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Abstract

The domestic ferret, Mustela putorius furo, is an important mammalian animal model to study human respiratory infection.
However, insufficient genomic annotation hampers detailed studies of ferret T cell responses. In this study, we analyzed the
published T cell receptor beta (TRB) locus and performed high-throughput sequencing (HTS) of peripheral blood of four healthy
adult ferrets to identify expressed V, D, J, and C genes. The HTS data is used as a guide to manually curate the expressed V, D, J,
and C genes. The ferret locus appears to be most similar to that of the dog. Like other mammalian TRB loci, the ferret TRB locus
contains a library of variable genes located upstream of two D-J-C gene clusters, followed by a (in the ferret non-functional) V
gene with an inverted transcriptional orientation. All TRB genes (expressed or not) reported here have been approved by the

IMGT/WHO-IUIS nomenclature committee.

Keywords T cell receptor - TRB locus - Ferret (Mustela putorius furo) - IMGT - Comparative genomics - Immune repertoire

sequencing

Introduction

The ferret (Mustela putorius firo) is an important mammalian
model species to study human respiratory infections. Ferret in-
fection models are well suited to study the pathogenicity and
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transmissibility of Coronaviruses (SARS), Pneumoviridae
(RSV) and Orthomyxoviruses that include human and avian
influenza viruses (Enkirch and von Messling 2015; Oh and
Hurt 2016). Ferrets are an attractive mammalian model species
for these infections since ferrets and humans share similar lung
physiology, and most notably a very similar (viral) receptor
distribution throughout the respiratory tract (Belser et al. 2011;
van Riel et al. 2006). A significant drawback of the ferret model
is a lack of ferret specific reagents for detailed studies of the host
immune response to these pathogens. Nevertheless, the use of
the ferret model has increased over the years, and its usage, with
the recent publication of the ferret (draft) genome (Peng et al.
2014), is likely to increase even further. Currently, little is known
about the T cell receptor (TCR) repertoire of the ferret, limiting
the options to monitor the immune response of ferrets to exper-
imental infections with influenza virus and other pathogens.
TCRs mediate recognition of peptide antigens presented to
T lymphocytes via the peptide-MHC complex (Davis and
Bjorkman 1988). Conventional TCRs are a5 or 4 heterodi-
mers that are formed by somatic rearrangement of Variable
(V), Diversity (D), and Joining (J) gene segments for the 3
and ¢ chains, and Vand J gene segments for the o and -y chains
(Davis and Bjorkman 1988). Although the ratio between a3
and 9 T cell subsets is not known for the ferret, the a3 T cells
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are much more common than v T cells in both human and
dog (Mineccia et al. 2012). The 3 chain (at least in humans)
tends to interact more closely with the peptide antigen than the
« chain (Glanville et al. 2017), making the TRB locus the
most interesting first candidate to annotate in detail.

In this study, we annotate the expressed V, D, J, and
C genes in the ferret TRB locus by combining genomic
information from the locus with HTS of the ferret TRB
repertoire. We find that the TRB locus of the ferret has
a similar structure to that of other mammalian TRB loci,
such as mouse and human (Glusman et al. 2001), bo-
vine (Connelley et al. 2009), dog (Mineccia et al.
2012), and rabbit (Antonacci et al. 2014): a library of
V genes, followed by two (or three in bovine) D-J-C
clusters. Each cluster consists of one D gene, six or
seven (six in ferret) J genes, and a single C gene. The
D-J-C clusters are followed by a V gene with an
inverted transcriptional orientiation. We also performed
a phylogenetic analysis, showing that the ferret V and J
genes are indeed most closely related to those of the
dog. The ferret locus is small like that of the dog, about
300 Kb, and has a (largely) conserved synteny with the
dog TRB locus. Our annotation of the ferret TRB locus
will enable detailed studies of T cell responses to sup-
port research on novel or improved antiviral strategies
for influenza and other viral infections employing the
ferret as a model organism. All TRB genes identified
in our analysis (expressed or not) have been approved
by the IMGT/WHO-IUIS nomenclature committee.

Materials and methods
Genome sequences

The ferret genomic scaffolds (GL896904.1 and GL897291.1)
representing the TRB locus were retrieved from Genbank
(ferret whole genome shotgun sequence Mus-PutFur 1.0, ref
5) guided by sequence homology with the dog TRB locus
(chro- mosome:CanFam3.1:16:6706526:7027700:1). The
blast algorithm (Altschul et al. 1990) and Mauve (Darling
et al. 2004) software were applied to align the ferret genome
scaffolds with the dog genome sequence.

Animals

Four surplus cryopreserved healthy control blood samples
were obtained from an influenza vaccination-challenge
study (Bodewes et al. 2010). The control blood samples
originated from four 6 to 12 months old healthy outbred
female ferrets.

@ Springer

RNA isolation and 5-RACE

Peripheral blood mononuclear cells (PBMCs) were isolated
from ferret blood using a standard Ficoll gradient separation
protocol. Subsequently, total RNA was isolated and purified
using the RNeasy Mini Kit (Qiagen, Hilden, Germany):
250 pl of ethanol was added to the upper aqueous phase of
the processed TRIzol samples and directly transferred to the
RNeasy spin columns for purification. RNA concentrations
and OD 260:280 nm ratios were measured with the
NanoDrop® ND-1000 UV-VIS spectrophotometer
(NanoDrop Technologies, Wilmington, USA). TCR amplifi-
cation was performed according to a protocol described by
Mamedov et al. (Mamedov et al. 2013). Primer sequences
are provided in Table 1. Various nested primer 2 primers were
used since local sequence conservation is not yet established.
Briefly, RNA obtained from unsorted PBMCs was reverse
transcribed by RACE using a primer directed to the constant
region. Twelve nucleotide long unique molecular identifiers
(UMIs) were incorporated during cDNA synthesis (Kivioja
etal. 2011). Subsequently, two-stage seminested and barcoded
PCR amplification was performed including a size selection/
agarose gel purification step after the first PCR (Mamedov
et al. 2013).

TRB transcript sequence analysis

The resulting TCR amplicons were subjected to high-
throughput sequencing ac- cording to the instructions of the
manufacturers using the Ovation Low Complexity
Sequencing System kit from NuGEN (San Carlos, CA,
USA) and the Illumina MiSeq or the Hiseq2500 platforms
both using indexed paired end 300 cycle runs. All sequence
reads having the same UMI were collapsed into consensus
sequences using the RTCR pipeline (Gerritsen et al. 2016).
The BLAST+ (Camacho et al. 2009) and exonerate (Slater
and Birney 2005) (version 2.2.0) software were used to align

Table 1 Primer sequences

Template switch AAGCAGTGGTATCAACGCAG
primer AGNNNNNNNNNNNNCTTGGGGG

FTRB-31 CAGTAGCTGGAGTCATTCT

Step-out primer 1 CACTCTATCCGACAAGCAGTGGTATC

AACGCAG

FTRB-1 CACGTGGTCGGGGWAAAAGC

Step-out primer 2 NNNNCACTCTATCCGACAAGCAGT

FTRB-9F TCTCTGCTTCTGACGGTTCAAAC

FTRB-9F1 GAGGTTTGACCTTTTCCAGATTCTC

FTRB-9F2 GGAGGTTTGACCTTTTCCAGATTC

FTRB-9F3 CTGTGACCGTGGGAGGTTTG

FTRB-9F4 TGTGACCGTGGGAGGTTTGAC
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the consensus sequences with the ferret genomic scaffolds to
identify V, D, and J genes. After describing the V and J se-
quences in the ferret TRB locus, the RTCR pipeline was used
to annotate the sequences, and perform additional error
correction.

Results

Identification of expressed ferret TRB V, D, J, and C
genes

Consensus sequences, formed by collapsing all sequence reads
sharing the same UMI (here referred to as a “UMI-group”), were
aligned against the ferret draft genome. Most consensus se-
quences (> 99% for primers 9F1-9F4, > 50% for primer 9F)
of UMI-groups containing more than 1 sequence read targeted
the region between the ferret MOXD2 (Ensembl ID
ENSMPUG00000002940.1) and EPHB6
(ENSMPUGO00000008478.1) genes. This result is in line with
the genome location of the TRB regions of a diverse set of
mammals, i.e., cattle, human, mouse, and dog, of which the
TRB regions are also flanked by MOXD2 and EPHB6
(Antonacci et al. 2014). Consensus sequences from UMI-
groups of size 2 and up were aligned against the ferret genome.
Next, we searched in the TRB locus for expressed V, D, J, or C
genes in the regions with over 50 coverage (see Fig. 1).

Using the HTS data, we were able to identify 23
ferret TRBV genes that had over 50 x coverage over

V1R

MOXD2

TRYX3

part of their region. Reads aligning to the same region
were collapsed, and the resulting consensus sequence
was used to identify the various features of a V-
GENE, such as the location of the V-RS, SPLICE-
DONOR, and SPLICE-ACCEPTOR sites. In cases
where the consensus was unclear, either due to low
coverage and/or poor agreement, we used the
LIGMotif programme (Lane et al. 2010) in combination
with manual curation to identify the various gene fea-
tures (Fig. 2). In total, we identified 27 TRBV genes, of
which IMGT classified 20 as functional (74%), 4 as
pseudogenes (15%), and 3 as an ORF (see Figure S5
for genomic locations of V, D, J, and C genes).

Interestingly, in the functional V gene TRBV19, we
discovered a non-functional splice variant (see Figure S1
for an example), leading to a frameshift and the loss of the
FR1 and CDRI1 regions of the V-EXON. This splice var-
iant occurs on average in more than 25% of the sequence
reads that align to TRBV19 in each of the four ferrets. To
be able to detect this non-functional variant, sequence
reads should extend nearly 200 bp into the V-EXON re-
gion. If reads do not extend this far into the V gene, this
may lead to an overestimation of the expression level of V
genes having such non-functional splice variants. To this
end repertoire sequencing experiments should use reads
that are long enough to detect the splice variants, or per-
form a bias correction based on dedicated experiments
quantifying the proportion of non-functional splice vari-
ants in the ferret population.
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Fig. 1 Schematic representation of the genomic organization of V, D, J,
and C genes in the ferret TRB locus. The TRB locus is covered by
scaffolds GL896904.1 and GL897291.1, here shown as blue and black
horizontal lines, respectively. Boxes are to scale and show the following
regions for the various genes: V genes (functional or ORF, green;
pseudogenes, red), from the 5’ start of L-PART1 to the 3’ end of V-
REGION; for D genes (black), the D-region; for J genes (yellow), from

5" start of the J-REGION of TRBJ1-1 until 3’ end of the J-REGION of
TRBJ1-6 and similarly for TRBJ2; for C genes (blue), from 5’ start of
EX1 until 3" end of EX4. A few non-TRB genes are included: the
canonical start and end genes of the TRB locus, MOXD2 and EPHB6,
respectively, and TRYX3. Genomic coverage from the HTS (gray bars;
bar width is 10 bp) is shown on a log10 scale, excluding bars that have
less than 50x coverage on average.
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[ER loooi] Jovennn B [.]....]
TRBV1 MGPPSILWVWVLVATMSTGAT ASLVEQRPRWVPVAC GQAKTLHCILR NSQ. MSWYQQDL
TRBV3 MGSTLFCCMVLCLLGAAPL DTAVSQTPKHLIAQT GNKKFLKCEQK LGH. MYWYKQDS
TRBV4-1 MGCRLLCWVVLCMLWAVSTGN . .GVTQTPKHLVSGT GRSVTLKCKQH LGH. MYWYKQSV
TRBV4-2 MGCRLPYWVALCLLGAVSM DPGVIQTPKHLVTGT TRSVTLKCKQH LGH. MYWYKQSV
TRBV5-2 MGSRLLCCVALCLLGAGPVA .SGVTQTPRHLIKTR GQKVTLRCSFV SGH. VYWYQQVL
TRBV5-4 MRRPVLPGSARGTQLLCWVSLCLLGAGPA GAEVIQTPRHLIQGS GGTAVLTCQPV SGH. VRWYQQTL
TRBV6 MSVSRLCCVVFCLLQAGSL NAGITQTPKFQVLGT GQNMTLKCHQD MNH. MYWYRQDH
TRBV7-1 MDPRLLCWVTLCLLGQGHAG .PGVSQFSRHRVTER GQNVTLGCDPI SGH. LYWYRQTI
TRBV7-2 MDPRLLCWVTLCLLGQGHTG .PGVSQFPRHRVTER GQNVTLGCDPI SGH. LYWYRQTT
TRBV8 MNLNLFCVTLWLLGAGPM EAEITQTPRYSIIQI GTKKTLECSQD MNH. MFWYRQDP
TRBV12-1 MGTLALCLLGVLCFLWVEFT DAGVIQTPRHKVTKM GQEVTLKCQPI SGH. LFWYSQTS
TRBV12-2 MATRLLCCVALCLLGREFI DAGVIQTPRHNVTKM GQEVTLKCQPI SGH. LYWYSQTS
TRBV15 MAPELLHCVAFCLLGAGLM GAMVIQSSRYQVTRV GKPVNLSCSQN MNH. MYWYQQKL
TRBV16 MCPVFICSLVFWLLNAGAL HAEVTQTPGHLVKGK GQKAKMHCVPI KGH. VDWYQQIP
TRBV18 MGTRVLCWVVIWLLGAGLM NAGVTQNPRHLVIRT GQEATLKCSPE KGH. FYWYQQPQ
TRBV19 MGNQVICCVALCLLRAGTT DGGITQTPKYLLREE GREVTLKCEQD FNH. MYWYRQDP
TRBV20 MLLLLLLLGPSSGL GARVSQDPSAVICKS GASVQIECRAV DLQ. VFGYRQLP
TRBV21 MFFRLLCCMALFSWGAGSL DPNVTQTPGYLVKGK GQKAKMECVPI KGH. VFWYHRKL
TRBV22 MSSWALCYVALCLLGTGP THAEIYQMPAFLLTR AGR.AVTLECK QNL. MYWYWQDP
TRBV25 MAVRLLCYVALYLLEADLV DAGITQTPRHCVSGT GKKIVLECSQT MGY. MYWYRQDP
TRBV26 MNNRILCCVVIYLISVGLKG .AVVTQFPKHRIVGP GKELTLQCLQD MNY. MYWYRQDP
TRBV27 MAFRLLGCVVLCLLGAGPV EAGVTQTPRHFITRT GRQLTLYCSQD MDH. MFWYRQDP
TRBV29 MLPCLLLLLGQGSVFST . .LLSQEPRRDICQC GTSMTIQCETD TQV. MYWYRQLP

Fig.2 Protein display of the ferret consensus TRBV genes, showing only
genes classified by IMGT as functional, F, or open reading frame, ORF.
Alignment of the V-REGIONSs, performed using DomainGapAlign
(Ehrenmann et al. 2010; Ehrenmann and Lefranc 2011), is displayed

Similarly to the V genes, we manually curated the D, J, and
C genes guided by the HTS data (Figs. 3 and 4). The general
structural organization of the ferret TRB locus (see Fig. 1) is
similar to that of the dog (see Ref. (Mineccia et al. 2012) for
the locus of Canis lupus familiaris). Like in the dog, the ferret
TRB locus spans about 300 Kb, which is much less than the
650 Kb long locus of humans. The ferret TRB locus contains a
region of V genes followed by two D-J-C clusters. Both D-J-C
clusters span about 7 Kb and consist of one D gene, six J
genes, followed by a C gene. About 11 Kb downstream of
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QGSLQVLAT EEVVSVP.G ADYRVRRVNS TELRLHVANMTQ G..LYCTC ST... .6.
QKLLKVMFI ILNETVP.R CFLPESP.DK TRLNLHINFLET GDTAVYFC ASSL. .6.
QKPPKLMLA LQNETAS.S RFLPDRS.NN SQLDLQIKALEP EDSALYLC ASSK. .6.
QKPPKLMLA FENATAS.S RFLPDRS.NN SQLDLQIKALEP EDSALYLC ASSK. .6.
GQGPRFLIQ RDKGDMP.E RFSARQF.SN SSSQLDLDLLEL EDSALYLC ASSE. .6.
GQGPKFLIE RDKGDMP.E RFSAQQF.SN YSSQLNLSLLEP GDSALYLC ASS*. .6.
GHGLRLIHY SASGEVP.D GYSASRP.NV TIFLL.L.STAP SQTSVYFC ASSV. .10.
GKGPEFLVY LDKSGMTND RLSAKRS.EG TNSTLQIQRAEQ GDSAVHLC ASSP. .6.4
GKGLEFLVY ~ FQN....TDA VDKSGMTND RLSVQRS.KG TNSTLQIQRAEQ GDSAVYLC ASSP. .6.
GQGLRLIYY  SSD....SPS TTKGDVA.E GYSVSRK.EQ KFSPLTLESAST NQTSVYLC ASSE. 6.
VQGPKLLIS  FNN....EAP IDDSGMPKE WFSAEIS.NK SLSTLKIKSTEP GDSATYLC ASSI. .6.
VQGPKLLIY  FNN....QAP IDDSGMPKE RFSAEIS.NK SLSTLKIKPTEP GDSATYLC ASSV. .6.
NQAPKLLLY ~ YYD....KNF NREAETS.D NFQASRP.NT SFCSLNILSPGL GDSGVYLC ASSK. .6.
AKEFKFFIS ~ FQN....DAI FDKTGMPEK RFSAACP.QN ASCSLEIKPTEL QDSAVYFC ASSE. .6.
GESLKFMVY ~ LQN...AQTV .DDSGMSKE RFSTNIS.KE GQSILKIQPAEL GDSAVYFC ASSL. 7.
GQGPRLIYY  SPL....KDD VQRGDIP.E GYFGSRG.KK TIFSLAVTSTRK NHTALYLC ASSR. .6.
KQGLTLMAT ~ SNVG...SSA THEPDFPKA KFPISHP.NL IFFSLTVTSASP ADSSLYLC GA... 7.
EEEFKFLVY  LQD....KDI VDKIEGFDN QFSAECP.KN SPCTLEINSTEP GDSALYMC ASNK. .6.
GQSLRLIYY  STV....EKD VQRGDIT.E GYNVSRE.EK GLFPLTMNLAHT NQTGVYLC SGSA. .6.
GKALQLIHY  SYG....VNN TENEELS.S GSTVSRL.RK EVFPLTLESASP SQTSLYLC ASSE. .6.
GFGLQLIYY  STG....ARN FEKGDVPQG YRVSRKD..L QSFSLTLESAST NQTSVYLC TSSE. .6.
GVGLKLIYF  SRN....VKF IEVGDVP.D GYSVLRK.EK KDFPLTLKSTGT NQTSLYLC ASSV. .6.
GQSLILIAT  ANQG...MEA TYESGFTKE KFPISRP.TL TFSSLTVNNMSF EDSSFYLC SAE.. [5.7.31

according to IMGT unique numbering for V-REGION (Lefranc et al.
2003), and the amino acid length of CDR-IMGT is indicated in square
brackets

the second D-J-C cluster, there is a TRBV gene (TRBV30)
with an inverted transcriptional orientation. In the ferret,
IMGT classified TRBV30 as a pseudogene because of a miss-
ing DONOR-SPLICE. Instead, the homologous TRBV30 in
both human and dog is functional.

The ferret TRBD1 and TRBD2 genes are 12 bp and 15 bp
long, respectively, and both genes are productively read in all
3 reading frames (Fig. 3a). The ferret J genes are between 44
and 53 bp long and conserve the FGXG motif, required for a
functional J gene. The only exception is TRBJ1-4, classified

gene name 5'D-NONAMER  5D-SPACER  5'D-HEPTAMER 3'D-HEPTAMER 3'D-SPACER 3'D-NONAMER
GGTTTTTGT  sksksskskskksokx CACTGTG D-REGION CACAGTG FokokroRokokRkoRoRokokoRork - ACAAAAACC
TRBD1 gttttttgt acaaagatgtaa cattgtg GGGACAGGGGGC cacggtg attcaactctatgggaaagcttt acaaaaacc
G T G G
G Q G
D R G
TRBD2 catttttgt atcctgttgtaa cattgtg GGAGCTGGGGGGGGG cacgatg actcaggtagagggggtgctttt acaaaaagc
G AG GG
E L GG
S W G G
(b)
gene name J-NONAMER J-SPACER J-HEPTAMER J-REGION DONOR-SPLICE
GGTTTTTGT  skssksksokssknskk CACTGTG
TRBJ1-1 gtttgtttc cctgccccacat cactgtg TGAACACTGAACTTTTCTTTGGAGAAGGCACCAGGCTCACAGTTATAG gtaaga
N TELTFFGEGTRLTUVTI
TRBJ1-2 catttgaga gtggccgtatgc tgatgtg CTATGATTTTACCTTCGGCCCAGGGACCAAGCTGACGGTTGTCG gtaagg
Y DF TFEGPGTIKTLTVYV
TRBJ1-3 ggttctgaa gtggatctggga ggctgtg CTCTTGAGACACCCTCCATTTTGGGGAGGGGACCCGGCTCACTGTTGTAG gtaagt
S+ DTLHEGEGTRLTWVYV
TRBJ1-4 agttttcct accgggctgcag tgttgtg TAACAATGAAAAACTGTATTTTGCAAGTGGAACCAAGCTGTCCGTCCTGG gtaagt
N N E KLY FASGT KTLS VL
TRBJ1-5 gggtttgtc acaccctcgctg tgctgtg GAGCAACCAGGCCCAGCACTTTGGAGATGGTACTCAACTCTTGGTCCTCG gtaagg
S NQ AQHEFEGDGTHU QLLVL
TRBJ1-6 ggttttacc acggctgcctge agctgtg TTCCTATAACTCGCCGCTCTACTTTGGGATGGGCACCAGGCTCACCGTGACAG gtatgg
S YNSPLYEFEGMGTRLTWVT
TRBJ2-1 aaattcttg gcagcccctgac cactgtg CTCATACAGCGAGCAGCACTTTGGGCCAGGGACCCGGCTCACAGTACTAG gtaaga
SYSEQHEGPGTR RLTWVL
TRBJ2-2 ggtttgtgc ctggctccccag agctgtg CAAACACAGGACAGCTGTACTTTGGGGCCGGTTCCAAGCTGACGGTTCTGG gtaagg
N T G LY FGAGS S KTLTWVL
TRBJ2-3 gattcttgt gctggggctccg ggccgtg AGTGGAGAAACTCAGTATTTCGGCAGGGGCACCCGGCTGACGGTGCTAG gtaagc
S G ETQY FGRGTRLTWVL
TRBJ2-4 tgtttttgt gctgagccaggg ggctgtg AGCCAAAATACCCAGTACTTCGGCGCGGGGACCCGGCTGACGGTTCTAG gtgagc
S Q NTQY FGAGTA RLTWVL
TRBJ2-5 tctctcgga gagggggcccgg ggccctg CTTTGCAGCCTCTGCCCTGTCCTTCGGGGCCGGCAGCCGGCTGACCGTCCTGG gtgggt
FAASALSE FEGAGSH RLTWVL
TRBJ2-6 ggtttgcgc gcgggtctggge ctctgtg TTCCTACGAGCAGTATTTCGGCTCCGGCACCAGGCTCACGGTCATAG gtgaga

S Y E Q

Y FG66GS GTRLTWVI

Fig. 3 Nucleotide and deduced amino acid sequences of the ferret TRBD (a) and TRBJ (b) genes. TRBJ1-3 is classified as a pseudogene because of the
presence of a stop codon (asterisk).
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A AB B BC C

(1-15) (16-26) (27-38)  (39-45)

------------------------ > i

1 10 15 16 2326 27 36 3941 45

species gene name 87654321|........ [ 112300 l..
Canlup TRBC1
Musput TRBC1
Musput  TRBC2

CONNECTING-REGION | TRANSMEMBRANE-REGION |CYTOPLASMIC-REGION

[EX2] [EX3] [EX4]

Canlup TRBC1 (D)CGFTS (V)SYHQGVLSATILYEILLGKATLYAVLVSILVLMAK VKRKGS
Musput TRBC1 (D)CGFTS (V)SYQQGILSATILYEILLGKATLYAWLVGALVLMAK |lERKGS
Musput TRBC2 (D)CGFTS (V)SYQQGILSATILYEILLGKATLYALVGALVLMAK JLRKGS

Fig. 4 Protein display of the ferret TRBC genes, including dog TRBCl,
according to the IMGT unique numbering for C-DOMAIN (Lefranc et al.
2005). Nucleotide differences between TRBC1 and TRBC2 exons of the

as an ORF because it has a noncanonical J-MOTIF (“FASG”;
Fig. 3b) identical to the homologous gene, TRBJ1-4, in the
dog. Both TRBJ2-1 and TRBJ2-5 are also classified as an
OREF due to having a noncanonical -NONAMER. Although
TRBJ1-3 is a pseudogene (because of a stop codon), it can still
lead to functional transcripts by VDJ recombination, as it is
used in about 3% of the TCRB clonotypes (Fig. 6b). Like
other mammalian species such as human, mouse, dog, and
rabbit (Antonacci et al. 2014), the ferret TRBC genes consist
of 4 exons each (Fig. 4). The TRBC genes of the ferret are
identical to each other for the first 2 exons (EX1 and EX2),
and differ by only 2 nt in EX3 and also by 2 ntin EX4. The FG
loop is one amino acid longer than the longest TRBC FG loop
described by IMGT (Lefranc et al. 2005). We extended the
numbering of the FG loop to accommodate the additional
amino acid (Fig. 4). Both TRBC genes appear to be function-
al, having proper acceptor and donor splice sites for each
exon, not containing any stop codon or frameshifts.

Phylogenetic analysis of the ferret TRBV and TRBJ
genes

We aligned the ferret TRBV (V-REGION) and TRBJ (J-
REGION) amino acid sequences to human and dog TRBV
and TRBJ sequences, and constructed a phylogenetic tree
using a maximum likelihood approach (Guindon and
Gascuel 2003) (Fig. 5). We included both functional and
non-functional ferret V and J genes. The ferret TRBV genes
tend to cluster closer together with the dog than human TRBV
genes. Most ferret TRBJ genes are more closely related to the
dog TRBJ genes than to the human TRBJ genes, except for
TRBIJ1-5 and TRBJ2-6, which are closer to human TRBJ1-5
and TRBJ2-7, respectively.

Analysis of the ferret TRBV and TRBJ usage

After identifying the ferret TRBV and TRBJ genes, we used
the RTCR pipeline to annotate and error correct the sequence
reads. Overall, the TRBV and TRBJ usage is very similar
among the four ferrets (Fig. 6). Interestingly, TRBV5-4, which
contains a stop codon at the 3’ end of the CDR3, is the most
common TRBYV gene in the repertoire. Similarly, the

D D
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ferret are shown in light gray and dark gray, for synonymous and non-
synonymous substitutions, respectively

pseudogene TRBJ1-3 also produces functional transcripts
(i.e., about 3% of all transcripts; Fig. 6).

Discussion

We combined HTS and genome analysis to describe the
(expressed) T cell receptor genes in the TRB locus of
the ferret. The genomic organization of the ferret TRB
locus is very similar to that described in other mammals
such as human, mouse, dog, and rabbit (Mineccia et al.
2012; Antonacci et al. 2014): the locus is flanked by
MOXD2 and EPHB6 at the 5’ and 3’ ends, respectively,
and consists of a library of V genes followed by two D-
J-C clusters, followed by a V gene, which is non-
functional in the ferret, with an inverted transcriptional
orientation. Thus, the ferret confirms the strong organi-
zational conservation of mammalian TRB loci. The fer-
ret and dog TRB loci are closely related, because the
ferret and the dog are in the same mammalian order, the
Carnivora. Like in the dog, the ferret TRB locus is
relatively small (300 Kb) and both contain about 20
functional TRBV genes. The ferret also expresses
TRBV and TRBJ genes that contain stop codons, which
nonetheless lead to functional transcripts, because these
stop codons are deleted during VDJ recombination.

The ferret TRB locus is represented by two scaffolds
of the draft genome assembly of the ferret as indicated
in Fig. 1. Since, one, the highly conserved synteny with
the dog TRB locus (any genomic sub-region of the dog
TRB locus has a ferret counterpart on either of the two
contigs), and two, the facing ends of the two scaffolds
(Fig. 1, top line) display considerable sequence homol-
ogy (> 1400 nt, data not shown), all ferret TRB VDJ
genes are most likely contained in the current genome
build. It is to be expected that the two scaffolds will be
connected in a future build of the ferret genome when
additional sequence information is available to complete
genome regions encompassing gene families like the
TRB locus that are particularly difficult to assemble
correctly.
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<« Fig. 5 Phylogenetic trees of the dog, human, and ferret TRBV (a) and
TRBJ (b) genes. Unrooted phylogenies were inferred from V-REGION
(a) and J-REGION (b) amino acid sequences using the PhyML
programme (Guindon and Gascuel 2003). The phylogenetic trees were
visualized using FigTree (Rambaut 2009). Ferret genes are indicated in
blue, human and dog genes in black

As previously described (Mineccia et al. 2012), the
CDR3 length distribution is highly conserved, which in
this study is also confirmed as the ferret and the human
have nearly identical CDR3 length distributions
(Supplemental Figure S2). Despite the relatively low num-
ber of V genes in the TRB locus of the ferret, the ferret

Fig. 6 TRBV (a) and TRBJ (b)

(a)

repertoire is highly diverse as there is hardly any overlap in
TCRJ chains between the ferrets (Supplemental Figure S3
and S4). Within ferrets the TCRS chain overlap between
samples is about 50%, probably reflecting the presence of
memory clonotypes in the blood that have expanded due to
antigen stimulation.

Although the ferret is an important animal model in re-
search on respiratory infections, its adaptive immune re-
sponses were until now poorly characterized (Enkirch and
von Messling 2015). Our characterization of expressed TRB
genes in the ferret paves the way for detailed analysis of the
cellular immune responses of ferrets in health and disease.

gene usage in the ferret. Bars 0.201
indicate average fraction of
distinct TCR sequences encoding
a particular gene. Error bars
indicate SEM across 16 HTS
datasets (4 ferrets total, of which 3
ferrets are represented by 5

repertoire sequencing runs each)
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