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Abstract

Major histocompatibility complex (MHC) class I molecules play a crucial role in the immune response by binding and presenting
pathogen-derived peptides to specific CD8" T cells. From ¢cDNA of 20 individuals of wild grass carp (Ctenopharyngodon
idellus), we could amplify one or two alleles each of classical MHC class I genes Ctid-UAA and Ctid-UBA. In total, 27 and
22 unique alleles of Ctid-UAA and Ctid-UBA were found. The leader, 1, transmembrane and cytoplasmic regions distinguish
between Ctid-UAA and Ctid-UBA, and their encoded ol domain sequences belong to the ancient lineages oc1-V and «1-I1,
respectively, which separated several hundred million years ago. However, Ctid-UAA and Ctid-UBA share allelic lineage
variation in their 2 and &3 sequences, in a pattern suggestive of past interlocus recombination events that transferred o2+03
fragments. The allelic Ctid-UAA and Ctid-UBA variation involves ancient variation between domain lineages «2-I and o2-1I,
which in the present study was dated back to before the ancestral separation of teleost fish and spotted gar (> 300 million years
ago). This is the first report with compelling evidence that recombination events combining different ancient &1 and «2 domain

lineages had a major impact on the allelic variation of two different classical MHC class I genes within the same species.
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Introduction

Major histocompatibility complex (MHC) class I molecules
play a crucial role in the immune response by binding and
presenting pathogen-derived peptides to specific CD8" T cells
(Townsend et al. 1985). The result is proliferation of cytotoxic
T lymphocytes (CTLs) and, eventually, pathogen clearance
from the host. Classical MHC class I complexes consist of
an MHC-I heavy chain molecule, (32-microglobulin (32m)
and a peptide ligand of ~9 amino acids. MHC-I heavy chain
molecules have three extracellular domains, o1, &2, and 3,
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which each are encoded by different exons. The «l and «2
domains are the functionally important parts and together con-
stitute a structure with a groove for binding a peptide ligand,
and they make important contacts with T cell receptors (TCR)
on T cells. The 3 domain, like 32m, is an Ig-like structure.
The o3 domain is connected with transmembrane (TM) and
cytoplasmic (CY) domains. Classical MHC class I genes have
a high degree of genetic polymorphism, particularly among
positions associated with peptide-binding sites (Bjorkman
et al. 1987), and their levels of sequence diversity are consid-
ered the highest among any genes in the vertebrate genome
(Vandiedonck and Knight 2009). MHC class I genes have
been well studied across species. In humans, classical MHC
class I genes are present at three loci (HLA-A, -B, and -C), and
thousands of alleles are found for each locus (Robinson et al.
2015). The alleles of each locus are found in varying combi-
nations among different haplotypes of the Mhc region on hu-
man chromosome 6. Mhc haplotype diversity is believed to be
associated with susceptibility to numerous infectious diseases
(Hill 2001).

In teleost fish, the first MHC gene was isolated from the
carp genome by Hashimoto et al. (1990), and different MHC
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genes have subsequently been found in other teleost fish (Ono
et al. 1992; Grimholt et al. 1993; Hansen et al. 1999). Our
knowledge regarding teleost MHC genes has gradually grown
based on whole-genome sequencing and bioinformatic analy-
ses (Howe et al. 2013). In contrast to other vertebrates, teleost
fish classical MHC class I and II genes are not linked in the
genome (Bingulac-Popovic et al. 1997), and only classical
MHC class T genes are found in typical Mhc regions
(Dijkstra et al. 2013; Grimholt et al. 2015). Previous reports
have shown that teleost MHC I genes can be classified into
five lineages, Z, U, L, S, and P, with classical genes only being
found in the U lineage (Stet et al. 1998; Kruiswijk et al. 2002;
Dijkstra et al. 2007; Lukacs et al. 2010; Grimholt et al. 2015).
Zebrafish (Danio rerio) represents an ideal model organism,
and its MHC genes have been well studied, with three MHC
class I lineages being described thus far: U, Z, and L. Among
U lineage genes, classical MHC class I genes are located in the
Mhc region found on chromosome 19, and nonclassical MHC
class I genes are located on chromosome 22 (Sambrook et al.
2005; Dirscherl et al. 2014). Zebrafish Mhc haplotypes can
have one, two, or three classical MHC class I genes that are
very different from each other and between haplotypes, and
which represent ancient o1 and «2 domain lineage variation
(McConnell et al. 2014; Grimholt et al. 2015). The variation
between zebrafish Mhc haplotypes is further amplified by
them harbouring highly divergent antigen-processing genes
(McConnell et al. 2016).

The grass carp Ctenopharyngodon idellus, like zebrafish a
member of the Cyprinidae family of teleost fish, has great
commercial value and a worldwide distribution as an impor-
tant aquaculture species. Global production of cultured or
farmed grass carp yields approximately 4.6 million tons per
year, accounting for 15.6% of the global freshwater aquacul-
ture production in 2011. Completion of the grass carp genome
sequence has accelerated studies on molecular immunology
and immunogenetics in teleosts (Wang et al. 2015). Our lab
previously (Yang et al. 2006; Chen et al. 2010) identified
variable classical grass carp MHC class I gene sequences of
the U linecage which we now designate together as “Ctid-
UAA” type. For one grass carp Ctid-UAA molecule, we de-
termined a pMHC-I structure (the complex of heavy chain,
[32m, and peptide) using X-ray crystallography (Chen et al.
2017), representing the first elucidation of a pMHC-I structure
in fish. These data provided the first direct evidence for a
classical manner of peptide presentation by fish MHC class I
molecules similar to mammals.

In the present study, by analysing cDNA of 20 wild grass
carp individuals, we amplified classical MHC class I se-
quences of the previously known Ctid-UAA type, but also of
anewly identified Ctid-UBA type. Based on sequence analysis
and distribution of alleles among grass carp individuals, we
concluded that Ctid-UAA and Ctid-UBA should represent two
different genes. The Ctid-UAA and Ctid-UBA molecules
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show a unique allelic variation pattern, consisting of various
combinations of sequences belonging to ancient ol and «2
domain lineages.

Materials and methods
Animals

Twenty wild grass carp individuals were captured from the
Yangtze River in China. Blood (100 pl to 1 ml) was collected
from the fishtail vein using a heparinized syringe with a 23G
needle. Blood cells were washed with PBS, resuspended in up
to 1 ml of RPMI 1640 medium with 10% DMSO and stored at
—80 °C for follow-up total RNA extraction. Grass carp indi-
viduals were named G1-G20 upon capture.

RNA isolation, cDNA synthesis, PCR, cloning,
and sequencing

According to a standard protocol, total RNA from the blood
was extracted using TRIzol reagent, and RNA concentrations
were measured via spectrophotometry. Once the integrity was
confirmed by analysis on a 1.5% (w/v) agarose gel, RNA was
reverse transcribed into cDNA using the ExScript RT Reagent
Kit. According to the two known grass carp MHC class |
genes (U-EF584535 and U-EF584535), two pairs of primers
were manually designed that could amplify full-length Ctid-
UAA and Ctid-UBA sequences (Supplementary Table S1).
Amplifications were performed in a 50 pl reaction volume,
including 100-200 ng of cDNA, 25 pmol of each primer, 4 pl
of 2.5 mM dNTP, 10 x PCR buffer with 15 mM MgCl,, and 1
unit of HiFi DNA polymerase. The thermal cycling conditions
were set for an initial denaturation at 98 °C for 5 min, followed
by 35 cycles at 98 °C for 10 s, 62 °C or 61 °C for 15 s, and
72 °C for 1 min 20 s, with a final extension at 72 °C for
10 min. PCR products were confirmed on 1.5% (w/v) agarose
gels, inserted into the pMD 18-T vector and transformed into
E. coli DH5x competent cells. Positive clones were selected
and sent to BioSune (Shanghai, China) for sequencing. Once
the same sequence was verified from two independent PCR
reactions in an individual sample or from two different grass
carp individuals, this sequence was regarded as a new allele.
Finally, all cloned alleles were submitted to GenBank
(National Center for Biotechnology Information: https://
www.ncbi.nlm.nih.gov/genbank/), and their accession
numbers are listed in Supplementary Table S2.

Phylogenetic tree analysis
The obtained sequence data were sorted using Chromas Ver.

2.0 (http://technelysium.com.au/wp/chromas/). Multiple
sequence alignments were conducted using ClustalW Ver. 1.


https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://technelysium.com.au/wp/chromas/

Immunogenetics (2019) 71:395-405

397

83 and Jalview Ver. 1.2. Signal peptide and transmembrane
helix predictions in proteins was performed using the SignalP
4.1 online tool (http://www.cbs.dtu.dk/services/SignalP/) and
the TMHMM Server Ver. 2.0 (http://www.cbs.dtu.dk/services/
TMHMMY/), respectively. The phylogenetic tree was
constructed by the MEGA-6 program using the neighbour-
joining method (Saitou and Nei 1987), and bootstrap values
were obtaining using 1000 replicates. Evolutionary genetic
distance nucleotides were estimated by the Kimura-2 param-
eter method (Kimura 1980) using MEGA-6.

Analysis of grass carp genomic sequences deposited
in databases

Whole-genome sequencing of grass carp has been accom-
plished (Wang et al. 2015), and all grass carp data have been
released on the official National Center for Gene Research
website (http://www.ncgr.ac.cn/grasscarp/). BioEdit Ver. 7.0.
5 and Notepad++ Ver. 7.5.1 were used to identify the new
grass carp MHC class I gene in the current reference
genome. Two known grass carp MHC class I genes (U-
EF584535 and U-EF584535) were identified by grass carp
DNA library (Chen et al. 2010). Intron-exon organisations
of the known grass carp MHC class I genes were predicted
by using GENSCAN (http://genes.mit.edu/GENSCAN.html)
and comparison with known genes.

Estimation of the Ctid-UAA and Ctid-UBA allele
variability index

The Wu-Kabat variability index was applied to estimate the
variance coefficients of the different lineages of the UAA/
UBA «1 and o2 domains (Wu and Kabat 1970); variability
scores > 6 were defined as highly variable sites (HVSs), as
was done previously (Fan et al. 2018; Zhang et al. 2019).
The crystal structure of a grass carp MHC class I molecule
was uploaded to the Protein Data Bank (PDB) (http:/www.
resb.org/pdb/home/home.do) under accession number 5Y91.
The model was generated with PyMOL Molecular Graphics
System Ver. 1.7.4.2 distributed by Schrodinger. These sites
were then analysed statistically and located on the crystal
structure model and labelled.

Results

Grass carp express two classical MHC class | genes,
Ctid-UAA and newly identified Ctid-UBA

In our previous studies (Yang et al. 2006; Chen et al. 2010), a
number of classical MHC class I sequences were found for
grass carp. Because we hypothesised that the previously re-
ported fosmid sequences EF584535 and EF584536 (Chen

et al. 2010) might represent different MHC class I genes
(and not alleles), we derived primers from each of them for
amplification of full-length ORF from cDNA. The new primer
sets were used to amplify cDNA of 20 wild grass carp indi-
viduals, and between two and four different sequences were
found per individual. Based on sharing similar leader, &1 and
TM/CY coding regions, they were distinguished into two
types of sequences, Ctid-UAA and Ctid-UBA, for which 27
and 22 different sequences were found, respectively. The de-
tection of one or two Ctid-UAA and Ctid-UBA sequences each
in all individuals is in agreement with them representing dif-
ferent genes (Table 1). Based on overall similarity levels, al-
leles were numbered in *01, *02 and *03 (for Ctid-UAA) and
*01 and *02 (for Ctid-UBA) categories, with the two numbers
following those indications (e.g. *0101) used for specifying
the individual allele. Representative deduced amino acid se-
quences are shown in Fig. 1, and all deduced amino acids are
shown per domain in Figs. Sla (xl domain), S1b (x2 do-
main), Slc (a3 domain), and S1d (leader and TM/CY re-
gions). Phylogenetic trees for the «l, &2, and «3 domains
are shown in Fig. 2, and highlight that the x1 sequences are
specific for either Ctid-UAA or Ctid-UBA, whereas the line-
age variation found among the «2 and «3 sequences is shared
between Ctid-UAA and Ctid-UBA. Figures 1 and 2 show that
the a2 and 3 sequences are found in consistent lineage pairs,
whereas Fig. 1 and Fig. S1d show that this is also true for the
leader, &1 and TM/CY regions. For the ol and o2 domain
lineages we use a nomenclature first introduced by Aoyagi
etal. (2002), with Ctid-UAA-«1 belonging to domain lincage
«1-V (see also Yang et al. 2006), Ctid-UBA-x1 belonging to
«1-I1, and the «2 domain sequences belonging to either line-
age «2-I or &x2-11. Sequences belonging to lineages oc1-1I, 1-
V, «2-1, and «2-II were also found in salmonid fishes like
rainbow trout and Atlantic salmon (Fig. 2; Aoyagi et al.
2002; Kiryu et al. 2005) with which grass carp shared the last
common ancestor > 200 million years ago.

Comparison with reported genomic sequences
of grass carp MHC class |

Contrary to our original hypothesis, based on sequence com-
parisons and phylogenetic tree analysis (Figs. 2 and S1), we
now believe that the MHC genes situated in the fosmid se-
quences EF584535 and EF584536 (Chen et al. 2010; U-
EF584535 and U-EF584536 in the figures) may represent
Ctid-UAA alleles. Their intron-exon organisation is shown in
Fig. 3. We also screened the grass carp reference genome
sequence for genes most similar to Ctid-UAA and Ctid-UBA.
In an apparent Mhc region with also tapasin, TAP2 and PSMB
genes (not shown), we found an intact Ctid-UAA gene, a Ctid-
UAA-like gene which may be a pseudogene because it lacks
the expected leader and TM/CY regions, and a Ctid-UCA
gene which does not show close similarities with either Ctid-

@ Springer


http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/TMHMM/),%20respectively
http://www.cbs.dtu.dk/services/TMHMM/),%20respectively
http://www.ncgr.ac.cn/grasscarp/
http://genes.mit.edu/GENSCAN.html
http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do

398

Immunogenetics (2019) 71:395-405

Table 1 Alleles expressed in

UBA alleles

cDNA in each grass carp Grass carp UAA alleles
Gl UAA*0101 (10)
G2 UAA*0102 (7)
G3 UAA*0103 (10)
G4 UAA*0104 (4)
G5 UAA*0105 (19)
G6 UAA*0102 (5)
G7 UAA*0107 (3)
G8 UAA*0103 (22)
G9 UAA*0105 (16)
G10 UAA*0105 (15)
Gll1 UAA*0205 (6)
GI2 UAA*0106 (12)
G13 UAA*0202(10)
Gl4 UAA*0109 (9)
Gl15 UAA*0208 (10)
Gl16 UAA*0209 (22)
G17 UAA*0110 (19)
GI18 UAA*0304(13)
G19 UAA*0111 (13)
G20 UAA*0210 (13)

UAA*0201 (13)

UBA*0101 (13)

UBA*0201 (10)

UAA*0202 (11) UBA*0102 (14) UBA*0103 (4)

UAA*0301 (6) UBA*0103 (6) UBA*0202 (10)
UBA*0202 (11) UBA*0203 (10)

UAA*0203 (8) UBA*0204 (10)

UAA*0106 (6) UBA*0104 (15) UBA*0204 (17)
UBA*0203 (9)

UAA*0204(10) UBA*0205 (3)

UAA*0108 (10) UBA*0105 (6) UBA*0205 (9)

UAA*0206 (10) UBA*0101 (8) UBA*0106 (11)

UAA*0303(5) UBA*0105(10) UBA*0206 (13)
UBA*0107 (21) UBA*0206 (10)

UAA*0207 (11) UBA*0207 (7)

UAA*0303 (11) UBA*0108(9) UBA*0208 (4)
UBA*0208 (3) UBA*0209 (5)

UAA*0304(13) UBA*0109 (10)

UAA*0305 (4) UBA*0110 (4) UBA*0209 (8)

UAA*0306 (4)

UAA*0302(10)

UBA*0205 (6)
UBA*0102 (8)
UBA*0212 (10)

UBA*0210 (11)
UBA*0211 (15)

The number of matching clones is indicated in parentheses. Shared alleles are indicated in bold

UAA or Ctid-UBA. The intron-exon organisation of these
genes is shown in Fig. 3, and their encoded sequences are
compared in Figs. 2 and S1. Fig. Sla (and Fig. 2) and Fig.
S1d show that the predicted U-EF584535 molecule has a
UAA-type leader plus o1 domain region, but a UBA-type
TM/CY region, which complicates the gene assignment in
the present study. Immediately, apparent from the intron-
exon organisation is the large intron in all the depicted intact
genes between the &1 and &2 domain exons, which is much
larger than found in human, as was first reported for a classical
MHC class I gene in common carp (van Erp et al. 1996). We
were not able to find Ctid-UBA sequences in the available
genomic sequence information. We refrain from showing a
more detailed analysis of the reference genome Mhc region,
because the observed high frequency of apparent pseudogenes
(for genes other than MHC) may represent the biological sit-
uation but might also derive from sequencing errors. In the
future, we hope to address this by sequencing several Mhc
haplotype regions by ourselves.

Residues typical for classical MHC class |

Amino acids Y7, Y59, Y84, T142, K145, W146, Y155, and
Y167 are conserved among mammalian classical MHC class I
molecules and are involved in binding the termini of MHC
class I-bound peptides in the peptide-binding groove
(Hashimoto et al. 1990). Previous studies have found almost
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complete conservation of these amino acids in classical U
lineage sequences in teleosts, except for R instead of Y at
position 84. The Ctid-UAA and Ctid-UBA sequences possess
these conserved amino acids (Fig. 1). In addition, we found an
N-linked glycosylation (NQS) motif at N83 (numbering based
on the Fig. 1 alignment; Figs. 1 and Sla; also see Text S3a in
Grimholt et al. 2015), and four conserved cysteine residues
(C98, C160, C196, and C254) (Fig. 1). Significantly, 9 amino
acids, D17, Q31, Q93, D119, K191, T199, E229, Q237, and
N278, which participate in interacting with 32m, are highly
conserved among Ctid-UAA and Ctid-UBA (Figs. 1 and S1).
In addition to interacting with 32m, the «3 domain is indis-
pensable for binding CDS8 on cytotoxic T cells during cell-
mediated immunity. In mammals, six residues in the o2
(Q114, D121, and E127) and «3 (T225, Q226, and L230)
domains have been shown to be key residues involved in
interacting with CD8 molecules. Residues D119 and L1227
are completely conserved among Ctid-UAA and Ctid-UBA
sequences (Figs. 1 and S1), and they can be viewed as posi-
tions potentially interacting with CD8 molecules. D119 also
participates in MHC class I molecule binding to 32m.

Sequence motifs characteristic for the ancient a1
and a2 domain lineages

The «1-1I, «l-V, «2-I, and «2-II lineages are hundreds of
millions of years old, and we tried to understand their
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Leader region
Ctid-UAA*0101 MRSVVLLLLG AQLAYA
Ctid-URAR*0201 vuveuunnn. . H....
CEid=URAR*0301  tevvrrnnn wunnnn
Ctid-UBA*0101 CA....... .N.VS
Ctid-UBA*0201 .A....... .N.VS

b c a cc
al aab b ab aaab bbc cc f ff f
1 [ ] | ] [ ] [] [ 87

Ctid-UAA*0101 GTHSLKYVYT GVSREIDFPE FTAVGMVDDG QFMYFDSNSM KAVPKTEWIR QNEGADYWDR QTQVLIGAHQ VFKDSIQIVM ERK al-Vv
Ctid-UAA*0201 ....... ﬂ A..S!.N ........ Lover cevennnn T ettt e e GL..E. DL.N..I.AK ....... al-v
Ctid-UAA*0301 «...M..E.. A..GD..... .. V.o.Looo.o o Veo.o.. T eeeieennne o DK..... T SH. .S. <..NN.L.LK ...... T al-Vv
Ctid-UBA*0101 A..T.Q.F.. ATTGITN..R .VD...LNGE .ISMY..T.p RKI..QK.MA E.LDQQ...S GﬂER K.TE. ..LL.V.... S..... A al-ll
Ctid-UBA*0201 SL.TVQ.F.. ATTGIEN..R .VD...LNGK .ISMY..I.K RKI..QK.ME E.LDQQ...S S.EI.R..E. H.LHN..VA. S..... A al-ll

a2 c ec ef ee d

8 f.cd a de .ff f :g e dd E: aA a g 180

Ctid-UAA*0101 GVHTWQNMYG CELN=DDGT] GFYQYAYDG EDFVSLDKNT LTWTAANPQA WITKHKWE. —A] AEQNKGY LENTCIEWLK KYVAYGKDTL ERK o2-lI
Ctid-UAA*0201 .VF.Q. . SWDEET . DHF .DEFG... ... IT..BKN .RYITTKQE. QT Qv. NNg K’ K.Q. RAQT...... .. 1LQ..EK.. K.E 02-
Ctid-UAA*0301 ...... K... ..[. e=.. A0 ... Geve Buvei e ont Loveuus Movoaiin, F.ATE.V. .i.. Veee e a2-ll
Ctid-UBA*0101 ...... B... .05l .. D (TR c T A N B R ¢ JA e v ||
Ctid-UBA*0201 ....F.R... IDIET A. N..DE.G. V.MKE GRLISTV..G IS.VV..NNE QKNLDRE.H. IKTV..... Q ...E...SS. QKT o2l

a3 g " A m " " a 270
Ctid-UAA*0101 VSPQVSLLQ KDPSSPVTCHA TGFYPSGVTI TWQKNGQDHD EDVDLGELLP NEDGSFQRMS TLNVGPDEWK NNRFSCVVEH QDKTIR--KT
Ctid-UAA*0201  ......... B M....E.H ....F...I. ....T..KS. ..R.T..... K.QY...... .GE.KE--EK
CEIA=UBB*0301 teeeeeeene eeeeeneeeas teeeeaeenn eeemmnnns taeeeeeeas eaaaaaaae e e e -
CEAIA=UBB*0L0L  eeeeeeeene eeeemeeeaes teeeeeeann temminnnns teeeaeeees teeeaaaaan reaaaas Kevornnn cennnn
Ctid-UBA*0201  .eevvven. . Neveerenne wnnnn R.II. S.M E.H D T...T. .IS.T..... K.K.I LG .ISSIIK

TM/CY region -

Ctid-UAA*0101 EDDIIT-NF DSVPIAIIVGA VAAVVLVIVI GVVGYLVYQR KKGFKPVSAS DDGSNSSART
Ctid-UAA*0201 T e et et et e e ..
Ctid-UAA*0301 ...... m e ettt et teeeeeeeee eeeiiaaaee eeeeeaaen.
Ctid-UBA*0101 KK.RAK.E T G-.I 1.1V A.FM..RK ....... E.. .NS..ERITD TLISSGSSTSS
Ctid-UBA*0201 KK.RAK.E T....G-.I.. ....I.LV.. ..A.FM..RK ....... E.. .NS..ERITD TLISSGSSTSS

Fig. 1 Alignment of representative deduced amino acid sequences. Dots
represent identity to the reference Ctid-UAA*0101 allele, and dashes
represent indels. The &1 and a2 domain lineages are shown on the
right hand side of each sequence. The letters a—f above the alignment
indicate positions that in the pCtid-UAA*0101 structure (PDB 5Y91)
form part of the binding pockets A—F. Eight conserved residues in
mammalian MHC class I sequences are indicated with a circle (e). Four
conserved cysteine residues are indicated with a triangle (A ). Conserved

characteristic differences by studying sequence comparisons
(Fig. S1 and Grimholt et al. 2015) and by mapping the detect-
ed characteristic motifs on the elucidated grass carp pMHC-I
structure (which is based on a Ctid-UAA*0101 allele that has
«1-V and «2-II sequences; Chen et al. 2017). Residues that
we deem characteristic are highlighted in colour in Fig. 1, and
their structural positions are investigated in Fig. 4.

The o1-II lineage is best characterised by three rather
unique residues that may form part of the B pocket
(Matsumura et al. 1992; Hashimoto et al. 1990), namely
D23, S33 and K42. Figure 4d shows that in the Ctid-UAA
pMHC-I structure the residues A23, M33, and A42 do not all
participate directly in the B pocket, but from their orientations,
it can be assumed that residues with larger sidechains (like
D23 and K42) may participate.

The «1-V lineage is more difficult to characterise by
conserved and unique motifs. Grimholt et al. (2015) highlight-
ed the D15 and Q87 as rather characteristic for «c1-V. Indeed,
D15 is found in most «1-V sequences, including in more than
half of the Ctid-UAA and Ctid-UBA sequences (Fig. Sla;
Grimbholt et al. 2015), whereas sequences of other lineages

residues interacting with 32m are indicated with a square (m). Boxes
indicate the N-linked glycosylation target site. Positions for which the
variation per gene per lineage surpasses a threshold value for being
deemed polymorphic (see Fig. 5) are coloured light blue (participating
in pockets A—F) and grey (others), respectively. Lineage-specific residues
are shown in different colours: x1-V (green), «1-1I (yellow), a2-I (pink),
and o2-1I (cyan)

tend to have a hydrophobic residue at this position
(Grimholt et al. 2015). A substantial set of the investigated
Ctid-UAA and Ctid-UBA sequences has G15 (Fig. Sla), and
so also shares the property of not being hydrophobic. Like
Grimholt et al. (2015), we also found Q87 conserved in the
«1-V sequences, but point out that this residue is also con-
served among «1-II sequences (Fig. 1). Nevertheless, we
chose to follow the lead by Grimholt et al. (2015) to mark this
residue as characteristic for oc1-V, because in the other seven
distinguished el domain lineages this residue is absent or rare
(Grimholt et al. 2015). The function of the D/G15 and Q87
residues is not obvious from their structural position (Fig. 4a,
¢), but their presence/absence probably does not cause differ-
ences in peptide-binding properties.

A consistent difference between «2-1 and «2-1I sequences
is the W100 residue in «2-I compared to other residues
(mostly leucine) at this position in &2-II, and a single residue
insertion in the x2-I sequences a few residues C-terminal of
this tryptophan (Fig. 1 and S1b; Grimholt et al. 2015). The
position 100 residue resides at the end of the S1 strand of the
«2 domain, and although we are not confident about the
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Fig. 2 Molecular phylogenetic analysis of «1, «2, and «3 domains of all
cloned Ctid-UAA and Ctid-UBA as determined by the neighbour-joining
method. Phylogenetic tree based on handmade alignment (Fig. Sla—c) of
selected 1, a2, and o3 domains amino acid sequences. The different
lineage divisions of &1 and &2 domains into «1-II, 1-V, a2-1, and «2-I1

precise location of the single amino acid insertion, it maps
somewhere in the &2 domain S1S2 loop and should make this
loop longer (Fig. 4a, which highlights the matching positions in
the o2-II domain of Ctid-UAA*0101). In addition, most «2-I1
sequences have residues K125, E159, and N160, which all can
interact with each other (Fig. 4a, c); in contrast, «2-I sequences
typically have a hydrophobic residue at position 125 and
varying residues at positions 159 and 160 (Fig. S1b; Grimholt
et al. 2015). We have no interesting hypothesis for explaining
these differences between «2-I and o2-11.

@ Springer

e a3 domain

Ctid-UAA*0107
Ctid-UBA®0101
Ctid-UAA*0105
Ctid-UAA*0303
Ctid-UAA®0301
Ctid-UAA*0304
Ctid-UAA*0101

Ctid-UAA*0111
i { U-EF584546
Il I pag ot Ctid-UAA*0102
rainbow trout UBA*0202 Ctid-UAA*0110

%L—zebrafish CN019589
brown trout UBA*2901
atlantic salmon UBA*4001

#lrainbow trout UBA*0501 ¥/ Ctid-UBA*0107
Ctid-UBA*0109 Ctid-UBA*0102
Ctid-UBA*0107 Ctid-UAA"0306
Ctid-UBA"0110 « Ltcxid-UAA'OJOs
Ctid-UBA*0108 41 Ctid-UAA*0302

Ctid-UAA*0106 Ctid-UAA"0103

Ctid-UAA*0108
3|[U—EFSD‘45-1\J a2-l 63| Ctid-UBA*0110
311 Ctid-UBA*0105 Ctid-UBA*0108
L Ctid-UBA*0103 Ctid-UBA"0109

I ctid-UBA*0104 Ctid-UBA*0106
{ftm-un'm 05

Ctid-UBA"0101
Ctid-UBA*0106 | Ctid-UBA"0103
Ctid-UBA*0104

F1L-Ctid-UBA*0102
s4—Ctid-UAA*0111 66|
Ctid-UAA*0109

1 Ctid-UAA*0109
5l Ctid-UAA*0106

Ctid-UAA'0110 o | ctid-uaaotos
o[ Ctid-uAA0102 [eamXatts
Ctid-UAA"0101 3| | 95— carpX91022

zebrafish UBA
carpAB018581
66 Ctid-UAA*0202
16 {ctm»uu’uzm
10/ Ctid-UAA*0203
'8 Ctid-UAA"0204
89 Ctid-UAA*0205
) Ctid-UAA*0206
3 Ctid-UAA*0210
Ctid-UAA"0209
86] | Ctid-UAA0208
89l Ctid-UAA0207
Ctid-UAA
Ctid-UAA-like
U-EF584545

) | g5 Ctid-UBA"0204
© Lt [Ictia-usaozo2

Ctid-UAA*0107
Ctid-UAA*0108.

Ctid-UAA*0104.
Ctid-UAA*0305

25

Ctid-UBA®0211
0209
Ctid-UBA*0212
2 id-UBA*0210
Ctid-UBA*0208
Ctid-UBA0203
Ctid-UBA*0201
Ctid-UBA*0205
56| Ctid-UBA0207

= 70 Ctid-UBA*0206
gy Ctid-UAA*0208 Ctid-UCA
Ctid-UAA"0207 497‘;zehraﬁshUGA
ko Ctid-UAA0210 70 tilapia ACQB3468
T00] LCtid-UAA*0209 % guppy 254085
751 Ctid-UAA*0205 = medaka UBA*0201
pr 77| L Ctid-UAA*0204 % stickleback GA1
Ctid-UAA*0206 cod GM1
] Ctid-UAA*0202 02- 99 rainbow trout UBA*4801
2l Ctid-UAA*0203 49] | rainbow trout UBA*0501
Ctid-UAA"0201 Ll rainbow trout UBA*4901
% 16l atlantic salmon UBA*0701
medaka UBA%0201 atlantic salmon UBA*0901
quppy 254085 — 6o rainbow trout UBA*0901
stickleback GA1 54 rainbow trout UBA4701
@l stickleback GA20 brovm trout UBA'0101
e brown trout UBA*0701
atlantic salmon UBA*1401
cod GM26
—“':,Lm‘ o | atiantic salmon UBA'0101
arXPO15195141 [ brown trout UBA*1001
: o 2380, brown trout UBA*0201
a rainbow trout UBA*4901 rown trout UBA'0801
"h"'b""’ ""“‘3:;:’::1' atiantic salmon UBA"0201
3 romn ot LB AL atlantic salmon UBA*0801
O brown trout UBA*0801 - QarXPO1S185141
brown trout UBA*0701 garXPo15195221
2l brown trout UBA'0101 -] i
atlantic salmon UBA*1001 4 paddlefish UBA*03
atlantic salmon UBA*1401 - Tnlvh
atlantic salmon UBA™0701 %l paddiefish UBA®01
atlantic salmon UBA*0201 laas

atlantic salmon UBA®0801
atlantic salmon UBA*0101 o
shark

paddlefish UBA*03

sturgeon

paddilefish UBA*01

were originally introduced by Aoyagi et al. 2002 (see also Kiryu et al.
2005). Subcategories of Ctid-UAA and Ctid-UBA sequences (e.g. *01
versus *02) are indicated by different colouring of their names. Sequence
GenBank references are listed in Fig. S1

Single residue position allelic polymorphism
and HVSs analysis of Ctid-UAA and Ctid-UBA

To analyse the single residue position allelic polymorphism char-
acteristics of Ctid-UAA and Ctid-UBA, the HVSs of the «1 and
2 domains were analysed based on the Wu-Kabat method. This
was done separately per gene and per domain lineage (Fig. 5), to
allow an estimation of the polymorphism of each molecule inde-
pendent of the variation caused by “lineage swapping”. The
positions that were deemed polymorphic beyond a threshold
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Fig. 3 Intron-exon organisation of grass carp MHC class I genes. In the
reference grass carp genome, in scaffold CI01000319, grass carp MHC
class I genes UAA (scaffold positions 100,376-115,928 kb), UAA-like
(86408-94,470 kb), and UCA (133463-151,244 kb) were identified.
The MHC class I genes U-EF584535 and U-EF584535 were identified
in genomic fosmid sequences in our previous report (Chen et al. 2010).

level (variability scores > 6) were visually labelled on the Ctid-
UAA pMHCHI structure (Fig. 5). An interesting observation is
that the Ctid-UAA and Ctid-UBA «1 domains, which are gene
specific and for which allelic lineage variation was not detected
in the present study, appear to show more functional within lin-
eage polymorphism in the peptide-binding groove than found for
the «2 domains which do show lineage variation between alleles.
If comparing the combined Ctid-UAA and Ctid-UBA 2-I se-
quences, or their combined 2-II sequences, higher degrees of
variation in the expected peptide-binding grooves are found. The
latter suggests that although there may not be much allelic vari-
ation other than “linecage swapping” in the &2 sequences that
contributes to differences in peptide binding, within lineage but

Fig. 4 Structural positions of residues characteristic for the detected «1
and «2 domain lineages. Positions of interests are highlighted on a
pMHC-I structure of Ctid-UAA*0101 (PDB accession 5Y91), which
has sequences belonging to lineages «c1-V and «2-11. Pictures were made
using Pymol (Schrédinger) software. a The pCtid-UAA structure is
shown in cartoon format with different colours for the 1, &2, &3, and
32m domains, and the peptide ligand. Residues at positions at which for
ol-V, &2-1, or &2-II characteristic residues are found, are highlighted by
showing the respective pCtid-UAA residues in spheres format and
individual colours. We are not confident about the position of the single
residue insertion in lineage a2-I, except that it should be in the S1S2 loop,

intron4  introns introné

Boxes indicate exons separated by introns. Intron2 sequences are posi-
tioned between the «l and &2 domain exons (exon2 and exon3), and,
compared to mammals, are unusually long in several of the depicted
genes (see van Erp et al. 1996). The genes are oriented in the forward
sequence direction (+), while genes are oriented in the reverse sequence
direction (—). The intron and exon sizes of all the genes are drawn to scale

between genes «2 point mutation variation is used for increasing
the pool of different peptides that can be bound.

Discussion

In the present study, we found that grass carp have at least two
expressed classical MHC class I genes which share the prop-
erty of having various combinations of «l and «2 domain
sequences belonging to ancient lincages. Based on shared
leader, o1 and TM/CY regions among the cDNA sequences,
we categorised the sequences as Ctid-UAA and Ctid-UBA al-
leles, and assume that they belong to two different gene loci.

M33 (833 in a1-1)

A23 (D23 in al-ll)

Sidechain of peptide ligand P2
residue points into the B pocket

G15

for which we highlighted the DDG stretch with different colours for each
residue (residue numbers follow Fig. 1 alignment). The figures (b) and (c)
use the same colouring as in (a), but are shown in surface format, and
from different orientations. d The residues D23, S33, and K42
characteristic for «1-II may participate in B pocket formation. A pCtid-
UAA structure is shown in cartoon format plus transparent surface
format, and its peptide ligand is shown in sticks format. The pCtid-
UAA residues A23, M33, and A42 are highlighted by individual
colours and by showing their sidechains and Cx atoms in spheres
format. We speculate that in case of D23, S33, and K42, all three
sidechains may form part of the B pocket
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Fig. 5 Wu-Kabat plot of amino acid variability among the sequences of
the different lineages of ol and &2 domains of Ctid-UAA and Ctid-UBA
and highly variable sites located in the peptide-binding groove (PBG) of
the crystal/Ctid-UAA structure. In the above eight comparisons, only
sequences of one domain lineage of either Ctid-UAA or Ctid-UBA are
compared with each other. In the bottom two comparisons, all sequences
of one &2 domain lineage, regardless whether belonging to Ctid-UAA or
Ctid-UBA, are compared with each other. In the Wu-Kabat plots, the

However, clarification of the zebrafish classical MHC class I
situation took more than a few studies (e.g. Takeuchi et al.
1995; Michalova et al. 2000), and only quite recently, it was
realised that the zebrafish situation can only be understood at
the haplotype level, and that the widely divergent haplotypes
with differing numbers of classical MHC class I genes that
may undergo recombination prohibit a narrow definition of
gene locus identity and “allelic” variation (McConnell
et al. 2014, 2016). For a definite understanding of the
grass carp classical MHC class I situation, in the future,
we hope to sequence several grass carp Mhc haplotype
regions.

Regardless of the gene assignment of the grass carp cDNA
sequences, it is obvious that they are derived from different genes
that experienced interlocus recombination events exchanging
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positions of the A—F pocket residues are indicated by red bars, and
numbers added to bars indicate the variability scores of HVSs. For each
comparison, a top-view of the binding groove of the crystal/Ctid-UAA
structure is shown in surface format, with most residues coloured white
but with the HVSs coloured blue. Approximate locations of the A—F
pockets are indicated with the corresponding capital letter; the upper part
of the molecule views consist importantly of the «l domain helices, and
the lower part importantly of the «2 domain helices

peptide-binding domain sequences. Among the grass carp
cDNA sequences, the leader, 1 and TM/CY regions show lin-
eage consistency, and so do the o2 and «3 domains. We interpret
this as most likely caused by transfers of «2+o3 regions between
Ctid-UAA and Ctid-UBA loci at some point in evolution.
Recombination probably is stimulated by an unusually large in-
tron between the &1 and «2 domain exons (Fig. 3), which was
also found in the case of, for example, common carp (van Erp
et al. 1996) and rainbow trout (Shiina et al. 2005). In salmonid
fishes, this intron is extensively used for interallelic recombina-
tion creating different combinations of ancient «l and &2 do-
main sequences (Shum et al. 2001; Aoyagi et al. 2002; Xia et al.
2002; Kiryu et al. 2005; Grimholt et al. 2015). Also in zebrafish
there is evidence for recombination involving this intron, al-
though that has not been studied intensively (Michalova et al.
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2000; McConnell et al. 2014), and in our previous study in grass
carp, we found that the leader plus ol domain sequence of a
Ctid-UAA sequence could be replaced by a sequence belonging
to a seemingly rare «l lineage which we will not discuss in the
present paper (Yang et al. 2006). Our present study may not have
been exhaustive yet in finding all possible Cfid-UAA and Ctid-
UBA allelic variation, but it is unique in its observation of a
“lineage-exchange” signature shared by two different genes
and constituting a major part of their allelic variations.
Although concerning different domain regions and types of re-
combination, and not resulting in the large allelic variation shared
between two different genes as found for Crid-UAA and Ctid-
UBA, interlocus recombination events were also concluded for
two neighbouring classical MHC class I genes in the fish medaka
(Nonaka and Nonaka 2010), and for two neighbouring nonclas-
sical MHC class I genes in rainbow trout (Dijkstra et al. 20006).
Probably, Ctid-UAA and Ctid-UBA are also close neighbours in
the grass carp genome, but that remains to be determined.

Although trans-species allelic variation in classical MHC
class I is also known for mammals (Figueroa et al. 1988), in
teleost fish, this variation is substantially older and includes
a1 and «2 domain lineages that do not homogenise with each
other and which are hundreds of millions of years old (Shum
et al. 2001; Kiryu et al. 2005; Grimholt et al. 2015). Their
conservation in evolution implies that these domain lineages
confer properties that are under balancing selection (selection
for variation within a population) and that are not easily rep-
licated by point mutations in sequences belonging to other
lineages. But it is still not known what those properties are.
Some lineages like oc1-11 appear to be characterised by unique
peptide-binding features, but for other lineages like «1-V such
features are not obvious (Fig. 4; Grimholt et al. 2015).

The first realisation that in teleost fish unusual deep line-
ages of classical MHC class I variation can be found was by
Hansen et al. (1996). After Grimholt et al. (1993) had found
classical MHC class I in Atlantic salmon with an «2 sequence
belonging to domain lineage «2-I, Hansen et al. (1996) iden-
tified sequences in rainbow trout (another salmonid fish) with
«2 domains belonging to that same «2-I lineage, but also
sequences with a “carp-type” «2 domain that belong to what
we now call the «2-II lineage. The ancestors of carp and
salmon separated > 200 million years ago, implying that these
lineages are ancient (see also Fig. 2). The 2-I versus o2-I1
designation derives from the study by Aoyagi et al. (2002),
who were the first to provide evidence, in rainbow trout, that
these ancient lineages could be used in allelic fashion.
Whereas definitions for most ol domain lineages and for
the o2-11 lineage follow readily from clear clustering borders
observed upon phylogenetic tree analysis, the «2-I lineage
shows wide variation and there have been several attempts
to change the lineage definition to smaller subsets without
clear borders in phylogenetic trees (e.g. Kiryu et al. 2005;
Yang et al. 2006). In the present study, we like to reintroduce

the simple o2-1 versus &2-II nomenclature, based on our phy-
logenetic clustering analysis (Fig. 2), and distinct sequence
differences (Figs. 1 and S1b). Based on database sequence
analysis, we could find both «2-I and x2-II sequences already
at the level of spotted gar (Figs. 2 and S1b), a primitive bony
fish with a last common ancestor with teleost fishes > 300
million years ago. This is the first time that the age of the
teleost fish classical MHC class I &2 lineages can be traced
back so far in evolution, which is even a bit further back than
has been done for the 1 lineages so far (Grimholt et al. 2015).
Within bony fish evolution, the «2-II lineage appears to rep-
resent the more conservative sequences, as also exemplified
by the lengths of the arms in Fig. 2 phylogenetic tree. Motif
differences between a2-I and «2-II mostly concern residues
which appear to have been newly acquired or lost in «2-I
compared to classical MHC class I in more primitive ray-
finned fish, and consist of the acquisition of a tryptophan at
or near the end of 3-strand S1 and an extra residue in the S1S2
loop, and the loss of an ancestral pair of interacting residues
K125 and E159 (Figs. 1, 4, S1b). These residues are all posi-
tioned at the outer part of the 2 domain structure (Fig. 4b),
and are not expected to directly affect peptide ligand binding
or interaction with the &3 or 32m domains. We do not have a
reasonable speculation for explaining this motif at the func-
tional level.

The distribution of Ctid-UAA and Ctid-UBA allelic varia-
tion by point mutations that are expected to affect the peptide-
binding groove suggests that the presence of allelic lineages
lessens the need for variation by point mutations (Fig. 5).

In summary, our study makes an important contribution to
the elucidation of classical MHC class 1 variation in teleost
fish. It concludes an important role for “ancient domain line-
age swapping” for creating the allelic variation in two differ-
ent genes. Future studies should try to understand why these
lineages are maintained for such long evolutionary periods.
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