTGCTCCT-CTCCTCCTCGG

gPurl A-TTCTAAA---AGGAATAATTACTGACTCATGTCTATTAAAAA-~

gEmal ~ATGATGCATTTCAAACTGATGTTAATGCAAA- ~TATCTAATTGTGTTCCT-TTCTTCCCCAT
P} T T S —" ATGATGCATTTCAGACTGATGTTAATGCAAA- ~—TATCTAATTGTGTTCCT-TTCTTCCCCAT

R P T T kR EiEwE iRk RRI Rk ceizeRs kg

] [Cr2 exon

gBdi TGTCTCATTTCCTCCAAAGCTAACTTTGGTAGCAGTGCCAGGAGAAGACGCTCAGGCCCTGGTGTGC 320
gCgo GGTCTTACTTCCTCCAAAGCTGACTTTGCTAGCAGTGCCAGGAGGAGACGCTCAGGCCCTGGTGTGT
gPukl ==TCTCTTCTCCTCCAAAGGTTACTCTGGTAGCTGTGCCAGGAGAAGACTCTCAGGTCCTGGTGTGT
gEml
gEm3 —

gBdi ACCATTGAGGATTTTCTTCCAAAAAATGTGTTGGTCAAATGGAAAAAGAATGGAAACTCTGTGACTGGCTGCATTGATTG 400

gCgo ACCATTC, TTTCTTCCAAATCAATTGTCGGTCAAATGGAAAAAGAATGCAAACTATGTGAATGGC -~ ~ATTAATTG

gPurl ACTATTGAGGATTTTCTTCCAAAATTGTTGTTCGTCAAATGGAAAAAGAATGGAAACGATGTTACTGGCTGCAATAATTG

gEmal —_——

gEma3 ——

gBdi GGCCCCCAAAATAATTGGAAACGTCTATTCAGCTGTCAGTGTCCTGAAGGTTAAGAACAACGACTGGGACAGTG-~~~~~ 480
gCgo GGCCCCCAAACTGATTGGAGACGTCTATTCAGCTGTCAGTGTGCTGAAGGTAGAGAACAAAGACTGGGACAGTGAAGCTG

gPurl GGCCCCCAAAATAATAGAAGACGTCTATTCAGCAGTCAGTATCCTGGAGGTTAAGAACAACGACTGGGACAGTG-~~~~~

gEmal -

gEma3 —-——

] [Cr2-Cr3 intron

gBdi TTTACACATGTGAGGTGGTGCACCAAGGAACATCATATACAATGAGGGCCTCTAATGCTAAA GGGCTACTACAG 560
gCgo TTTACACATGTGAGGTGCTGCACCAAGAAACATCATATACAAAGAAGGCCT -~ ===~ CTAAA GTGCTACTACAG

gPurl CTTACACATGTGAGGTGACGCACCAAGGAACATCATATACAATGACCACCTCTAATGCTAAA GGGCTACTACGA

gEmal ATACTCAATGTCCAAAGATAGCAT-———=~ CGAAA GAGGGCT---ACAC

gEmad  mmemmmmmm e AACAAGATACTCAATGTCCAAAGATAGCAT - -~~~ CGAAA GAGGGCT---ACAC

ARpieEiieRIRIARR AR ki Rk RARAR EE e e,

gBdi TCATGACATAATACTGTTGTTCTGTAACTCAGAGTAAGC T~~~ ~~~ GACATAATAGTATACAGTATGCTCAAATACAAGC 640
gCgo TCATTACATAACACTGTTGTTCTGTAACTCAGAGTAAGCTGTTACTGACATAATAGTATACAGTATGCTCAAACATAAGA

gPurl TGATTACATAATACTGTTGTGCTGTAACTCATAGTATGC T~ = ===~ GACATAATATTATACAGTATGATCAAA-ATAATA

gEmal TCATTACATAATACTGATTTACTGTAACTGATAGT! TACATTATGCTCAAATATAAGG

gEma3 TCATTACATAATACTGATTTACTGTAACTGATAGTA TACATTATGCTCAAATATAAGG

KK KRR ERE REERR IR LK KRR REE IR EERE ERRR R AAE EEEEE w kh,
]

gBdi ATTTTTACTGTTGAACTTATGTTACTTGGTTTTCTCTGTTGCCCTCGTTTATGC! 696
gCgo GTTTTTACTGTTGTACTTA TTGGTTTTCTCTGTTGCTCTCGTTTATATE

gPurl GTTGTTACTGTTGTACTGATGTTGA-~GGTTTTCTCTGTTGCCCTCGTT-ATG-1

gEmal GATGTACAATTTTTATTTA TTGTTTGT-ATTCTTGTTTCTGT

gEma3 GATGTACAATTTTTATTTA TTGTTTGT-ATTCTTGTTTCTGTY

Likikriiiiwer wie, ok EEgwIERE ik ihkEE 1w ww

Figure 3. Multiple alignment of partial genomic sequences encoding the IgT CH region from the four
non-Antarctic notothenioid species investigated. Nucleotide sequences are representatives of different genomic
clones coding for different variants (wherever found) from the species B. diacanthus (clone gBdi), obtained in a
previous work [18], C. gobio (gCgo), P. urvillii (clone gPurl) and E. maclovinus (clones gEmal and gEma3). The
exon-intron boundaries are reported above the alignment. Donor and acceptor splicing sites are shaded in
black. Gaps are indicated by dashes. Below the alignment, identical nucleotides are marked with an asterisk,
positions where only one sequence shows a different nucleotide are marked with a dot, positions differing in
two nucleotides are marked with a colon. Twenty-six nucleotides (underlined, in bold) of a 32-nt long region
(shaded in green) at the beginning of the P. urvillii CT1-CT2 intron were present within the 32-nt long
complementary reverse motif (shaded in cyan) in the respective C72 exon. Since several sequences varying in
length at the 5" and/or at 3" ends were obtained for each species, only the region of each sequence that aligned

over the same length has been shown. Full alignments are provided in Figure S3.
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2.4 The absence of repeats in the introns of the IgT gene rules out the involvement of transposable elements in

the Ct2 exon loss

As a further step in the investigation of the molecular mechanisms that might have led to the
shortening of the Ct2 exon, we investigated whether any repeated element could be identified in
the Ct1-C12 and Ct2-Ct3 introns of the IgT gene from Antarctic nototheniods and in their sister
lineage Eleginopsioidea. The activity of transposable elements (TEs) is well known to be associated
with accelerated mutation, disrupting exons [36], altering splicing patterns [37], and shuffling the
position of entire exons or of their parts by moving them to different genomic locations [38]. Hence,
the presence of repeats could be indicative of the presence of active TEs, which may have possibly
accelerated the evolution of the C72 region. Our analyses revealed that neither the Ct1-C72 nor the

Ct2-C13 introns contained traces of repeats in any of the species analyzed in this study.

2.5 The IgT gene sequence phylogeny is consistent with the phylogenetic relationships among Notothenioidei

In line with the observations provided above, we found that the molecular evolution of the
Ct1-Ct2 and Ct2-Ct3 introns closely followed the currently accepted phylogenetic relationship
among Notothenioidei. In detail, all the sequences from Cryonotothenioidea were placed in a

highly supported monophyletic clade (100% posterior probability, Figure 4).
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100
Gobionothoten gibberifrons - Gi3
a1
10
Notothenia coriiceps -Ncol

Gymnodraco acuticeps - Gacl
s
Histiodraco velifer -Hve2
L 1dioo
Histiodraco velifer - HveS.

— Trematomus bernacchii -30.8

100

e9pI0IUAYI0ION

eaploisdouisalg
eaplonuydepnasd

£3pI0IU3Y1010UOAID

L Trematomus bernacchii -30.6

Figure 4. Bayesian phylogeny of notothenioid IgTs, based on the concatenated multiple sequence alignment of
the C71-C12 and C12-Ct3 introns. Phylogeny was built with two parallel MCMC analyses, run for 1 million

generations. Nodes supported by posterior probability values lower than 50% were collapsed.

As the sequence divergence between the different Antarctic species, which have been subject to
a fast evolutionary radiation [39], was minimal, the topology of the Cryonotothenioidea subtree was
characterized by very short branches. However, the two variants found in G. gibberifrons and H.

velifer were closely related (100% posterior probability), suggesting that both have been originated


https://doi.org/10.20944/preprints202011.0685.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 November 2020 d0i:10.20944/preprints202011.0685.v1

by species-specific gene duplications (the most likely hypothesis in G. gibberifrons, since one of the
two variants is pseudogenic) or that they represent allelic variants.

As expected, the sequences from the Bovichtidae C. gobio and B. diacanthus were placed as
outgroups in a monophyletic clade at the base of the notothenioid IgT tree, whereas the sequences
from P. urvillii and E. maclovinus occupied, with high statistical support (100% posterior probability
in both cases), intermediate positions. These were well consistent with the recently proposed
position of Pseudaphritioidea and Eleginopsioidea [35]. Curiously, the two variants from E.
maclovinus shared closer homology with the Antarctic species than with P. urvillii and Bovichtidae,
confirming the high relevance of this key species for the investigation of IgT evolution in
Notothenioidei and further supporting the observation of shared indels, which may indicate a
process of progressive loss of the C71-Ct2 intron.

Overall, the structure of this intron can be summarized by the presence of 5 distinct conserved
sequence motifs (Figure 5). Starting from the 5 end, the first 15 nt-long motif (named motif 5 in
Figure 5) was most likely involved in the recognition of the Ct1 donor splicing site. This was
followed by the 42 nt-long motif 2, which was the least conserved among those identified and
ancestrally duplicated at the 3’end of the intron, where it may be involved in the Ct2 splicing
acceptor site. The subsequent 29 nt-long motif 3 was found in all species, except B. diachantus and N.
coriiceps, whereas the highly conserved motif 1 (50 nt-long) was found in all species and corresponds
to the previously mentioned duplicated region found in T. bernacchii (Figure 5). The last motif
identified was the highly conserved 29 nt-long motif 4, which preceded the second repeat of motif 2.
Curiously, the long Ct1-Ct2 intron of T. bernacchii was characterized by the presence of an

additional copy of motif 1 and motif 2 at its 3" end.
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Figure 5. Significantly enriched sequence motifs identified by MEME in the Ct1-Ct2 intron structure,

exemplified by colored boxes. The degree of nucleotide conservation of each of the five motifs identified is
reported as a sequence logo. Sequence names design different genomic clones from different species, as follows:
B. diacanthus (gBdi), C. gobio (gCgo), P. urvillii (gPurl), E. maclovinus (gEmal and gEma3), G. gibberifrons (gGgi2
and the pseudogene gGgi3), G. acuticeps (Gacl), H. velifer (gHve2 and gHve5), N. coriiceps (gNcol), and T.
bernacchii (g30.6 and g30.8), representing the previously described TbeL and TbeS variants [18].

The analysis of the nucleotide composition of the Ct1-C72 intron did not reveal any significant
bias in Antarctic species (Figures 6 and S6), but at the same time it revealed an interesting trend in

the Ct2-Ct3 intron. Indeed, in line with the placement of E. maclovinus as a sister group
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Cryonotothenioidea [30], the intron of this species had an AT content similar to the Antarctic species,
which all showed a similar AT content (>70%) regardless of their length, and significantly higher

than the other three non-Antarctic species (see Figure 6).
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gBdi  gCgo gPurl gEmal g308 gGgi2 gNeol gHvel gGacl gBdi gCgo gPurl gEmal g308 gGgi2 gNcol gHvel gGacl

Figure 6. Distribution of AT content in the Ct1-C72 and C72-C13 introns. The representative genomic clones
encoding the Ct region are from the non-Antarctic species B. diacanthus (clone gBdi), C. gobio (gCgo), P. urvillii
(clone gPurl), E. maclovinus (clone gEmal), and from the Antarctic species T. bernacchii (clone g30.8 ), G.

gibberifrons (clone gGgi2), N. coriiceps (clone gNcol), H. velifer (clone gHve2), and G. acuticeps (clone gGacl).

2.6 Amino acid multiple sequence alignment sums up the main features of the notothenioid IgT CH domains

Consistent with the previously reported analysis of the IgT cDNA and genomic sequences
(Figures 1 and 2, Table 1), the multiple sequence alignment of the deduced amino acid sequences
highlighted the high conservation of the first, third and fourth CH domains (Figure 7). On the
contrary, the size of the CH2 domain varied significantly from species to species, ranging from 8 to
95 aa, depending on its partial deletion (in all Antarctic species plus E. maclovinus) or full retention
(in the most basal notothenioid lineages) (Table 1).

All the complete constant domains were characterized by the presence of two constitutive
cysteines and one tryptophan, labeled as Cys 23, Cys 104, and Trp 41, according to the IMGT
unique numbering (http://www.imgt.org). These residues are required to allow the correct folding
of immunoglobulin domains, together with the hydrophobic residue (in this case a valine) typically
found at the conserved position 89. The remnant portion of the CH2 domain just maintained the
second of the two aforementioned canonical cysteines, whereas an additional conserved cysteine
residue, known to be involved in the formation of an interchain disulfide bridge with the IgL chain,
was found in CH1. While the presence of other cysteine residues in addition to those reported above
is quite uncommon in temperate species, we observed several such cases in both Antarctic and
non-Antarctic Notothenioidei (Figure 7). In detail, one extra cysteine was found in the N-terminal
end of the CH3 domain of one of the two isoforms of H. velifer, precisely between the two APV
repeats, and a second one was found at the C-terminal end of CH3 of G. acuticeps. The two
non-Antarctic species B. diacanthus and E. maclovinus also showed extra cysteines, in CH2 and in the

extracellular membrane proximal region, respectively.
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CH1 Domain

E. coioides IS0TTAR-PALFPLVCCKSGTAGTVIVEC IAQDFFPESLTFOWI DASGI TCT FKOY FIVMKKDNEY T GV SVLDVSKSARDSRRSESCSVIHPEGSESVILOKP——

5. aurata SGOTATR-PTLFPLVCCKPGIGDRITVECLALDFSESSLTFOWI DARGT SLN SV Y FPVEKENNEY TEVS LVELSKS DWDAMHSFTICSAGSMSLM----LOKPSS

T. orientalis SS5ETPS5-PTLYPLLOCDSDTGNKVIVECLARDEFPKSIDFOWNDARGTRVDSAQYISGO--HNKY TGV SVVOVSRSDIKS--SYNCSVDHLERTMAVIVKLE-—

G. aculeatus ----TT5-PTLFPLVHCEPD-GDEVIVECLAHHNYPKSLTFOWINACGADLTSDOYPSILNNNNKY TGV SLLEVPKSDWNNLRISFECSVIHAGGSRSVILGKE -~

5. chuatsi SSVIVAS-PTLFPLVCCNSGPRDKITVECLARDE Y PKS LT FOWINS SGTALT SENY PPAEKENNKY TGV S LV OV SKS WD SRESFHC SVHHNC S THOLOVEKEP —

5. caurinus STVNRAS-PTLFPLVOCTPGSADKVIVECLAKDYYPRSLTFOWI DGSGNTOT SVOY PAVEKENNEY TGV S LLOVOKSENDSESSECSVITHPEGOKSVILEKE——

D. labrax SETSTR--PTVFPLMOCESGSGDEVILECLATGF TIPS SLTY SWSKHGSLLT DF IQY FAVOKENNV MGV SCIRVSROINDARQPFOCVATHAAGHAQAD IVKE——

Bdi NIV--A5-PTLFFLLCCHNPVSAST--VECLANNEYPKSLTFQWI DT SGTTLS SVOYF TVEKENNNE TGV S LLOVSKSDWD SKKSFTC SVITHDESQRSVQLSK-——

Emal TIRVECLANDFTPNAVT FQWIDASGSTLIALOYFLMEKKNSKY TGV SV LEV SKSNWD SRKSFNCAVIHIGTSKSVEI-K-——

Ema2 ... FPLVQCDTDSANT IRVECLANDFTSNAVT FRWT DASGSTLSALOY PLMEKKNSKY TGV SVLEV SKSNWDSRKSFNCAVTHSGTSKSVE L -K———

TbeS SNEIDAS-PTLFPLVOCNPGSAET ITVECLANDE SENSVT FOWI DASGINLEPAVOY PPTVEENNEY TGISVVNVEPESDNDLRKSYKCEVIHPEEOKS LS I-K———

Tbel SNEIDAS-PTLFPLVCCHNPGSAET ITVECLANDESENSVT FQWI DASGTHLPAVOYFPTVKENNEY TG I SVVIVEPKS WD LRKSYKCAVTHPEEQKS LS I-K-——

ThbeSts SNEIDAS-PTLFPLVCCHNPGSAET ITVECLANDE SENSVT FQWI DASGTHLPAVOYFPTVKENNEY TG SVVINVPKS DWNDLRKSYKCAVIHPEEQKS LS I-K-——

Hce SEIVASSPPTLFPLVCCHPDSAETIAVECLANAFYPNSVT FQWI DASCT TLSAVOYF S I EKENNEY T 5V SVLNVEPK S INDSEKSFKCNVAHPEGPKSLHI-K———

Ggil 0 ...l S5-PTLFPLVQCNPGSAET ITVECLANAFYPNSVT FOWT DASGTHLIAVOY PP TVKENNKY TGV SVVEVPES DWDSRESFNCAVTHSBGESTSLNI-K-——

Hvel S-PTLFPLVQCNPGSAET ITVECLANAFYENSVTFOWI DASGT TLSAVOYPPTEEENNKY TGV SVVNVEKS DWY SRESFCTVTHPGGPTSLSI-K———

Hvel2 +5-PILFPLVCCNPGSAET ITVECLANAF Y PN SVT FOWI DAGGT T LS AVOY FPTEEENNKY TGV SVVEV I KSDNDSEKSFNCIVIHPGGPTSLSI-K-——

Gacl 3- PTZLFFLVQCNPGSAETITV‘SC,ANA_E‘YEN‘W"‘E‘QHTDASGTTI.SAVGYPPTEEEN‘NKY’IGVSWWSDWYSRKSFWVTHPGGPTSL'\TI -K-—-
LEE ® T

CH2 Domain

E. coicides —-FPPPEVILVAVPAGDTQTIVCT IEDLPSNQLS-VEWKKDDNSVT GFTDCFPQLNGGEVI TAVS I LKV THSENDSERVY TCEVINQG T TYFKEVSK

5. aurata - -PPEVILLSVPRGDTQALVCT IEDY APKE L T-VEWKKHAHDVEGSTDWKPES IGDMF SAVS I LNVENT DRDNRDVY TCEVTHAGT QY TKEASK

T. orientalis ---SPERVILLSVPNGDTQVLVCTIEEFLPETLS-VEWKKNRDYESDFTDWVPKQIGDVY SAVSVLEVENADWESKAVY TCEVTHKGKIYEKKASK

G. aculeatus

5. chuatsi ———IPPEVTLVSVPSEDSQALVCT IEDGRSGT LDSFEWHKNGRELNDY IQS PIOKT GELHSAVSVLEVENT DWDSKAVY TCEVTY SGTQYKKEASK

5. caurinus —--TPPEVILLAVPGGDDOILVCT IQDL I SNELS-VEWKKDVHDVI GSTTWAROKT GSLY SAV SV LEVRN IDWDSDAVY TCEVMEQGTKHTEKEVIK

D. labrax —-ROPPKVILVSVPRGDSQALMCTVEDF LEKDLT - INWKKNQNDVAG-THWD FVLT GDLY SAV SV LEKVENT DWHSHAVY TCVATERGKQYKKIASK

Bdi DWVSFPPELTLVAVPGEDAQATVCT IEDFLEKNVL-VEWHKNGH SVT GE I DWAPK I IGHVY SAV SV LEVENNDWD SHAVY TCEVVEQGTSYTMRASK

Emal NTQCER IASK

Ema2 -KODTQCFE

TbeS KVE BPSCEE-

Tbel KVI--QLLGALAPSCFE—

TbeSts

Yo NESCEE

Ggil NESCTE:

Hvel —APSCPK—

Hvel2

Gacl

CH3 Domain

E. coloidss -

—VPITVILIQSSPEEIFSNNQAKFECYITGTDOTGP-DFQI INQVDE0NVIDN —— IETHPGSK—— - -KISTMTRAHTDWOS INKEVRCSATRDMIFVIQELTIQKS
5. aurata = - —RPITVILNQPSPEE IFSNNOVELECVI TGODRS IVDDTKITWO IDGONVIENVIHLATGS 5560 SKT STMIRSYTEWLGVIEVRCSAEGNDMT FVVODLTVHES
T. orientalis - —~RPITVILNFESFEKF FNNNQAF LECTVEGQDNT IVSETEMTWO INGENVAGHMGLLETAGS -~ QY SKTHT LTRSLTEWLGVNTVRCSAKRKDVT -V KDLTFHKG
G. aculeatus ESCSMIRH_LIMILKPTSPKDIFINNGAKFECRINGE‘DQN”IN.}H{'E'IH'QINCADVIKHS&,E‘ITDATCS————K‘STLTRDRSENGTIDN"RCSAKG PKTHVSKDLHINKG
5. chuatsi -AFITVILHOPSFEEIFSNKQAELECIITGODET IVDEIKVIWQIDGODVS DN I NETI TKSVDG-0RIKT STMTRSRTEWQRVNEVRCSATRDDDT-LIQDLTVHKG
5. caurinus —APITMILRHSSPEOVF INNQAKLECVVTIGODIG-—-0I0ITWE IDGOHVI SHNIETTTSGS 53—~ - -KISTITRSRTDWKGVNTVRCLALRDNMI FVIQDPTFNKG
D. labrax —ATVIVILHOPSAKEIFSNNEAKLECIVIGRDKS IVNEIQITWQIDGOTVAENTESRVSSOGD-QHSKT STMS RN RIFWOGVNEVRCSAARE DMT FVWODLTVHEG

Bdi ~APITMILNQPSPXEMFNNEQAKLEC T ISGEDOATMIDI QI TWOMY SENVIHNN IET TWSGED-—~-KVSVI TLSVIZWQKVIKVRCSAMRDNMI PV I DL IVEKS
Emal ~LAPITIELEKSSPREVFNNNQITFECIISGEDEATLNAFTI SWEVNCHNHTHNTENGRSGE KSSTMKLSVDELKDATHVGCSATGRNGVEVEKELTLOTS

Emaz —APIATELKKSSPKEVFNNNQITFECIISGEDEATLNAFT I SWKVNGEHRIKNTENGRSGG- KSSTMKLSVDELKDATNVGCSATGRNGVFVEKELTLQTS

TbeS -AI I TMKTHEKS SPKEMFNNNOARFDCVISGDDETTVDOFQITWOVNGAIRTTSEQ-GRSGG- IKTSTMRLSLHESLS--NVRCSASKD-DVIVFQDLPPPKI

ToeL —APITMKLNKSS PREMFNNNOARFDCYISGDDETTVDOFQI TWOVNGAIRTTSEC-GRSGE IHTSTMALSLHESLS——NVRCSASKD-DVIVFODLPEPKI

TbeSts -TTITMKLNKS SPREMFNNNCARFICVI SGODETTVDQFQI TWOVNGAIRTT SEQ-GREGE: IXTSTMRLSLHESLS--NVRCSASKD-DVIVEQDLEFPKT

Neo ~APITMKI NKS S PKEMFNNNOTKFOCYI SGUDETTVNEFE I TWOVDGATRAT SER-TS5GG IXTSTMTLTINESLR--DVRCSASKDKVIAVSONLLTPKT

Ggil —----—-APITMELHESSPKEMYTNNQARFDCVIRGODVI TVNLFQ I TWOVNGAIRTTSEP-RS55GG: TETSTMRLSLNESLS--DVRCSASKD-NYTVVODLTFPKT

Hvel —APVEVAPVTMKLITS-SKEMFNNNQREIDCVISGODET TVNEFITWOVNEATRETSEE-TSSI IKTSTMRLSLHESLS--EVSCSASNG-DVIVFONLPPPKT

Eve2 ~ - LPVIMKLIKS-SKEMFNNNOIHIDCVISGODETTVNKENIIWOVNAAIRPTSEE-TSSGE IHTSTMALSLHESLS——EVSCSASNG—VVIVFONLPEPKT

Gacl  mme—ee APITMELIRS-FPKEMFNSNOTKIDCVISGODET TVKKEQI TWLVNGAIRET SEE - ~KNPGI -~ - IKTSTMWLSLHDSLS -~ IVSCSASKE-DVIVBQNLEFPKT

A s uow * M P

CH4 Domain

E. coioides DGESDPEV--TVHILPLEDIDKRAQGSEVTLVCLVSSRAQODY Y IAWREDTGONTGTY SDGINFPPOK--IQNRYLVT ST Y ITTKDEWN I TKF-—SCNVW- PAGGHESMKSROVSYAMSH
5. aurata DGEKPKPE-VHVLODNDLOEXDS———EI TLVCLVISRELODY Y IAWSEHTGOKNGEY TDG INFPPOK--TKIGY SV SVYTI TKEKWN— THEVGCYVW- PAGSAVKVAPKEVSKAKCH

CHGYSVISVYTINKEEWNQORSVEFNCNVIN-LVGSHESMI TREVEKATEH
TDERYSVISLYTTSLEKWN-NFVKE TCKVWS PGG——--GTQROVSKMVER

T. orientalis DRSKTTV--TVHILSEEEIRKNSD
G. aculeatus  D-NEPKV--TVHVLPEEDVEEGE-

—VILVCLVS55VQODY Y IAWSDDAGONTGNYVIGITFPECK-
EVTLLCLVSTREPQDFY IAWLEENGINVIVYNDGIDFE SMK -

8. chuatsi DEREPKV--TVHVLTEEDINKGA———EVILVCLVSSFVLODY Y IAWSED-—-ETNI Y TDGINFPPQK--TQHEY SVI SV TT TEEKWN-KFNME YCHVIW- FAGSHDSME PREVSKSHEN
§. caurinus DESEPKV--TVHVLPEEDI SSNPAK--VTLVCLVSSRLKIDY Y IAWLEA IGRDVSSYTDGIDSLEQK--NQDGY SVI ST YITTKDEW——KY TMF SCNAW-FATNINIMRSROVSKAQNN
D. labrax DVSETKV--TVHVLPEEV-NKEA—-EVTLVCLVFSEVLQDSY IAWSEN TEKSPGIYKDGINFPPQK-—-TKDGYEVT SWYTTTKAEWE T PGNVFNCHVR-VAGSHISMKSRAVEKAQGH
Bdi DOSESKPEATVHILPEEDIGKDASAD-VILVCLVSSOVOQDFY IAWTEQIRE LVSNYSNG INFPPOK——TQHGY STTSLYTTTREKWNELE-MF SCHAW - PAGNKERMVOROVSKRHSN
Emal GENVPIV-A-VHILPNNDIKEDTP——- I TLVCLVESTVQRDY Y TAWN TANKT - - INY QDG IDFPAQK--SEKEY YVI ST ¥ T THEI DHENNE--FSCIVIWY PGSKENISD---V555SMDT
Ema2 GENVPTV-A-VHILPNNDIKEDAP——-ITLVCLVESTVORDY Y [AWN TAHK] -- INYQDGIDFPACK--SEKGY YVI STY TTHEL GHENNE--FSCIVWYEGS . . ... ... oo vl
TbheS DGKEPKV--TVHIVPEEDID-ADPSDEVT LVCLVESSEK-DY Y IAWAEA IGONTPIYQDGIDLPPOK--ANNGYFAT SSY TTHETKWONHE - - MF SCNVW-PAGAKKAMAPRTVSNSMIN
TbeL DGKEPKV--TVHIVPEEDID-ADPSDEVT LVCLVESSEK-DY Y IAWAEH IGONTPI¥YQDGIDLPPOK-—ANNGYFAT SSYTTHETKWONE - -MF SCHVW-PAGAKKAMAPRTVENSMN
Tbe5ts DGREPKV--TVHIVPEEDID-2DPSDEVILVCLVESSEK-DY Y IAWAEH IGONTPI¥QDGIDLEPOK——ANNGYFAT S5 YT TET KWONE - - MF SCHVW- PAGAKKRMAPRTVSNSMHEN
Hco DEIDPKV--TVHILPEEDIN-RAEPSHEVT LVC LV SXEX -DY Y IAWI DYRGKDTPIYLDGIDFPECK—

Ggil

Hvel HPS-

Hvel2 DGTHPRV--TVHILPDEDIN-ENPS-EVTLVCLVFSSVQQDY Y IAWAEH IGONTPI¥YQDGINFFEFVNRPTDKGY SVT STYTTHETKWOSE- - SFSCNVW-FPAGVKKFMITRTVENSMIN
Gacl DEIQPKV-—-TVHILPDEDID- ANPS EVTLLCL . st vwcenns snnmnansnnnssssnsssnsssssssssssassesassssnoassssssssnsanssnsstsaasssnnsnnnnn

%

Secretory tail
E. celoides SVECKK-

5. aurata SHEC---
T. orientalis SLECDK-
G. aculeatus  STECKES Membrane-bound|
5. chuatsi SIECRK-
5. caurinus SIYCKK- Emal —--——SFEESKLEFHLSCTEGAIEE-DDYSSLWSTTLSFIFLEIFSLLY SMIFTMVEME
D. labrax SLECDH- Bdi STEYFIPESKVSFALSCTDDDIEE-DEYSSLWSTTISFIFLFISSLVYHMIFTMVEME
Bdi STECEHV The —-SIE¥LMSKLSSALSCTDEATIDEEDEYSSIWSTTLSFIFLFISSLLY SMIFTMVEME
Thes STECKK G. aculeatus STES-FKLRVAMSCTDDAIDE-DEYSSLWSTISSFIFLEISSLIYSMVE SLVEME
Tbel STECKK . LhRE |k % ok RRkhkEERE REEAARE HR % % & _hddi
TheSts SIECKK
Heo SIECKK
Ggil SIECKK
Hwvel2 SIECKK

% wx

Figure 7. Multiple alignment of deduced amino acid sequences of the IgT CH domains from temperate,
Antarctic and non-Antarctic species. Temperate Perciform species: Epinephelus coioides, orange-spotted
grouper (GU182366), Sparus aurata, seabream (KX599200), Thunnus orientalis, Pacific bluefin tuna (KF713336),
Gasterosteus aculeatus, three-spined stickleback [40], Siniperca chuatsi, mandarin fish (DQO016660), Sebastes
caurinus, copper rockfish (GE798008), Dicentrarchus labrax, European seabass (KM410929); non-Antarctic
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species: B. diacanthus (Bdi, KP876590), E. maclovinus (Emaland Ema); Antarctic species: T. bernacchii (TbeS, TbeL
and TbeSts variants), N. coriiceps (Nco, KP876589), G. gibberifrons (Ggil), H. velifer (Hvel and Hve2, both coding
for same CH2 but differing in the CH3 domain length) and G. acuticeps (Gacl). Gaps are indicated by dashes.
Identical amino acids are marked with an asterisk, conservative substitutions with colon, and semiconservative
substitutions with a dot. Canonical cysteine and tryptophan residues are marked in bold. Extra cysteines are
marked in bold and shaded in dark gray. The putative N-glycosylation sites are underlined. Asparagines
predicted to be glycosylated are shown in red. Sequons containing a proline are in bold, underlined and shaded
in gray. The duplicated 3-aa sequence APV at the beginning of the CH3 domain of the Hvel variant is
underlined. The membrane-bound form obtained only for E. maclovinus (Emal) has been aligned with that of B.
diacanthus (Bdi) and T. bernacchii (Tbe), previously obtained [18], and with that of G. aculeatus [40], the closest

temperate species to the notothenioid species.

We investigated whether the IgT sequences of Antactic species were associated with the

presence of conserved motifs that could be considered as possible “cold hallmarks”, due to their
absence in non-Antarctic Notothenioidei and temperate Perciformes, combined with signatures of
purifying selection. Although a few short motifs conserved in Antarctic species and progressively
fading out in their sister lineages were found (e.g. VV[NK]V in CH1, [IF]DCVI[SR] and TSTMXL[ST]
in CH3 ) (Figure 7), none of these contained sites subject to purifying selection (Figure 8).
We could detect, however, a few sites subject to significant purifying selection in the two exons
flanking the Ct2 exonic remnant. In detail, four and one negatively selected sites were detected in
the Ct1 and C13 exons, respectively. The former exon included codons encoding highly conserved
Leu, Asn and a Val residues (plus a Glu/Val residue found at the N-terminus of the domain, but just
observed in three sequences), whereas the latter included a single codon encoding a Phe/Ile residue
(Figure 8). Interestingly, in spite of its short length, two of the five positively selected sites detected
by our analysis were located within CH2. The first of such sites was placed in a region subject to
indel in a few species (e.g. G. gibberifons and N. coriiceps), close to the N-terminal end of the CH2
remnant. The second hypervariable site was found buried at the center of the domain remnant,
adjacent to the aforementioned conserved cysteine. The three other sites evolving under positive
selection were found at >20 residues of distance from the boundaries of the CH2 remnant. In detail,
the single positively selected codon found in CH1 (encoding either Pro, Thr or Lys) was found near
the negatively selected Val-encoding codon mentioned above (Figure 8). The two hypervariable
sites of CH3 were close to each other and located approximately at the center of the domain (Figure
8).

We evaluated the amino acid composition of the CH2 domain in both Antarctic species and
non-Antarctic species, comparing it with temperate teleosts. The most represented amino acid
residues were Ala and Lys in all species, with Val, Thr, Ser and Leu being more abundant in
temperate species and Ala and Pro being more frequently found in Antarctic species.

Since the attached glycans can influence solubility, structural stability, and biological function
of Ig molecules, we assessed whether Asn-X-Ser/Thr sequons, i.e. possible glycosylation sites, were
present in IgT sequences. Antarctic species showed a high number of sequons (Figures 7 and 54),
potentially subject to a higher degree of glycosylation (65% in all Cryonotothenioidea, 100% in the
family Nototheniidae) compared with both non-Antarctic (40%) and temperate species (47%),

suggesting a significant role of glycosylation for cold-adapted proteins.
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Figure 8. Sites predicted to evolve under purifying and diversifying selection in the regions surrounding the
remnant CH2 domain in Cryonotothenioidea. Sites with statistically significant w values are indicated by blue

(negative selection) and red (positive selection) boxes, as detected by FEL and MEME.

Unlike temperate and non-Antarctic species, where sequons are evenly distributed along CH1 and
CHS3, in Cryonotothenioidea most glycosylation sites were found in CH3 (Figure S5).

Although N. coriiceps and G. gibberifrons presented an Asn-Pro-Ser sequon in the CH2 remnant
(also found in the CH4 domain of Artedidraconidae and Bathydraconidae), this is unlikely to be a
real glycosylation site due to the proximity between a Pro and an Asn residue, which is expected to

make the Asn residue inaccessible [41].

3. Discussion

The immunoglobulins of Antarctic fishes have been fascinating us since the early discovery of
unforeseen features of IgM from Cryonotothenioidea [42-44]. For several years, our studies have
been mostly focused on IgM, an ancient Ig isotype that first appeared in jawed fish along with the
emergence of an adaptive immune system [45]. However, we recently moved our attention to the
study of the heavy chain gene of IgT, a fish-specific Ig isotype, whose discovery revealed the origins
of the most ancient Ig specialized in mucosal immune response. We disclosed that the gene of
Antarctic species T. bernacchii, unlike the early-branching non-Antarctic notothenioid species B.
diacanthus and most species living in temperate environments, displayed an unusual truncated Ct2
exon, which only encoded a short remnant of the CH2 domain [18]. This finding was the starting
point of the present work, which extends our molecular investigations to other Antarctic species and
to the early-branching non-Antartic notothenioid lineages, in the attempt to pinpoint the origins of
this partial exon loss event.

The groundwork for placing down the first piece of this evolutionary puzzle was provided by
the observation that the C72 exon was nearly completely missing also in E. maclovinus, a
non-Antarctic species which belongs to Eleginopsioidea, the sister group of Cryonotothenioidea.
This allowed us to move backwards through the phylogeny of Notothenioidei, characterizing the

IgT sequence of C. gobio, belonging to the most basal group of non-Antactic Notothenioidei, i.e.
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Bovichtidae. This species showed a nearly complete Ct2 exon, except for a small deletion located at
its 3’end of the exon, which matched a similar indel carried by E. maclovinus. Moreover, C. gobio also
displayed a shorter Ct1-Ct2 intron than its close relative B. diacanthus, with a few deletions shared
with E. maclovinus.

The cornerpiece of the puzzle was provided by the analysis of the IgT sequence of P. urvillii,
belonging to the monotypic family Pseudaphritioidea, which covers an intermediate position in
nototheniod evolution, between Bovichtidae and the Eleginopsioidea + Cryonotothenioidea lineage.
The IgT heavy chain gene of this species showed evident signatures of the evolutionary process that
led to the Ct2 exon loss in Cryonotothenioidea, which included a small deletion of three
nucleotides at the 5 end of the Ct2 exon and several short deletions within the Ct1-Ct2 intron,
shared with E. maclovinus.

Based on these observations, we propose a timeline for the loss of the Ct2 exon, which might
have occurred after the divergence of Pseudaphritioidea from the main notothenioid lineage, but
before the split between Eleginopsioidea and Cryonotothenioidea. This temporal placement would
be consistent with the recently revised phylogeny of Notothenioidei [35]. Several observations
suggest that this process may have been initiated by the modifications of the two introns flanking the
Ct2 exon. First, intron length followed a clear trend towards reduction in the Antarctic species,
consistent in particular with the progressive loss of the upstream Ct1-Ct2 intron. Second, the
phylogenetic analysis, the organization of the motifs and shared indels found in each of the two
introns neighboring Ct2 were fully consistent with notothenioid phylogeny and marked a close
similarity between the introns of E. maclovinus and those of Antarctic species, with a progressive
disappearance of the Antarctic features in the most early-branching notothenioid species. Third, a
significant bias towards a rich AT content in the Ct2-Ct3 intron was observed in Antarctic species
and their sister taxa E. maclovinus, but not in the early-branching non-Antarctic lineages. The latter
observation raises the interesting question of whether the high AT content may be interpreted as an
adaptive feature to improve replication, transcription or other molecular processes in a cooling
environment. AT-rich introns are a well-known peculiar feature of most teleost genomes, which may
be viewed as an ancestral characteristic of ectothermic vertebrates [46]. An integrated revision of the
genomes readily available at present for many notothenioid species may provide a useful
framework for assessing this issue. These observations are in line with key role that introns cover in
the dynamic process of genome evolution [47]. The role of introns in the adaptation to varying
environmental pressure may have been particularly relevant in teleosts, where these elements are
found in higher number and usually have a shorter length than other vertebrates, as a consequence
of the teleost-specific whole-genome duplication event [48, 49]. We have previously revealed, as a
key example of this potential for adaptation, the peculiar rearrangement of the exon/intron
architecture of the region encoding the C-terminal Extracellular Membrane-Proximal Domain in the
IgM heavy chain gene locus of Antarctic fish [50].

Although Transposable Elements (TEs), found in 20-60% of introns in vertebrate genomes, can
also provide a significant contribution to the modification of gene architecture [51, 52], we could not
find any active TEs in the two introns flanking the Ct2 exon, neither in Antarctic, nor in
non-Antarctic species. However, we cannot exclude the possibility that TEs that were lost along
evolution and that are not detectable anymore have played a role in the process that led to the loss

of the Ct2 exon.
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Most certainly, the reconstruction of this scenario suffers from missing data and significant
“evolutionary gaps” due to the high phylogenetic distance between the genera we took into account
[35]. In any case, the IgT sequence features outlined above for non-Antarctic species are “molecular
fossils” that can provide useful information to infer the stepwise C72 exon loss that occurred in the
Antarctic lineage.

The evolutionary dynamics of exon-intron architecture are another significant aspect of
genome adaptation [53, 54], as they accommodate a high variation of intron and exon size but
require an extreme conservation of the splicing site motifs located at their boundaries [55]. We show
that the C72 exon remnant of all Antarctic species, despite its short length, retains both functional
acceptor (5') and donor (3') splice sites. While the conservation of the donor splice site can be
explained by the preservation of the 6 nucleotides at the 3’end of this exon, the entire 5’end of Ct2
was deleted in Antarctic species, along with the acceptor splicing site. We speculate that the correct
splicing might still occur in this region thanks to the presence of an AGGCAA motif, which nearly
matches one of the five predicted splicing regulatory hexamers of mammals [54].

The recurrent reorganization of Ig gene loci during vertebrate evolution has often led to the
generation of multiple functional gene copies and pseudogenes [56]. A similar evolutionary process
might have targeted Antarctic IgT genes, thereby generating novel sequence variants that could
have granted the acquisition of new structural arrangements and functions, favorable for the
adaptation to the polar environment, as in the previously reported case of T. bernacchii.

Most of the variants reported in this work had a length similar to the variant S of T. bernacchii
(24-39 nt - 8-13 aa, vs 33 nt - 11aa). However, due to the limited number of specimens available for
each species, we cannot exclude that other Notothenioid species share a similar repertoire of
transcript variants. Interestingly, we could not identify any variant characterized, like the Sts
isoform of T. bernacchii, by the skipping of the C72 exon remnant. Therefore, Sts may be considered a
species-specific isoform, possibly linked with the significant genomic reorganization of
Trematominae [57]. Most likely, the availability of additional fully sequenced notothenioid genomes
will clarify the orthology and paralogy relationships of the different sequence variants identified in
this work.

A question that remains to be solved is why Antarctic species retained a very short remnant of
the IgT CH2 domain, instead of completely losing it. A possible explanation might reside in the
structural utility of this region as a linker, with the function to keep the first and second CH domains
apart from each other, and to provide the Ig molecule with greater flexibility of the Fab arms, as
suggested by (i) its high solvent exposure predicted by 3D molecular modeling (Figure 9); (ii) the
abundance of amino acid residues typically found in hinge regions (i.e. proline, glycine and
cysteine), recalling in particular the human IgA1 hinge region, which is also of similar length.

The finding that the Ct2 exon remnant, despite its short length, contained two sites subject to
diversifying selection was intriguing. While the first one was found in a region characterized by
indels in some species, the second one, encoding Pro/Ser/Thr, was adjacent to a highly conserved
cysteine residue. This observation will undoubtedly lead to further investigations aimed at
clarifying the functional role of these residues in the context of cold adaptation, which presently

remains unknown.
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Figure 9. Predicted 3D molecular model of the IgT CHI, remnant CH2, CH3 and CH4 domains from E.
maclovinus (sequence Ema2), obtained with Phyre 2 (http://www.sbg.bio.ic.ac.uk/phyre2).

Since the IgT heavy chain does not possess the additional cysteine residue engaged in the
formation of the covalent bond between the two heavy chains in the monomer, the presence of a
conserved cysteine residue in all Antarctic species is another peculiarity of the CH2 remnant.
Cysteine pairs involved in the formation of disulfide bonds are highly conserved relative to
unpaired cysteines and to other amino acids [58]. Consequently, whenever disulfide bonds are
permanently consolidated in proteins, the cysteine residues involved in the formation of such bonds
rarely vary. Since the remnant portion of the CH2 domain just maintained the second of the two
canonical cysteines, we speculate that the high conservation of this residue might be linked with a
function in: (i) bridging the two heavy chains in the monomer; (ii) keeping the monomer units
covalently linked in the multimeric form, creating the so-called “redox forms” observed for other Ig
isotypes.

In general, variations in disulfide connectivity allow a higher degree of polymerization,

influencing the structure, stability and effector functions of Ig molecules [59], as it typically happens
in the case of IgM [60]. In light of these observations, it is tempting to speculate that the remnant
CH2 domain may provide an advantage for the activity of this Ig isotype under the
thermodynamically unfavorable cold conditions of the Antarctica.
Although little information is available concerning the aggregation status of fish IgT, biochemical
studies carried out in the rainbow trout have revealed that they are present in the serum as a
monomer and that, unlike IgM, the multimeric complexes found in the mucus are non-covalently
linked [61]. Considering that teleosts lack the J chain, essential for the formation of Ig polymers, the
principles that drive their association in multimers are presently unknown.

Teleost mucosal Igs can associate with the polymeric Ig receptor (pIgR), which is also present in
T. bernacchii (unpublished data) and possibly in other Antarctic fish, and enables their secretion into
the gut lumen, similar to mammalian IgA and IgM [61, 62]. Antarctic IgT contain, at the carboxy
terminus of the secretory tail, a sequence motif similar to the one found in other teleosts, which may
be involved in polymerization.

A third factor that might allow IgT polymerization relies on glycosylation, even though the role
of glycan moieties in teleost mucosa-associated Igs still needs to be clarified. The IgT of Antarctic

species contain a high number of sequons consistent with glycosylation sites. In particular, the
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presence of two such sites in the C-terminal secretory tail of the Antarctic IgT may suggest a role in
the assembly of Ig complexes, as they match the position of conserved glycosylation sites found in

mammalian IgM and involved in the polymerization of this Ig isotype [63].

4. Materials and Methods

4.1 Biological samples

The biological material was collected from a set of species representing the Antarctic families
Nototheniidae (Gobionotothen gibberifrons); Artedidraconidae (Histiodraco veliver); Bathydraconidae
(Gymmnodraco acuticeps); Channichthyidae (Chionodraco hamatus, Chionodraco rastrospinosus,
Chaenocephalus aceratus, and Pageotopsis macropterus); and the three non-Antarctic lineages
Bovichtidae (Bovichtus diachantus and Cottoperca gobio), Eleginopsioidea (Eleginops maclovinus) and
Pseudaphritioidae (Pseudaphritis urvillii). H. velifer specimens, as well as the Channichthyidae C.
hamatus and P. macropterus specimens, were caught in the Ross Sea, in the proximity of the Italian
"Mario Zucchelli" Station at 74°42" S, 164°07" E, during the XXV Italian Antarctic Expedition
(2009-2010). Specimens of the other two species of the family Channichthyidae, C. rastrospinosus and
C. aceratus, were collected by bottom trawling from the research vessel L.M. Gould near Low and
Braband Islands in the Palmer Archipelago during the XIX Italian Antarctic expedition (2003-2004).
The activity permit, released by the Italian National Program for Antarctic Research (PNRA), was in
agreement with the “Protocol on environmental protection to the Antarctic Treaty” Annex V. P.
urvillii, E. maclovinus, G. acuticeps, and G. gibberifrons specimens were collected during the ICEFISH
cruise 2004 (International Collaborative Expedition to collect and study Fish Indigenous to
Sub-Antarctic Habitats). Spleen and head kidney samples were collected and immediately frozen in
liquid nitrogen. All samples, including the blood from P. urvillii and G. gibberifrons, were kept at -80
°C until use. The tissue sample of each species and classification of the non-Antarctic and Antarctic

sampled specimens are summarized in Table S1.

4.2 RNA extraction, PCR amplification, and cloning of cDNA encoding the notothenioid IgT CH region

Considering the variable number of specimens and tissues available for each species, we
selected tissue samples of two individuals per species for RNA extraction. The one exception was E.
maclovinus, as only a single specimen was available for this species. Following the instructions of the
SV Total RNA Isolation System kit (Promega), RNA extractions were carried out from 150-200 mg
tissue samples, homogenized by Potter-Elvehjem glass-Teflon in TriPure Isolation reagent (Roche).
Initial quality checks revealed the successful isolation of RNA suitable for downstream analyses in
all samples, with the only exception of P. urvillii, where heavy degradation of RNA (obtained from
blood cells), incompatible with reverse transcription and PCR applications, was observed.

RNA quality and concentration were assessed by the presence of sharp rRNA bands on 1% agarose
gel and by calculating the ratio of absorbance at 260 nm and 280 nm measured by a NanoDrop 1000
Spectrophotometer (Thermo Scientific). cDNA was obtained from 5 og of total RNA using Maxima
H Minus Reverse Transcriptase (Thermo Scientific). The target sequence was amplified in a final
volume of 25 pl using 2 ul cDNA (20 ng), 1,25 uM of specific primers (1,0uM), 0,5uL. ANTP Mix (0,2
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uM), 2,5 pl 10X DreamTaq Buffer, 0,5 pl (1 U) of DreamTaq DNA polymerase (Thermo Scientific), up
to volume with H20 as follows: 95 °C for 3 min, 35 cycles of 95 °C (30 s), 60 °C (30 s), and 72 °C (1
min) with a final extension at 72 °C for 10 min. In the case of E. maclovinus, a second amplification
was carried out following the same conditions as the first PCR in order to increase the amount of the
specific product. Primers used in all the PCR experiments are reported in Table 52, which also shows
the targeted constant domain of the IgT heavy chain for each primer. PCR products were analyzed
on 1% agarose gel, purified by NucleoSpin ® Gel and PCR Clean-up (Macherey-Nagel), and cloned
into pGEM®-T Easy Vector (Promega). Positive clones were identified by the blue/white screening
method and sequenced on both strands on an ABI PRISM 3100 automated sequencer at Eurofins
Genomics Europe Sequencing GmbH (Jakob-Stadler-Platz 7, 78467 Konstanz, Germany). The 5' end
of nucleotide sequences of the positive cDNA clones matched the forward primer except for E.
maclovinus (Figure S1). In this case, the obtained sequences were missing several nucleotides at the 5'
end due to a high background noise in the chromatogram. The number of positive cDNA clones
encoding the Ig Ct2 variants identified both in non-Antarctic and Antarctic species are shown in
Table S3.

4.3 DNA extraction, PCR amplification, and cloning of the notothenioid IgT CH region gene

DNA was isolated from 100 mg of head kidney sample of the single E. maclovinus specimen
available, using the PureLink® Genomic DNA Mini Kit (Thermo Scientific), following the
manufacturer’s instructions. The same experimental procedure was applied for G. gibberifrons, H.
velifer and G. acuticeps spleen and for N. coriiceps and P. urvillii blood. PCR amplification of genomic
DNA was performed using 150 ng of template gDNA and the same Taq polymerase described in the
previous section. Primers used are reported in supplementary table 1. PCR products were analysed
on 1% agarose gel, purified by NucleoSpin ® Gel and PCR Clean-up (Macherey-Nagel), and cloned
into pGEM®-T Easy Vector (Promega). Positive clones were identified by the blue/white screening
method and sequenced on both strands on an ABI PRISM 3100 automated sequencer Eurofins
Genomics Europe Sequencing GmbH (Jakob-Stadler-Platz 7, 78467 Konstanz, Germany). Not all 5'
ends of nucleotide sequences of the positive genomic clones matched the forward primer (Figures S2
and S3) due to the high background noise in the chromatogram. The number of positive genomic
clones and the corresponding encoded Ig C72 variants identified both in non-Antarctic and Antarctic

species are summarized in Table 54.

2.4 Additional sequences obtained from public repositories

Sequence data concerning the IgT gene and cDNA sequences from T. bernacchii (family
Nototheniidae) and from B. diacanthus (family Bovichtidae) were retrieved from a previous study
carried out by our research team [18]. The genomic DNA and predicted cDNA sequences of the IgT
genes of Notothenia coriiceps (family Nototheniidae) and C. gobio were retrieved from publicly
available annotated genome assemblies. In detail, the N. coriiceps genome refers to the study by Shin
et al. [28] whereas the genome of C. gobio (v. fCotCob3.1) has been recently released within the frame
of the Vertebrate Genome Project [64].
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2.5 Computational analysis

Sequencing chromatograms were visualized using the program FinchTV (version 1.3.0). The
nucleotide sequences obtained were verified by sequence similarity searches against the GenBank
database, using the BLAST program [65]. Amino acid sequences were deduced from nucleotide
sequences using the ExPASy Translate Tool tool. The amino acid composition was analysed using

the ExPASy ProtParam and Pep-Calc (www.pepcalc.com) tools. The GC-content of introns was

calculated with the GC Content Calculator (Biologics International Corp, Indianapolis, USA).
Multiple sequence alignments were performed with ClustalW [66]. Sequons and putative
N-Glycosylation sites were identified wusing the NetNGlyc 4.0 Server [67] (at
https://www.expasy.org/proteomics). A 3D molecular model was built for the IgT CH domains of E.
maclovinus (sequence Ema?2) using the Phyre2 tool [68] available at
http://www.sbg.bio.ic.ac.uk/phyre2. The structure of the human secretory IgAl was used as
template (PDB entry: 3CHN).

2.6 Association between IgT genes and repeated elements

The reference genomes assembly of C. gobio [64] was analyzed with RepeatScout v.1.05 [69] to
generate a species-specific repeat library. The IgT genomic DNA sequences obtained in this study, as
well as those identified in the genome of C. gobio, were analyzed with RepeatMasker v.4.09 [70], with
particular attention to the Ct1-Ct2 and Ct2-C73 intronic regions. All sequences were screened for
the presence of repeats against the Dfam v.3.1 [71] library of known repeats found in the genomes of
Actinopterygii. The IgT gene of C. gobio was subjected to an additional round of screening against the

custom species-specific repeat libraries generated as described above.

2.7 Molecular evolution of the Ct1-Ct2 and Ct2-C13 introns

We investigated the evolutionary history of the IgT genes identified in Notothenioidei, with
particular focus on the genomic region subjected to the highest molecular diversity, i.e. the region
spanning the Ct1-Ct2 and Ct2-Ct3 introns. Due to the truncation of the Ct2 exon in
Cryonotothenioidea (see the results section), this region was disregarded. The nucleotide sequences
of the two introns were separately aligned with MUSCLE v.3.8.31 [72] The multiple sequence
alignments were manually refined and processed with GBLOCKS v.0.91b [73] to remove
phylogenetically uninformative positions. The two sequence blocks were concatenated and tested
with ModelTest-NG v.0.1.3 [74] to identify the best-fitting model of molecular evolution. This was
found to be the GTR+I model (Generalized time-reversible, with a proportion of invariable sites)
[75], based on the corrected Akaike information criterion [76]. The multiple sequence alignment file
was used as an input for Bayesian phylogenetic inference, carried out with MrBayes v.3.2.7a [77],
run for one million generations and two parallel Markov Chain Monte Carlo (MCMC) analyses. The
convergence of the two independent analyses was checked with Tracer [78], by evaluating that all

the estimated parameters reached an ESS value higher than 200.

2.8 Selection analyses
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The Ig Ct cDNA sequences of the available species from Cryonotothenioidea, either determined

by cloning or inferred from genomic DNA, were aligned with a strategy aimed at preserving the
integrity of codon triplets. This was achieved by aligning the translated amino acid sequences with
MUSCLE v.3.8.31 [72] within the MEGAX environment [79] and back-translating the aligned
sequences to the original gapped coding nucleotide sequence.
The multiple sequence analysis was subjected to tests aimed at detecting signatures of selection with
the DataMonkey adaptive evolution platform [80]. Sites evolving under pervasive positive and
negative selection were detected with FEL (Fixed Effect Likelihood) [81] and those with evidence of
episodic positive selection were identified with MEME (Mixed EffectsModel of Evolution) [82] using
default p-value thresholds.

2.9 Identification of short conserved sequence motifs in Antarctic species

The unaligned IgT protein sequences of Cryonotothenioidea were analyzed to detect the
presence of short ungapped conserved amino acid motifs of 3-8 aa length with MEME (Multiple Em
for Motif Elicitation) [83] within the MEME suite v.5.0.1 environment [84]. The specific association of
the detected motifs with Cryonotothenioidea was subsequently tested by assessing their absence in
the IgT sequences of non-Antarctic Notothenioidei and temperate Perciformes. Finally, the relevance
of the identified motifs in the context of evolution in the Antarctic environment was evaluated by
inspecting their overlap with negatively selected sites, identified as explained in the previous
section.

The Ct1-C12 and C12-C73 introns of all the available Notothenioidei sequences were similarly
screened, looking for conserved nucleotide motifs with size comprised between 6 and 50 base pairs,

allowing any number of motif repeats for each sequence.

2.10 Data availability

Genomic DNA and/or cDNA sequences from P. urvillii, E. maclovinus, G. gibberifrons, N. coriiceps,
H. wvelifer, and G. acuticeps have been deposited in the GenBank database
(http://www.ncbinlm.nih.gov/genbank/) are available with the following accession numbers:
MN583561 (gDNA clone gPurl); MN583559 (gDNA clone gEmal); MN583560 (gDNA clone gEma3);
MN583563 (gDNA clone gGgi2); MN583562 (gDNA clone gNcol); MN602803 (gDNA clone gGacl);
MN602804 (clone gGgi3, pseudogene); MN602807 (gDNA clone gHve2); MN602808 (gDNA clone
gHve5); MIN583555 (cDNA clone Emal); MN583556 (cDNA clone Ema2); MN583557 (cDNA clone
Ggil); MN602805 (cDNA clone Hvel); MN602806 (cDNA clone Hve2); MN583558 (cDNA clone
Gacl).

5. Conclusions

The many challenges notothenioid fishes faced during their evolutionary history triggered a
wave of genomic changes that led to a number of peculiar features that might have been preserved
as adaptive traits. The development of an IgT molecule nearly completely devoid of a CH domain
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might be just another addition to the list of the highly successful strategies these organisms have
used to adapt to this challenging environment. The evolutionary scenario we propose involves a
gradual process, which has shaped the IgH gene locus over a long period of time, through the action
of contrasting evolutionary forces, contributing to the generation of an Ig molecule with a unique
architecture among vertebrates.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/xxx/s1.

Author Contributions: Conceptualization, A.A., M.R.C. and M.G.; Validation, A.A., S.G. and M.G.; Formal
Analysis, A.A.,, M.R.C,, S.G. and M.G,; Investigation, A.A., M.G., S.G. and M.V.; Resources, M.R.C. and M.G;
Writing - Original Draft, MR.C. and M.G.; Writing - Review & Editing, A.A.,, MR.C.,, M.G,, S.G,, U.O., and
M.V.; Visualization, A.A., U.O., M.G.; Supervision, M.R.C. and M.G.; Project Administration, M.R.C. and M.G;
Funding Acquisition, M.R.C. and M.G.

All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian National Program for Research in Antarctica (PNRA), grant
number PNRA 16_00099-A1 Project.

Acknowledgments

The authors wish to thank Dr Ennio Cocca (IBBR, CNR, Naples, Italy), for providing tissue samples of E.
maclovinus, C. rastrospinosus, and C. aceratus specimens; Drs Daniela Giordano, and Cinzia Verde (IBBR, CNR,
Naples, Italy) for providing P. urvillii and G. gibberifrons blood samples. The authors are grateful to Prof.
Alberto Pallavicini (University of Trieste, Italy) for his critical comments on the manuscript.

In memory of Guido di Prisco, for his scientific career entirely devoted to unveil the mystery of

evolutionary adaptations for life in Antarctica.

Conlflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to

publish the results.

Abbreviations

Ig Immunoglobulin

Ig VH Immunoglobulin heavy chain Variable region
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