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Recently, many immune-related genes have been extensively studied in ducks, but relatively little

is known about their TCR genes. Here, we determined the germline and expressed repertoire of TCR

. genes in White Peking duck. The genomic organization of the duck TCRa/§, TCR~ and unconventional

© TCR&2 loci are highly conserved with their counterparts in mammals or chickens. By contrast, the duck

. TCRBlocusis organized in an unusual pattern, (V3),-DB-(JB),-CB1-(JB),-CB2, which differs from the

. tandem-aligned clusters in mammals or the translocon organization in some teleosts. Excluding the

. first exon encoding the immunoglobulin domain, the subsequent exons of the two C3 show significant
diversity in nucleotide sequence and exon structure. Based on the nucleotide sequence identity, 49V,
30V3), 13V3 and 15V~ unique gene segments are classified into 3Va, 5V3§, 4V3 and 6V~ subgroups,
respectively. Phylogenetic analyses revealed that most duck V subgroups, excluding V31, V~5 and V~6,
have closely related orthologues in chicken. The coding joints of all cDNA clones demonstrate conserved

. mechanisms that are used to increase junctional diversity. Collectively, these data provide insight into

. the evolution of TCRs in vertebrates and improve our understanding of the avian immune system.

Conventional T cell receptors (TCRs) are disulfide-linked heterodimers comprising either o and 3 chains or
and 6 chains. All four types of TCR chains are trans-membrane molecules that contain antigen-binding variable
(V) domains and membrane-proximal constant (C) domains. The V domains of TCR3 and TCRS are assembled
. via somatic recombination of variable (V), diversity (D) and joining (J) gene segments, whereas the rearranged
V and J segments encode the V domains of TCRa and TCR~!. Based on the combinations of TCR heterodimers,
: conventional T cells can be divided into two major lineages: o3 T cells and ~0 T cells. The o3 T cells mainly assist
in immunoglobulin (Ig) production and cytolytic T cell responses. Their o3TCR complexes bind to the peptide
antigens presented by major histocompatibility complex (MHC) or MHC-like molecules®. By contrast, 8 T cells
constitute a heterogeneous T cell population with multiple functions. Some NdTCR complexes can recognize
© antigens presented by MHC molecules, whereas other N0TCRs appear to bind directly to free antigens, similar to
- the recognition manner utilized by Igs. The frequencies and physiological distributions of 4 T cells differ among
. diverse species. In adult humans, mice and dogs, ~6 T cells make up less than 5% of the peripheral T cells (“~0
. low” species)>*. However, 0 T cells constitute more than 20% of the peripheral T cells in artiodactyls, rabbits
- and chickens (“~ high” species)®=8. Recently, unconventional TCR chains that use Ig-like V domains have been
. discovered in a few distantly related vertebrate species. These unconventional TCR chains include TCRS that uses
. VHb and is found in amphibians, birds, and duckbill platypus’!!, the NAR-TCR found in cartilaginous fish'?, and
. the TCRyi, which is only found in nonplacental mammals'>!4,
: As the representative of the anseriform birds, ducks split from the related chicken approximately 65-70 mil-
. lion years ago!®. Moreover, the duck is not only one of the most economically important waterfowl, but is also a
. particularly good animal model for research in immunology because it serves as a natural reservoir of influenza A
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viruses and carries all 16 haemagglutinin and 9 neuraminidase subtypes'®. Typically, ducks do not show apparent
signs of disease upon infection with many strains of highly pathogenic H5N1, making them a Trojan horse for the
maintenance of H5N1 in nature!”!%. Recently, the molecular basis of the natural resistance of ducks to influenza
infection has become a hot topic in avian immunology. Numerous innate immune-related genes, such as RIG-I
(also called DDX58)"°, RNF135%, and gene families of IFITM, BTNL, and (-defensin®"??, as well as the repertoire,
expression and function of Ig isotypes?, have been extensively studied in ducks, but little is known about the duck
TCR genes. In this study, we report the detailed genomic organization and repertoire diversity of all TCR loci in
White Peking duck, including three conventional TCR loci (TCRa/6, TCRB and TCR~) and the recently discov-
ered TCR&2 locus, providing a theoretical basis for further understanding of the avian adaptive immune system
as well as the evolutionary relationships of TCRs in vertebrates.

Results

Genomic organization and germline repertoire of duck TCR genes. TCRa/§ locus. Based on the
mallard TCRa cDNA sequence (accession number AF323922), we first identified a Ca gene-positive BAC clone,
DHS1503D01. According to the end sequence of DHS1503D01, another BAC clone, DHS1008P13, was found to
overlap the 5’ portion of DHS1503D01 and contain the Cd gene. An analysis of the two BAC sequences showed
that the § locus was located within the alocus, resembling the genomic organization of the TCRa/6 locus in other
tetrapods (Fig. 1a).

The duck Ca and C? genes were encoded by three exons that successively encoded the Ig domain, connecting
peptide (Cp), and transmembrane-cytoplasmic (Tm-Ct) domain, all of which contained the three conserved
cysteines required for intra- and inter-chain disulfide bond formation and the conserved lysine and arginine
residues responsible for the interaction with other TCR dimers (Fig. 2a and b). A comparison of the amino
acid sequences of duck Cow and C6 with the corresponding sequences of other vertebrate species revealed max-
imum identity levels (71.6% for Co and 66.2% for Cd) between the duck and chicken, but less than 35% iden-
tity between the duck and other animal species. One and five potential N-glycosylation sites were identified in
duck Cov and C5, respectively (Fig. 2a and b). At least 68 functional Jo segments were identified between the Co
and Ca genes, and at least two D and two functional J6 segments were found upstream of the single C6 gene
(Supplementary Fig. S1A and B).

Within the BAC sequences, we further identified 33 V segments, all of which were located 5" upstream of the
first D6 segment (Fig. 1a). When the nucleotide identity was compared with the V segments defined in other
species, the V segments could be further categorized into one of two distinct groups, 9V at the 5’ end and 24 V§
located downstream of the Vo group. Of the 33 V segments, four were found to be pseudogenes due to non-sense
mutations (Va2.4 and Va3.1), frameshift (Val.1) or the absence of the exon encoding the leader peptide (V§
2.6). Using 5’ RACE, 40 extra Vo and 6 extra V§ segments were detected in the cDNA clones, indicating that the
current TCRa/6 locus is incomplete. Based on the criterion that V segments belonging to the same subgroup
should share 75% or greater nucleotide identity?*, a total of 49 (9 + 40) Va segments could be grouped into three
subgroups (Val to Va3) (Table 1) (Supplementary Fig. S2A), and the total of 30 (24 + 6) V segments were cate-
gorized within five subgroups (V61 to V85) (Table 1). The V52 appeared to be the largest V& subgroup, consisting
of 20 V& segments (Supplementary Fig. S2B). Members within a Vo or V6 subgroup exhibited more than 76.4%
or 75.1% nucleotide identity. Within a subgroup, each Vo or V9 segment cloned from 5’ RACE displayed 76.4%
t0 96.9% or 75.1% to 96.0% nucleotide identity with the remaining Vo or V& segments, respectively. The only
exception is Va3.16, which displayed 97.1% nucleotide identity with the pseudogene Va3.1. Since the Va3.16 is
functional, it was considered as a novel Vo segment.

Dot plot analyses indicated that both Va and V& regions had undergone multiple duplications
(Supplementary Fig. S4A). The current incomplete Vo region originated from tandem duplications of a homology
unit containing one Va2 and one Va3 segment (Supplementary Fig. S4B). The V& region contained several ~4kb
repeated units, which were composed of V segments from V2 and V63 subgroups (Supplementary Fig. S4C).

We also performed genomic Southern blotting using probes from C and selected V subgroups. The detec-
tion of only one band with the Ca probe verified that there was only a single copy of the Ca gene in the duck
genome (Supplementary Fig. S3A). However, one dark and two light bands were detected when the enzyme Pst
I and the C8 probe were used, indicating that another Cb-like gene might be located outside the TCRa/6 locus
(Supplementary Fig. S3B), resembling the second TCR locus identified in chicken and zebra finch, as discussed
later. The number and intensity of hybridizing bands substantiated the presence of larger number of Va3 and V62
segments in the genome. However, compared with the number of V segments obtained thus far, more bands were
detected using the Val and V65 probes, suggesting the presence of additional germline members within the Vo
1 and V&5 subgroups. (Supplementary Fig. S3A and B).

TCRBlocus.  According to the mallard TCR(3 cDNA sequence (accession number AY039002), a C3 gene-positive
BAC clone, DHS0801D24, was identified and sequenced. Analysis of the BAC sequence revealed that the duck
TCRB D, J, and C genes were organized in a unique pattern, D3-(J3),-C381-(J3),-CB2 (Fig. 1b), in contrast to the
tandem-aligned D-(J),-C clusters in most mammals or the translocon organization with a greater number of J3
genes in some teleosts.

Both C31 and CB32 genes consisted of four exons. The first exon of the two C3 genes, which encoded the Ig
domain, was highly conserved with only three amino acid changes. However, the following exons were substan-
tially divergent, with only 33% identity at the amino acid level. Maximal differences in length and nucleotide
composition have been observed in exon 2, which was found to encode Cp. Exon 2 of C31 encoded as many as
14 amino acids, whereas exon 2 of C32 encoded only six amino acids. In C32, both Tm and the cytoplasmic Ct
domain were encoded by exon 3, and exon 4 contained only the 3’ untranslated region (3’ UTR). By contrast,
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Figure 1. The genomic organization of duck TCR gene loci, TCRa/6 (a), TCRS (b), TCR~ (c) and TCR62

(d). V; variable gene segment; D, diversity gene segment; ], joining gene segment; C, constant gene segment.

V segments are named 3’ to 5" with the subgroup number followed by the gene segment number if there were
more than one member in the subgroup. Functional V segments are shaded, and pseudogenes are shown in
hollow boxes and marked with a 1. Non-TCR genes located in or flanking each TCR locus are shown in light
grey. V segments and non-TCR genes with an opposite transcriptional orientation to the relevant C region are
indicated by an arrow, and the sequence gap in (a) and (c) is marked as //.

exon 4 of CA1 encoded eight extra amino acids, forming a longer Ct domain. In addition to the canonical cysteine
required for intra- and inter-chain disulfide bond formation, C31 encoded three extra cysteine residues, one in
the Cp domain and the other two in the Tm domain. The Ct domains of both Cj3 genes contained a lysine residue
that was involved in the interaction with the CD3 complex. Two potential N-glycosylation sites were identified in
both C31 and CB2 (Fig. 2¢). Southern blotting analysis further corroborated the presence of two C3 genes in the
duck genome (Supplementary Fig. S3C). The single D@3 segment had a 13-bp G-rich coding region that could be
productively read in all three frames (Supplementary Fig. S1C). All six J3 segments were functional and shared
less than 60% amino acid sequence homology (Supplementary Fig. S1C).

Upstream of the D3 gene, we identified ten V(3 segments. Among them, three were pseudogenes due to
in-frame stop codon. As in mammals, a single V(3 gene (V[34) with an inverted transcriptional orientation
was located 3’ downstream of C32 (Fig. 1b). The current TCR locus is also incomplete because two extra V(3
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< Ig domain >< cp >
Duck Ca  ---KVVPSPSVYRLTT--KDDEN---LEMCLITDYAPKNLN EVETSENKQEASYL GKLEGKI ) KT
Chicken Co  VKPDITPSPSVYRLTS--EDDKD MCL ——SVD: EVATSENKHEASYLSTYWAKK. TLKGE VCITGMSLLFKT
Human Cca PNIQONPDPAVYQLRDSKSSDKS- YITDKT - IIPEDTFF DVKLVEKSFET
se Cca I¢ OLKD! —~TFITDKTVLI TIAWSNQ 'YPSSDVPCDATLTEKSFET
Cattle Ca VKDPNPTVY I NMEIL DA-GCA: IPFASSLEISCNAKLVEKSFET
Opossum  Co IQNPQPALYQL TWGSK- -~ SNF-TCTDAFR- - ~KDMFDFNQFSGSKCNSSHAEQGFET
Xenopus  Ca 1 TLNSD RVEYDD--KTILEKPSAGKIECSSPKIDETFKT
Axolotl Ca 7QSQ T ONDTQF -QCNAKYKDTMY TAQE TKGGVQIAC!
Flounder Ca ann:pqvvwr = EH-DL- RA % )CESRTG! SDVLKK
Co Ca IGFI RAPGEAFYSQ
Catfish Co - SEEKREDSIYRLI PTNEYKEDAVRFEGEGYYSRLLRNIKDCPENETM@ DGGFKS
Shark Ca  PKRDS-SEPSVYIL--PPYD: AACLATDYFPONVSMVV-AAGN] KQKODKSKGLLSTNDRSY SLT! HAGNT VKHFPTADQLKY SCINVEEAKG
Skate Ca  PKRDEEL! KPSVYVLRPPPASPDDRQAPAACLATD!FPNKYDLTM—TMDGT —---SKTS SNNSAQVSIKDRSYSLLSFINGSTPQSE ITCELEP TPNIAETDVGOMSCIPLEETDE

< Tm >< ct >
Duck Co.  DENLN-MLSFTQLGLKIILMKGVIFNVVMTILMWKKKE—
Chicken Ca  DENLN-MLTFSQLGLKIIFMKAVIFNVLITMLMWKKN(
Human Co.  DTNLN-FQNLSVIGFRILLLKVAGENLLMTLRLWSS-

Mouse Co.  DMNLN-FONLSVMGLRILLLKVAGENLLMTLRLWSS-
Cattle Co.  DINLN-SONLSVIVFRILLLKVVGENLLMTLRLWSS-
Opossum Co  DRDLN-LMNLSLIVLRIIFLKTVGFNLLMTLRLWSN-

Axolotl  Ca DEQI.N TLSLTVLGLKIIFLKSIG‘E‘NLLMTLRL

Flounder Ca VVALRLLFLKTVVENVLLTLRLWLSHRY
Cod Ca chs nn.vLRvLE"r MTLRLWIH--—
Catfish Ca  DAKTN-FLGLSIFWLRVLFLKTIVFNILMTLKVWMS-
Shark Co  DPQYN-LLSLTVFGLRILEVKSIVENMLMTIRIWVS-
Skate Co.  DGEYMRGISLTVFGMRMLFVKGVIFNILMSVRVWTS-

< Ig domain >< <
Duck c81 NORESDPEVVLIKSKALER-GGSTGIAARNARNEYD- —KN- -~ ISLD-MLTAEVIYEQSPPVMTSECTYNTIKVVN PANATSSEK EpTTAN
Chicken C81  REQRDSIPEVT ~KN=—-ISLE-MSSNEVVYEPKAPIVTSNGMYNTI RT. TANST IKPAN
Duck c82 -RS EVIAL SLD— IVYDLKAPLITSEGMYSTWKVI TL —— :LVTVK
Chicken C82  -ROEDSTPEVIALKSKECKG- YGNVSNIACLARTE'Y——KN— —ISLD-GPKGDIVYDLKEPIL TLKVVGIK: ILPEKKD LAAEN
Human cs RSQPHTKPSVE DSNSVTCSVOHDNKTVHSTDFEVKTDSTDH-VKPKETEN
Mouse cd KSQPPAKPSVEIMKN- DSNSVTCSVOHNSETVHSTDFEPYANSFNN-EKLPEPEN
Cattle cd KSQPAA F PGGKY SAVKL DPDSVTC:! KTIPETTPKPM.
bit c8 KT —SSKKIKEIGSAIVISPSKKYSAVKLQQ QHNNK I SDN-PKPTEAGS
Opossum cd PD] DGKE" SAV‘KLGQYK.K——DLDQLN(, T
Xenopus c§ VEVLKPQ! GDSPTACLVKDFTP-KEDVEIYMN-STQSNSGIISASPVVSI HVDRL COA DLDTPLEAKEISP--DPTEASA
Axolotl cs KDQTHVQPSVEVLRS—— DDAAPCLVKDFSL-KQ-AET! KSGK MSNDVMETQ DAD
Pufferfish C§ KDPLVIQPTLFILNPL! DVCLAAHF'S: GEM FAGEN P TKGOKLO)
Flounder C81  RDLSPVKPSLSVLSPLDP-----GGPR-VCLAAGFRP-QE T AMVIN-—GSNSIDESEEEAVASLR- - HNSFEFTGES GAISSCEMND ND-
Shark c8 GOKSIVKPKLSAFYPPKSSS-KDAVOAAVCLASDFFP-KD- ISLRLAFGDX- PKADVTRPSFLKPDGSYVAFSFLFNPE - ~-NEANFVCEAVHKNOS SHANITLGTKSG GPTQSSC
Skate cd KDKDKQEPELSIHYPPVHQSGKTDQTATVCLLGPFYPNKVTVNITLDGTTE LTEDVLTDKGYY REFSHDLOPKTIGCSAKHGDKY IETKKEITISABG LDCD
>< >< ct >
C81  VENTTD--ISSKGD- - IKTEKMSMAVLGLRVLIARS IAFNTLMSIKLFLE
Chicken C81  ICNTTD--TSAE-D- ~VKMEKVNML LRVLLAKSIAFNTLMSIKLILF"
X c82 NVLGLRVLLAKSTARGTIMITREF LR LRLYQ KKEKEN
Chicken c82 - IKMEKMNMLFMAVLGLRVLLAKCVAFNILMS ICLFIF"
c§ TVLGLRML] NELLT:
cs VHTEKVNMMSLTVLGLRLLFAKT IAINFLLTVKLFE-
2t c8 'VEPGKVNMMSLSVLGLRMLFAKSVAVNFLLTAKLFFE"
Rabbit c8 SLTVLGLRKLFAKSGAINFLLTAKLEF'
Opossum c8 KVNLLSITLLGFRVLLAKSTAVNFVLTIKFFLL
Xenopus cd "AKT: TAKFFLL
Axolotl cs MSLRVLFAKS: SATFFLL.
Pufferfish C§ TVTRRNLLLL VLLTKTVSLSTIVTI!
F1 cé1 RERSYLLLLNAAGVMETRTVAFTSVLTTRILL,
Shark cd LSLTLMGLRFLLFKSIAVNL
Skate c8 TVMGLRILFFKSVAFNVI
< Ig domain
Duck cB1 KNDVIKPPAVAIE‘SPSKQEIQEKSK -ATLVCLASGFYPDTLN‘LVW!\ N -==-G- -—DTYSLTSRLRISSQEWFN‘PLNRE‘ECVANFFK
Duck cp2 KPPAVAIFSPSKQEIQEKSK: -ATLVCLASGFYPDTINLVWKVN-————— Y 'Y SLTSRLRISSQEWENPLNRFE
Chicken Ci KNSEIIEPDWIFSPSKQEIQEKKK ~ATLVCLA SHENLVWK 'Y SLTSRLRISAQEWEFNEP: LNRFECIANFE‘K
Human cB1 DLNKVF ISHT -ATLVCLATGFFPDHVELSWWVN—~=========~ GKEVHSGVSTDFQPLICE-QPALN'DSR!CLSSRLRVSAT RCQVOFYG
Mouse cB1 DLRNVTPPKVSLFEP: IANKQK----ATLVCLARGFFPDHVEL: NYSYCLSSRL RCQVQFHG
Cattle CB1 -DDLSQVH: T SRT - —RKQVTTGVSTDPEPYKE—DPARDDSRYCLSSRLRVTAA: RCOVQFHG
Dog. CB1 --DLOKVTPPTVTVF ISRTOK --GKEVTSGFSTDPQPYKE-RPSENDSSYCLSSRL RCOVOFYG
Rabbit cB1 —EDLANVSAPQWVFDP EAEINKT DPQPYKQ-DPKSDHSKYCLSSRLRVSAAF RCQVQFFG
Opossum  CB1 LERVTPPKVT ——GQETKIGVSTDPEPSKE HPKEEHSSYSLSSRLRISAPE RCQVQFYG
Echidna (] —DDLQKVKLPKVTLFDPSEEEINELGK REMODGVSTDAQPLNETEPEASNRTYALSSRLRVSAGEWON QVRFYG
c )TDHGY G---D! AT ORLAL PR YNPDNTFECSAGLR—
Axolotl  CP1 —EEGLSVTQPSVVLFDPSPQEIKKKGK
Salmon c
Flounder Cj
Cod cB1
Catfish  CBP1 .JKYYTISSRLNID!KTEWTRGKTFTCIVNFFN
Shark c -EDSKSY RIRFNEEQWLELTK~
Skate CB1  -DPKFKLRPPQVTILOPSDREIKNKGK----ATVVCLITDFYPDNIKIRWIFDD--V- ~VODKDSDNIHTDASSQSE- -DEGMTFSISSRFRLDARDYAKTEK-IVCEVDHYR
Cp ct >
Duck cB1 GTQOESIHKFIYG— DAGCALTEWVFsQAKsMHGNSLKLTYLILCGMYAILVCTLMLTAKAGG
Duck cp2 'QESIHRFIY( DAGCII! TMLILKSILYGI.
Chicken (] N-—-GTOQOSIQKIIY DTGCDIFK: vl IMLIFKSILYGIFVMGMMLWYKK MY
Human CBl1 LSENDEWT-QDRAKPVTQT RADCGFTS -~ VSYQQOGVLSATILYEILLGKATLYAVLVSALVLMAMVKRKDE"
Mouse CBl LSEEI KPVTONISA DCGT YOQGVLSATILYEILLGKATLYAVLVSTLVVMAMVKRKNS
Cattle CB1 LTDQDOWEEQDRAKPVTONI RADCGVT SY CGVLSATLL!EILLGKATLYAVL SALVLMAMVKRKES
Dog. CB1 LGDDDEWK-YDRVKPITONI RADCGFTS -~ VSYHQGVL: GKATLYAVLVSILVLMAKVKRKGS:
Rabbit cB1 LTDDDEWT-YN: m.au I VLMAMVKRKD:
op cB1 VTONVSDOT!
Echidna (] LKDSDTWIDSTRPKPW
P c KTEST
Axolotl cp1 PENIT
Salmon c IINVND'I‘I
Fl c GPDIL YLRITRQAKLSYSVLIIKSSVYGAFVAFLVWRL---QSSAEKQNH
CBL -~ GNDTIYTSAEWGGGDVRWIKTEPDGET ——————— REEFVKVTQTAKLS!IVMIVRNIVYGVFVT LAWKLGLGRSHATAKK-
Catfish cp1 YETYVRSVK' IAYGIFIMYIVRRQ----GFMSK-
Shark C T TL ”SMTTARMT!‘LMVLCKSILYALFVSMIVWKSKISHSKRFD
Skate cp1 ITEQGTHYIK KETCGL I¢ LTYLILICKSILYGIIVSVLACKAKTSYNKREV—
domain
Duck (&) EANKEVTK--NVIKGDVWKSTN---DKYSVSTWLTLPGNTTN-KNYYCKYDHESQENF -
Chicken C)
Human Ccyl
Mouse cyl
Cattle cy5
Dog cy7 'RNKG- RVD(
ossum (o3 -SYSQVSWLTVKEDVLR-KNLTYFYQHEDLGMEPKAFSISSVE
Platypus Cy9.1 --ENTTPQLNDPIQFYPTSLERKQONTETYVCLFKDFFPDVIRMHWKEEGSDEILE---SQQOSDPLPVN( ~KYWQMSWLTVKKSPPG-KIYRLIYK
Xenopus Ccyl = TARSAEKPNATILSTSKKVIEKQGQGIYLCLLENFFPDAIQWWRKGNKDIPSE——QGEIKSEKDKDNN— -DVYSTTSWISVTKDDLG-NKFTCHYKHEGISKQ--
catfish Cy3 ---DKEKTSPTVSVYP---VSNEANGTSVLLCQAQGMF" PNGRQVQA-- GG!ELLEQRDGQDQNIRITsmzIDQSKVTS!QYTCFVKHEGEEKIR-
Flounder Cyl D'J.‘QVK.PVKPMVRMYR—TASRDDLDGKSVLLCVASNMSPPLVHFSWKRQKEGGPLEDLTSAQGEQ VDRD:
Shark C) ---DKTIEEPKIRLFPPNTTELELG-KALLTCLLTDFYPEVIKVIWKIGGTAVGQG- —KVTTDSVTKQDD—
Skate (¢} LTITKDSKY-V
Cp >< Tm >< Cct
Duck Cy —----SSETPSQEEYCSTYSGNSTVFYKDYLMHKAAHLVYLVLLLKSSMYYVIVLFFIY--RMRTPAKLPGKKT -
Chicken Cy VP--SSERSPQEQDCGTQ!
Human cyl PI--KTDVITMDP-KDNCSRDANDTLLLQLTNTSAYYMYLLLLLKSVVYFAIITCCLL
Mouse Cyl sI——m(VAVSTKP ~TTCWQDKNDVLQLQFTITSAYYTYLLLLLKSVIYLATISFSLLR:
Cattle Cy5 PV--KKEVDTH- SDTLQLOFANTSAYYTYLLLLLKSMIYFSIIAFCVEW-
Do cy7 SQ—-IKELTAITS TKYSLKDKNDPLQLOIMNTSAYYTYLLLLLKSLVYSVVITFYLLG:
ossum (o3 KE--TSPRICR- -DTSAKTKGLVELH
Platypus Cy9.1 AP--AEEDCTN- GVK(
Xenopus Ccyl
Catfish  Cy3
Flounder Cyl
Shark Cy S----TPAPPTCI KETVD! NSLQT. TYTLLLAKSVFYCGIISFIFH----KFGSRDSKKPL------=-~
Skate Cy VPNTGNPVGPTCPPSVQELQENSEEEIPVSSLOVATLTYTILIMKSVLYCGIISAILY: YWGTKKPL:

Figure 2. Alignment of deduced amino acid sequences of TCR C regions in selected vertebrates, Cax (a), Co
(b), CB (c) and C~ (d). The different domains of the C region are indicated above the sequences. Dashes indicate
gaps. Canonical amino acids are shaded, and the potential N-linked glycosylation sites are underlined.
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Table 1. Number of V gene segments found in the genome and cDNA analyses. *The numbers of functional
genes are indicated in parenthesis.

segments, designated as V(33.6 and V(33.7, were cloned from 5" RACE PCR. The total 13 duck V{3 segments could
be grouped into four subgroups (V31 to V34) (Table 1) (Supplementary Fig. S2C). Members within a V3 sub-
group shared more than 91.4% nucleotide identity. The two V3 segments cloned from 5" RACE exhibited 91.4%
and 95.3% nucleotide identity with the remaining V(33 members, respectively. Dot-plot matrix showed two
regions containing tandem duplications, one corresponding to V33 subgroup and the other comprising of three
copies of a homology unit, in which a PRSS2 gene and a V31 segment are located (Supplementary Fig. S4D).
Southern blotting analysis substantiated the presence of larger number of V(33 segments and smaller number of
VB2 segments in the genome (Supplementary Fig. S3C).

TCR~ locus. 'The BAC clone DHS0702G12 was isolated using primers designed to amplify the first exon of
the mallard C~ cDNA (accession number AF378702). BAC end sequencing demonstrated that this clone likely
encompassed most of the duck TCR~ locus. Shotgun sequencing of this BAC clone provided three contigs, contig
14 (5,853 bp), contig 34 (5,335bp), and contig 53 (183,893 bp), which were located sequentially 5 to 3’ but did
not overlap.

The duck TCR~locus exhibited a translocon organization. A single C~ gene containing three exons was iden-
tified in BAC clone DHS0702G12 and was also detected in the genomic Southern blotting assay (Fig. 1c and
Supplementary Fig. S3D). Exon 1 encoded the extracellular Ig domain, which contained two conserved cysteine
residues that were required for intra-chain disulfide bond formation and three N-glycosylation sites. Exon 2
encoded a short Cp containing the single conserved cysteine that formed the inter-chain disulfide bond with TCR
C8, and exon 3 encoded the Tm, a positively charged Ct, and the 3'UTR regions. As expected, pairwise alignments
showed that the duck TCR C~ chain exhibits the highest amino acid identity (67.1%) with the chicken TCR C~y
chain, but low amino acid identity (less than 30%) with those of other vertebrates (Fig. 2d).

Thirteen V~ segments were identified in BAC clone DHS0702G12. Of them, five were pseudogenes due to an
in-frame stop codon (Fig. 1¢). Two extra V~ segments, designated as V1.6 and V~3.4, respectively, were cloned
by 5/ RACE PCR, suggesting that there are at least two germline V~ segments located 5’ upstream of the V~3.3
in the genome. All 15 duck V~ segments could be divided into six subgroups (VA1 to V~6) based on the same
criterion applied for TCRa/6 and TCR@ (Table 1) (Supplementary Fig. S2D). Members within a V~ subgroup
shared more than 79.3% nucleotide identity. The V~1.6 or V~3.4 displayed 81.0% to 93.3% or 78.9% to 89.6%
nucleotide identity with the remaining V~1 or VA3 segments, respectively. Dot plot analysis indicated no dupli-
cated units longer than 2kb in the current V~ region (Supplementary Fig. S4E). The results of Southern blotting of
the representative V~ subgroups are shown in Supplementary Fig. S3D. The number and intensity of hybridizing
bands substantiated the presence of larger number of V~1 segments and smaller number of VA5 segments in the
genome. Between V~1.1 and Cr, five functional J~ segments were identified (Supplementary Fig. SID).

TCRé62 locus.  Based on the previously reported cDNA sequence encoded by the duck TCR&2 locus (accession
number AF415216)'°, we obtained the complete genomic sequence of this locus in a BAC clone, DHS0901N17.
The duck TCR&2 locus spanned approximately 16 kb and had a conserved organization similar to that of chicken,
containing a single cluster of VHS, D, J6, and C6 genes (Fig. 1d). The VHO gene was flanked by typical 3/ 23-RSS,
and the D gene had 5’ 12-RSS and 3’ 23-RSS, which were canonically used in the TCR®. The J§ gene had 5’ 12-RSS
and a conserved splice site at the 3’ end. The C02 gene consisted of five exons. Exon 1 encoded the extracellular Ig
domain, exon 2 encoded a short Cp, and the last three exons together encoded the Tm and a long Ct containing
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Figure 3. Phylogenetic analyses of the TCR V gene segments from representative mammalian, avian
and amphibian species, Vacand V9 (a), VB3 (b) and V~ (¢). The unrooted trees were constructed using the
neighbour-joining method with nucleotide sequences corresponding to FR1 through FR3. Duck V gene
segments are indicated in bold. Numbers next to the branches show the percentages of the nodes in 1,000
bootstrap replicates.

62 amino acids, as well as the 3'UTR regions (Fig. 2b). To determine whether duck has more than one TCR$2
locus in its genome, Southern blotting was performed using one probe from VH® and one probe from exon 1 of
Cd2. Because the enzyme sites of Pvu I and Pst I were located in the VHb sequence, one dark and one light band
were detected using the VHS probe (Supplementary Fig. S3E). We also found one dark and one light band using
the enzyme Pst I and the C8 probe (Supplementary Fig. S3E). The single dark band corresponded to the actual Co
2 gene, but the single light band seemed to be the conventional Cd gene, in which exon 1 shares 59.5% nucleotide
identity with that of the C52 gene (Fig. 2b).

Phylogenetic analyses of duck Vo, V3, V3, and V~ gene segments.  As shown in Fig. 3a, the duck
Va2 and Va3 subgroups were closely related to the chicken (and zebra finch) Val and Va2 subgroups, respec-
tively, and orthologous genes have also been found in mammals. The duck genes from the V&1, V92, V63, and
V&85 subgroups fell in the same phylogenetic clade with the V1 subgroup of chicken as well as the V81 and Va3
subgroups of zebra finch, but this clade was distinct and specific for birds. However, the duck Va1 and V§4 sub-
groups did not clearly cluster with any Vo or VO genes from other birds or mammals (Fig. 3a).

Although duck V(3 genes belonging to subgroup V32 and V@33 were classified as distinct subgroups, both
subgroups fell in the same phylogenetic clade as the chicken V31 subgroup, and all were derived from a common
ancestral gene that was also present in amphibians. The duck V31 subgroup lacked orthologues in chicken and
mammals but demonstrated a clear relationship with amphibian V3 genes. Conversely, the duck V34 was closely
related to the V3 genes from chicken V(32 and many mammalian V(3 subgroups but lacked a known orthologue
in amphibians, suggesting its emergence after the separation of amphibians (Fig. 3b).
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Figure 4. Quantitative real-time PCR analyses of the relative expression levels of duck TCR genes in different
tissues, TCRa (a), TCRS (b), TCR8 (c), TCR~ (d), and TCR&2 (e). The duck EF1A1 gene was chosen as an
internal control. The y-axis shows the normalized fold changes in expression, and the nine tissues are listed
below the x-axis.

In contrast to V(3 genes, all duck V~ subgroups showed a high specificity to birds, except the V~6 subgroup,
which formed a weakly supported group (72% support) with the clade containing all mammalian V~ genes.
The duck V~1 and VA2 subgroups clustered with chicken VA2, and the V~3 and V~4 subgroups clustered with
chicken V~3 and VA1, respectively. The V~5 subgroup appeared to have evolved separately in duck or anseriform
species because it did not clearly cluster with any V~ genes from other tetrapods (Fig. 3c).

Expression of duck TCR genes in various tissues. The expression pattern of duck TCR genes in differ-
ent tissues was assessed by quantitative real-time PCR. TCRa, v, and 81 were highly expressed in the thymus and
spleen, and relatively weakly in the large intestine, lung, and bursa, but they were barely detectable in other tissues
(Fig. 4a,b and d). TCRJ3 was only expressed at high levels in the thymus; it was expressed at much lower levels in
other tissues, including the spleen (Fig. 4c). Unexpectedly, TCR52 was expressed at the highest levels in the lung
but relatively weakly in lymphoid tissues, including the spleen, small intestine, thymus, and bursa (Fig. 4e), indi-
cating that the TCR62 may play a crucial role in the tolerance of ducks to avian influenza viruses.
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Diversity of conventional TCR transcripts in duck. Based on the results of 5 RACE PCR, a total of 142
TCRa, 76 6, 42 81, 43 32, and 102 ~ cDNA clones were sequenced, and after removing duplicates, 134 o, 75 §, 42
(1,43 32, and 102 ~ remaining clones were considered unique. These clones were analysed for the use of V, D, and
] gene segments and overall CDR3 diversity.

TCRa. Of134 unique TCRa ¢cDNA clones, 112 clones were deemed potentially functional based on their com-
plete ORFs. In general, members of subgroup Va3 (75 clones) appeared to be more frequently utilized than
those of subgroups Val (29 clones) and Va2 (30 clones). However, excluding V3.4, none of the germline Vo
segments presented in the BAC sequence were found in the 5/ RACE clones (Supplementary Fig. S5A). For the
potentially functional clones, the length of CDR3 was 28.4 & 6.2 bp, encoding 4 to 16 amino acid residues with an
average of 9.5 residues (Supplementary Figs S5A and S6A).

TCR6. Among 75 unique TCRd cDNA clones, 57 clones had an intact ORE. Forty-nine clones utilized 20 Vo
segments, of which nine were also used by TCRa.. Notably, none of the functional members belonging to sub-
group Val were used in the TCRS rearrangement, and in contrast to TCRq, all of the germline Vo segments
identified in the BAC sequence, excluding the pseudo V3.1, participated in TCR9 rearrangement, indicating
that TCRa and TCR® have different usage preferences for the Vo segments (Supplementary Fig. S5B). In the
remaining 26 clones containing V9 segments, members of the subgroup V2 (18 clones) were more frequently
used, whereas members of the subgroup V64 were not observed (Supplementary Fig. S5B). There appeared to
be a Jd usage preference. The J61 segment, which has a more conserved heptamer in its RSS, accounted for more
than two-thirds (57 clones) of the expressed J§ repertoire (Supplementary Fig. S5B). Most V] junctions con-
tained either one (10 clones for D61 and 27 clones for D92) or both (31 clones) D segments. Among them,
N and P nucleotide additions between different gene segments were common. However, the remaining seven
clones demonstrated evidence for N nucleotide additions but no D segment incorporation, indicating extensive
trimming of D or direct V/0-J6 recombination during rearrangement. For the potentially functional clones,
the length of CDR3 was 34.2 £ 9.0bp and encoded 5 to 19 amino acid residues, with an average of 11.5 residues
(Supplementary Figs S5B and S6B).

TCR@B. Ofthe 42 unique TCR31 and 43 32 cDNA clones, 74 clones were considered to be potentially functional.
Both TCR@1 and 32 showed a similar usage pattern of V3 segments. A total of 55 clones (24 of 31 and 31 of 32)
used the V segments from subgroup V@33, which contained the most germline members. Notably, the most
frequently used V segment was V32, the single member of subgroup 2, accounting for more than 20% of the
expressed V{3 repertoire in both 31 (12 clones) and 32 (9 clones), whereas V(31.1, the only functional segment
from subgroup 1, was not observed in the cDNA of either 81 or 32 (Supplementary Fig. S5C). Similar to TCRS,
TCRQG also demonstrated a biased usage of J3 segments, especially 31, which utilized J31.2 more frequently
than JB1.1 (37 vs. 6 clones) (Supplementary Fig. S5C). Due to the single Df3 segment, the CDR3 length of TCR3
was 30.9 £ 7.1bp, encoding 5 to 17 amino acid residues (average of 10.2 residues) (Supplementary Figs S5C
and S6C). The features described above for TCRS junctions were also found in the TCRp junctions
(Supplementary Fig. S5C).

TCR~v. Among 102 unique TCR~ cDNA sequences, 93 clones displayed an intact ORE. All potentially functional
V-~ segments identified in the BAC sequence, excluding V~5, were found in the cDNA clones. Members of sub-
group 1 (49 clones) and 3 (37 clones) were preferentially used, especially V~1.6 and V~3.4, which were not located
on the BAC sequence but each contributed to approximately 20% (20 clones) of the expressed V~ repertoire
(Supplementary Fig. S5D). For all potentially functional clones, the average length of CDR3 was 24.1 8.4 bp,
encoding 2 to 16 amino acid residues with an average of 8 residues (Supplementary Figs S5D and S6D).

Diversity of duck TCR32 transcripts. The total RNA of thymus tissue as well as the primers complemen-
tary to VH and C82 (Supplementary Table S1) were used in RT-PCR to investigate the junctional diversity of the
duck TCR®2 transcripts. A total of 18 TCRS2 cDNA clones were sequenced, and after removing the duplicates, the
remaining 16 clones were considered unique. The junctional diversity of the duck TCR®2 repertoire was charac-
terized by clear P nucleotide additions to the 3’ ends of both V and D regions in almost all TCRS2 clones. For 13
productive rearranged clones, the average length of CDR3 was 36.6 £ 6.1 bp, encoding 9 to 14 amino acid residues
with an average of 11.5 residues (Supplementary Figs S5E and S6E).

Discussion

Compared with TCRa/6 and TCR~ gene loci, the germline repertoire of the TCR{3 locus has been extensively
studied in many vertebrates. Among all mammals studied to date, the genomic organization of the TCR3 locus
is highly conserved, with a pool of V3 genes positioned at the 5" end and several tandem repeated D3-(J3),.,-C3
clusters followed by a single V gene with an inverted transcriptional orientation located at the 3’ end?*-*!. C3 genes
within each mammalian species maintain a high degree of sequence similarity in the coding region but present
high divergence in the 3'UTR, indicating that the C3 genes have undergone concerted evolution by intra-species
homogenization using gene conversion?3*323 However, the genomic organization of the TCR3 locus and con-
certed evolution of the C3 genes that seems to be conserved in mammals are not present in other vertebrate
species, especially in teleosts. The TCR3 locus of zebrafish resembles that observed in mammals, but the D gene is
absent from the second DB-(JB3),-C3 cluster®*. The TCRG locus of channel catfish (Ictalurus punctatus) is arranged
in a typical translocon organization containing a single D3 gene followed by a total of 29 J3 genes and two tandem
CpB genes™. Notably, the sequence similarity of C3 isotypes within a single teleost species varies considerably. In
the Japanese flounder (Paralichthys olivaceus) and Atlantic cod (Gadus morhua), different C3 isotypes show more
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Species Vo VB VA A\ Reference
Human 54 (44-47),41 (33-35)" | 64-67 (40-48), 30 (21-23) | 12-15 (4-6),6 (2) 3(3),3(3) 61
Mouse 98 (73-84), 23 (19) 35 (21-22), 31 (19) 7(7),5(5) 6(5),5(4) 61
Cattle >300 (?),>38 (>33) >134(>79),24 (19) 17 (17), 10 (10) >100 (?), 6 (6) 28,62,63
Rabbit — 75 (59), 24 (20) 10 (10), 4 (4) — 30,64
Dog — 37(20), 25 (16) 16 (8), 8 (4) — 29,65
Opossum 68 (56), 41 (33) 36 (27),28 (21) 9(9),4(4) 6(4),6(4) 31
Platypus 89 (83),17 (16) — >15(?)¢, 3¢ 10 (10),2(2) 11,66
Chicken 60 (50),2(2) >10 (?)<, 2¢ >24 (23 36(32),1(1) 45,67-69
Zebra finch >10(>10),3 (3) — — 4(4),4(4) 10
Duck ~49 (~44),3 (3) ~13(~11),4 (4) ~15(~10), 6 (6) ~30(~29),5 (5) —

Table 2. Numbers of TCR V segments and subgroups in selected mammals and birds. *The Va segments
include the Vo expressed in either TCRa and/or TCR$ chains. "Numbers preceding the comma are the V
segments, and numbers following the comma are the V subgroups. The numbers of functional segments

or subgroups are shown in brackets. “The numbers of V segments were deduced based on the numbers of
hybridizing bands with probes of specific subgroups using genomic Southern blotting. 4The numbers of
subgroups were deduced using cDNA sequences. “—” Indicates that no relevant information was available.

than 85% amino acid identity***”. Conversely, in both zebrafish and catfish, the sequences of two C3 isotypes are
substantially different, sharing only 36% identity at the amino acid level****. Such multiple divergent Cf isotypes
have also been observed in bicolour damselfish (Stegastes partitus)®, as well as an urodele amphibian Mexican
axolotl (Ambystoma mexicanum)®. Before this study, chicken was the only other bird for which the sequences
of the TCR3 D-J-C region had been reported. The locus contains a single D3, 4 J3 genes and a seemingly sin-
gle C3 gene. In this study, we determined the complete sequence of the duck TCRp locus, which is arranged
in an unusual fashion, similar to that of the zebrafish, with a single D3 gene followed by two tandem-aligned
(JB),—CB clusters. The absence of the 2nd D@3 gene in ducks may have occurred as an independent event and
happens to form a functional genotype that is similar to that of zebrafish. Another attractive feature of duck TCR3
lies in the sequence conservation of each domain between the two C3 genes. The Ig domains of the two Cf3 are
well-conserved, whereas the following Cp, Tm, and Ct domains differ remarkably. This special distribution of
C3 identity has not been reported in any other vertebrates, in which the sequence identity is high (>80%) or low
(<50%) throughout the whole coding region of the different C3 genes. Furthermore, the coding sequence of the
Ct domain is entirely included within exon 3 of C32 but separated into two exons by intron 3 in CB31, suggesting
that the two C(3 genes might be the result of an ancient duplication that occurred long before the speciation of
Anas.

The birth/death hypothesis has been postulated as an evolutionary mechanism of V genes from both Ig and
TCR loci*!. Recently, a phylogenetic analysis of genomic V-gene repertoires, which were extracted from mammals
and reptiles with available WGS sequences, indicated that V genes from Ig and TCR loci might have markedly
different evolutionary pathways. The Ig V genes undergo more pronounced birth/death processes, thereby per-
mitting the frequent duplication of specific V subgroups that could directly recognize rapidly changing anti-
gens in the external environment. By contrast, the V genes from the TCRa and TCRJ loci, which consist of
multiple subgroups (Table 2) with relatively low duplication permissiveness throughout evolution, appeared to
have undergone a co-evolution process with MHC molecules, resulting in natural evolutionary pressures**-#4. As
shown in Table 2, the most striking feature of duck Vo and V3 genes is the presence of fewer subgroups in com-
parison to mammals. The same feature are also observed in the Vo and V(3 genes of chicken and zebra finch!%4%4,
According to the co-evolution hypothesis, there might be some evolutionary connections between the diversity
of Va/V3 subgroups and the number of expressed classical MHC loci. A larger number of expressed MHC genes
would result in the positive selection of a more diverse TCR repertoire, but too many expressed MHC class I genes
would also reduce the T cell repertoire during negative selection. Currently, the precise numbers of MHC class I
and/or MHC class II genes have been ascertained in only a few birds. The chicken MHC-B locus contains two
classical MHC class I genes (BF1 and BF2) and two classical MHC class II B genes (BLBI and BLB2). However,
only BF2 and BLB2 are dominantly expressed at the RNA and protein levels*’. Similarly, among the five MHC
class I genes in duck, only UAA is a dominantly expressed classical MHC class I gene; the others are the weakly
expressed UDA and unexpressed pseudogenes (UBA, UCA, and UEA)*. Furthermore, in the genome sequence
of zebra finch, only one functional MHC class I gene has been identified®. The above examples suggest that the
evolution of fewer Va/V(3 subgroups is probably due to the dominant expression of a single classical MHC class I
gene in these avian species, providing an opportunity for the co-evolution of both MHC and TCR genes with
associated roles in presenting and recognizing antigens.

As summarized in Table 2, many more functional germline V genes have been identified in “~6 high” species
than “~0 low” species, indicating that the germline diversity of the V& gene is directly proportional to the per-
centage of peripheral 0 T cells in mammals and chicken. Furthermore, three important points are relevant to
the V9 genes. First, the subgroup numbers of V9 genes show no significant differences between the “~0 high” and
“~6 low” species. Second, an enormous expansion of the germline repertoire of some V9 subgroups is a striking
feature observed in “~0 high” species. For example, the V91 subgroup of cattle, sheep, and pig contains at least
52%, 40°!, and 31° members, respectively. Finally, the single V5 subgroup of chicken, which contains as many as
36 members®, falls into a bird-specific clade without any mammalian counterparts in the phylogenetic analysis.
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Species TCRa TCR3 TCR~ TCR § Reference
Duck 4,16 (9.5)* | 5,17(10.2) | 2,16(8.0) | 5,19(11.5) —
Human 6,12092) | 6,12(95) | 1,12(7.2) | 8,21 (14.5) 53
Mouse 6,12 (8.5) 4,13 (8.9) 4,11(8.8) | 6,19(12.7) 53
Japanese flounder | 7,15(11.2) | 7,15(11.2) | 5,10(8.5) | 9,17(13.3) 36
Nurse shark 3,12 (8.0) 0,19 (9.6) 6,12(9.1) 4,27(9.8) 54

Table 3. CDR3 length of TCR chains in selected vertebrates. The mean length is bracketed. The CDR3 length
was defined as four amino acids less than the number of amino acid residues between the J region-encoded
GXG triplet, where G is glycine and X is any amino acid, and the nearest preceding V region-encoded cysteine.
*Range of CDR3 length: minimum, maximum.

Taken together, these findings suggest that the V6 genes evolved following birth/death pathways similar to those
that gave rise to Ig because antigen recognition by both Ig and the ~6 TCR complex is not MHC-restricted?.
Although the distribution of T-cell populations in birds except the chicken remains to be determined, the pres-
ence of such a large number of V§ genes as well as the expansion of the V62 subgroup suggest that the duck prob-
ably belongs to the “~d high” species.

The length distribution of the CDR3 loop has been used as a metric in assessments of the possible range of
binding paratopes generated by a given TCR type and has been analysed in human, mouse®, Japanese flounder,
and nurse shark®, albeit the data of the latter two species were reported from a limited sample size (Table 3). In
the human, mouse, and nurse shark, the CDR36 loops display a much broader length distribution than in the
other three TCR types because of the presence of multiple D gene segments (for the mouse and human) that can
join together, as well as the numerous N nucleotides (for the nurse shark) inserted into the V-D and D-]J junctions.
Notably, although 0 to 2 putative D9 segments were shown to incorporate into a single CDR35, the duck CDR36
loop lengths are 5-19 amino acid residues, similar to the ranges for the other TCR types of duck. However, the
CDR3~ loops in the human, mouse, Japanese flounder, and nurse shark display a narrow length distribution
(1-12, 4-11, 5-10, and 6-12, respectively), whereas the duck CDR3~ loops exhibit a broader distribution with
2-16 amino acid residues, which is far beyond the range exhibited by the listed counterparts. Given that the ~
OTCR can interact with diverse ligands in various ways, it is likely that the broad length distribution of CDR3~
compensates for the narrow length distribution of CDR38 in ducks. The CDR3a and CDR33 loops of human,
mouse, and Japanese flounder have, on average, very similar lengths (9.2 vs. 9.5, 8.5 vs. 8.9, and 11.2 vs. 11.2,
respectively). The average lengths of the duck CDR3 o and CDR3(3 loops show a tendency similar to the three spe-
cies, although the average CDR3a loops appear to be 0.7 amino acid residues shorter than CDR33 (9.5 vs. 10.2).
However, the duck CDR3« and CDR3( loops, ranging from 4-16 and 5-17 amino acid residues, display much
wider distribution than those of the three species (6-12, 6-12 and 7-15 for CDR3(3, as well as 6-12, 4-13, and
7-15 for CDR3(3). This indicates that duck CDR3a and CDR33 may have increased flexibility and are therefore
better suited to recognize a larger number of antigenic conformations presented by MHC molecules.

Methods

Animal, DNA and RNA isolation and reverse transcription. A White Peking Duck aged 90 days
post-hatching was purchased from Beijing Jinxin Duck Centre. Genomic DNA was extracted from blood cells
following a routine phenol-chloroform protocol. Total RNA was isolated from various tissues using an RNeasy
Mini Kit (Qiagen, Valencia, CA, USA). Reverse transcription was conducted using M-MLV reverse transcriptase
(Invitrogen, Beijing, China) with an oligo(dT) adapter primer NotI-d(T)18 (Supplementary Table S1). Animal
care was in accordance with the guidelines of China Agricultural University for animal welfare. All animal
experiments in the present study were approved by the Animal Care and Use Committee of China Agricultural
University.

Bacterial artificial chromosome (BAC) genomic library.  The White Peking Duck BAC (bacterial arti-
ficial chromosome) genomic library was constructed by Majorbio Co. Ltd., Shanghai, China. The BAC library was
divided into two sub-libraries, each of which was prepared using blood cell genomic DNA that had been partially
digested with the restriction enzymes Hind III or Bam HI. Each sub-library was composed of 49,152 clones,
which were placed into 16 superpools of 8 x 384-well plates. Using pulsed-field gel electrophoresis analysis of 185
clones that were randomly selected from two sub-libraries, the average insert sizes were estimated to be 152 kb.

BAC screening and sequencing. Positive BAC clones covering the duck TCRa/8, 3, ~ and 62 loci were iso-
lated from the BAC library via PCR-based screening with primers (Supplementary Table S1) designed based on
the available TCR mRNA constant sequences of mallard from GenBank. For TCRa/$, the first positive BAC clone
was sequenced from both ends, and the end sequences were used to design primers (Supplementary Table S1)
for the next round of screening to determine the BAC clone overlap. The positive BAC clones were subjected
to shotgun sequencing and assembled using the next-generation sequencing platform by BGI (Beijing, China).

Identification of germline V, D, J and C gene segments. To determine the locations of the V gene
segments, BAC sequences were screened using the IgBLAST algorithm (http://www.ncbi.nlm.nih.gov/igblast/)
by similarity to homologues from human and mouse. V gene segments are named 3’ to 5’ with the subgroup
number followed by the gene segment number if there was more than one member in this subgroup. The D and J
gene segments were annotated by searching the recombination signal sequences (RSS) using FUZZNUC (http://

SCIENTIFICREPORTS | 7:41426 | DOI: 10.1038/srep41426 10


http://www.ncbi.nlm.nih.gov/igblast/
http://embossgui.sourceforge.net/demo/fuzznuc.html

www.nature.com/scientificreports/

embossgui.sourceforge.net/demo/fuzznuc.html) and the conserved motif FGXG encoded by the ] segments man-
ually. The exon-intron organization of the C regions was searched manually by comparing the cDNA sequence
encoding the complete C region for each TCR with the duck genomic sequences. Non-TCR genes located in or
flanking each TCR locus were identified using GENSCAN (http://genes.mit,edu/GENSCAN.html).

5/RACE. The 5’ RACE System for Rapid Amplification of cDNA Ends (version 2.0, Life Technologies/Gibco
BRL, Gaithersburg, MD, USA) was applied to thymus total RNA to obtain the expressed repertoire of each TCR
type as well as the novel expressed V segments that were not located on the BAC clones. Specific primers for each
constant region of the TCRa/§, 3 and ~ loci are listed in Supplementary Table S1. The resulting PCR products
were cloned into the pMD-19T vector (TaKaRa, Dalian, China) and sequenced.

3’RACE. The cDNA sequences encoding the complete C region of each TCR, including the immunoglobulin
domain, Cp, Tm, Ct and 3'UTR, were obtained by nested 3’ RACE PCR using thymus cDNA. Specific primers
for each TCR gene were derived from the V region sequences. For the first round of PCR, sense primer located
closer to the 5" end of the cDNA (Supplementary Table S1) were paired with the antisense primer RT-P1. For the
second round of PCR, a nested primer located 3’ to the original primer (Supplementary Table S1) was paired with
antisense primer RT-P2, and a dilution of the first PCR was used as the template. The resultant PCR products were
cloned into the pMD-19T vector and sequenced.

Southern blotting. Genomic DNA was digested with different restriction enzymes and loaded into a 0.9%
agarose gel, electrophoresed for 6 h, and transferred to a positively charged nylon membrane (Roche, Germany)
for hybridization. The conserved Ca, Val, Va2, Cb, V62, Vb5, C3, V32, V@33, C~, VN1, VA6, VHS and C82
sequences from White Peking duck were used as probes. These cDNA fragments were labelled using a PCR DIG
Probe Synthesis Kit (Roche, Beijing, China) using the primers listed in Supplementary Table S1. Hybridization
and detection were performed using the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche,
Beijing, China) according to the manufacturer.

Detection of gene expression in different tissues by quantitative real-time PCR. The cDNA
samples from nine tissues (heart, liver, spleen, lung, kidney, small intestine, large intestine, thymus and bursa)
were used to determine the expression of TCRa/6, 3, y and 62 by quantitative real-time PCR. PCR was performed
using a LightCycler 480 and LightCycler 480 SYBR Green I Master Mix (Roche, Beijing, China). Each sample
was run in triplicate. The White Peking Duck EFlal gene was used as the internal control. The PCR consisted of
the following conditions: 95 °C for 10 min; 35 cycles of 95°C for 105, 60 °C for 20s, and 72 °C for 15s; and a final
extension at 72 °C for 7min. The PCR primers are listed in Supplementary Table S1. The relative expression levels
of the gene were determined using the 2-22% method by comparing the values with the internal control.

Sequence analyses. DNA and protein sequence editing, alignments, and comparisons were performed
using the DNASTAR Lasergene software suite®® and Boxshade software (http://www.ch.embnet.org/software/
BOX_form.html). Dot plot analyses of the V regions of TCRa/6, TCR3 and TCR~ loci were conducted with the
dotter program®. For a given TCR type, if the V region (corresponding to FR1 through FR3) of a cDNA clone
shared less than 97% nucleotide identity with the germline V segments identified in the BAC as well as V regions
of every other cDNA clone, the V region was considered a novel V segment®”8. The CDR3 of the rearranged TCR
V domain was defined as the region between the J region-encoded FGXG motif and the nearest preceding V
region-encoded cysteine, according to the IMGT unique numbering system®. The length of CDR3 was defined as
four amino acids less than the number of amino acid residues between the ] region-encoded GXG triplet, where
G is glycine and X is any amino acid, and the nearest preceding V region-encoded cysteine as described in ref. 53.

Phylogenetic analyses. The nucleotide sequences corresponding to FR1 through FR3 of all V genes were
aligned for tree construction using ClustalW. Phylogenetic trees were constructed in MEGA version 5.10% using
the neighbour-joining method with 1,000 bootstrap replicates. The GenBank accession numbers of all sequences
used are listed in Supplementary Table S2.
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