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ABSTRACT

The formation of the B cell receptor (BCR) heavy chain variable region is derived from the germline
V(D)J gene rearrangement according to the “12/23” rule and the “beyond 12/23” rule. The usage
frequency of each V(D)J gene in the peripheral BCR repertoires is related to the initial recombination,
self-tolerance selection, and the clonal proliferative response. However, their specific differences and
possible mechanisms are still unknown. We analyzed in-frame and out-of-frame BCR-H repertoires
from human samples with physiological and various pathological conditions by high-throughput
sequencing. Our results showed that IGHJ gene frequency follows a similar pattern where IGHJ4 is
used at high frequency (>40%), IGHJ6/IGHJ3/IGHJ5 is used at medium frequencies (10%~20%), and
IGH2/IGHJ1 is used at low frequency (<4%) under whether physiological or various pathological
conditions. Furthermore, analysis of the recombination signal sequences suggested that the
conserved nonamer and heptamer and certain 23 bp spacer length may affect the initial IGHD-IGHJ
recombination, which results in different frequencies of IGHJ genes among the initial BCR-H
repertoire. Based on this "background repertoire”, we recommend that re-evaluation and further
investigation are needed when analyzing the significance and mechanism of IGHJ gene frequency in
self-tolerance selection and the clonal proliferative response.

INTRODUCTION
The diversity of the initial vertebrate B cell receptor (BCR) originates from the recombination of multiple
germline genes (V(D)J) and insertion and deletion during the recombination process. There is a consensus
recombination signal sequence (RSS) (1) at the 5' or 3' end of each V(D)J gene segment that participates in
recombination according to the “12/23” rule (2, 3, 4) and the “beyond 12/23” rule (5). In addition,
recombination-activating gene (RAG) enzymes, terminal deoxynucleotidyl transferase (TDT),
heterodimer-KU70/KU80, DNA-dependent protein kinase (DNA-PK/Artemis), DNA ligase IV (XRCC4) and
other proteins are involved in the complex V(D)J recombination process (4, 6).

Theoretically, the usage frequency of V(D)J gene segments is random in the pro-B cell or pre-B cell
recombination process (before autoantigen selection). However, in vitro experiments in B cell lines confirmed
that V(D)J gene segments contribute unequally to the primary repertoire, and the consensus heptamer and
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nonamer sequences of the RSSs are considered the major factor (7). The contributing factors may relate to
the usage frequency of V(D)J gene segments. The usage of proximal and distal gene segments in
recombination is not random; for example, the JH-proximal VH gene of pre-B cell lines has a preferential
usage (8), and VH near Cu may be preferred during early rearrangement (9). During pre-B cell differentiation
and development, the initial DH-JH rearrangements employ more 3' (JH-proximal) DH segments (10);
however, Feeney AJ et al found that there is no apparent preference for the more JK-proximal over the more
JK-distal genes in the proximal region (11). In addition, compared with RSSs with one or more base mutations,
the corresponding gene subfamily of RSSs with a consensus heptamer/nonamer (conserved) has preferred
usage (3, 12, 13, 14, 15). Moreover, the usage frequency of the corresponding gene segment will be affected
when the lengths of the 12 bp spacer/23 bp spacer in RSSs increase or decrease (12, 13, 15) and when the
base sequences of the 12 bp spacer/23 bp spacer in RSS change (16,17,18).

However, these results are derived from experiments based on B cell lines in vitro, and whether RSSs
influence the V(D)J usage frequency of initial repertoires in vivo is unclear. The difference in each V(D)J
usage frequency in the peripheral B cell repertoires is mainly derived from the selection of self-tolerance and
the response of clonal proliferation (8, 19, 20, 21). How the difference in usage frequency of each V(D)J gene
segment in initial repertoires influences the peripheral repertoire has not been clarified and has received little
attention.

With the development of high-throughput sequencing (HTS) analysis for V(D)J tracking, analyzing each
V(D)J usage frequency in individual BCR-H repertoires is now possible. We have broadly analyzed the
composition characteristics of BCR-H repertoires by HTS since 2013 and found that the human IGHJ4 gene
subfamily has the highest usage frequency in physiological and various pathological conditions, followed by
IGHJ6, IGHJ3 and IGHJ5 with medium usage frequency and by IGHJ1 and IGHJ2 with significantly low usage
frequency. Additionally, the usage frequency of 6 IGHJ gene families shows amazing consistency by
analyzing the BCR-H sequences of public databases (IMGT, etc.) and published articles (HTS data) from
subjects with physiological or various pathological conditions. Moreover, we analyzed the composition
characteristics of the RSSs in human IGHJ genes. Our results suggest that the consensus nonamer and
heptamer, the standard spacer length (23 bp), and the mutation site of RSSs may affect the usage frequency
of 6 IGHJ gene segments (nonrandom selection), and this specific primary repertoire may result in the lack of
significant changes in the usage frequency of 6 IGHJ genes in the peripheral repertoire under physiological
and various pathological conditions.

MATERIALS AND METHODS

Subjects and sample preparation

The subjects included six healthy volunteers (6 samples: H-1, H-2, H-3, H-4, H-5 and H-6) (22), two
volunteers with systemic lupus erythematosus (SLE) (including 6 total samples pretreatment, during treatment
and after treatment, namely, S1-1, S1-2, S1-3, S2-1, S2-2 and S2-3) (23), three volunteers with breast cancer
(including 9 total samples pretreatment, during treatment and after treatment, namely, B3-1, B2-1, B1-1, B3-2,
B2-2, B1-2, B3-3, B2-3, and B1-3), two volunteers with a high titer of HBsAb (2 samples: HBsAb-1, HBsAb-2)
(24) and three volunteers with samples before and after immunization with the HBV vaccine (6 IgM samples
(V1-BM, V1-AM, V2-BM, V2-AM, V3-BM, V3-AM) and 6 IgG samples (V1-BG, V1-AG, V2-BG, V2-AG, V3-BG,
and V3-AG)) (25). The peripheral blood samples were obtained from the Affiliated Hospital of Zunyi Medical
University. All the volunteers were informed of the purpose of peripheral blood collection and were under a
protocol approved by The Committee on the Ethics of Human Experiments of Zunyi Medical University, and
all the experiments were performed in accordance with the guidelines of the committee. Peripheral blood
mononuclear cells (PBMCs) were obtained using Ficoll 1640 (Biochrom AG, Berlin, Germany) density
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centrifugation.

Total RNA/DNA extraction and cDNA synthesis

Total RNA was extracted from the PBMCs in three volunteers with immunization with HBV vaccine according
to the manufacturer's protocol for the total RNA extraction kit (OmegaBio-Tek). The total RNA was then
reverse transcribed into cDNA using Oligo dT18 according to the manufacturer's protocol for the reverse
transcription kit (MBI, Fermentas). The genomic DNA from PBMCs in other samples was obtained using the
QlAamp DNA Mini Kit (QIAGEN, CA) and was stored in a QlAsafe DNA tube (QIAGEN).

High-throughput sequencing

All the DNA samples were sent to Adaptive Biotechnologies Corp (http://www.adaptivebiotech.com) for
multiplex PCR amplification of human BCR-HCDR3 regions. Error from bias in this multiplex PCR assay was
controlled using synthetic templates (26), and the HCDR3 sequences were acquired by HTS on the
ImmunoSEQ platform (http://www.adaptivebiotech.com) (23). All the PCR products of cDNA samples after
PCR amplification were sent to Tongji-SCBIT Biotechnology Corporation for HTS, and detailed experimental
procedures have been described in our previous article (25). The HCDR3 regions were identified within the
sequencing reads according to the definition established by the International ImMunoGeneTics (IMGT)
collaboration. A standard algorithm was used to identify which V(D)J segments contributed to each HCDR3
sequence.

Public data

We used 9,340 unique in-frame BCR-H sequences (non-HTS data in different pathological states) derived
from the IMGT/LIGM-DB to analyze the IGHJ gene frequency by IMGT/HighV-QUEST (27). In addition,
50,290 BCR-H sequences of memory B cells and 48,167 HCDR3 sequences of naive B cells from a public
database (HTS data from 3 healthy volunteers) were used for this study (28). The unique in-frame BCR-H
sequences (n=84,804) and out-of-frame sequences (n=13,653) were compared and analyzed by
IMGT/HighV-QUEST software in this study.

Sequence analysis

The raw sequences in FASTA format were analyzed with IMGT/HighV-QUEST online software (version 1.3.1,
http://www.imgt.org). Using the IMGT summary document, the sequences not meeting the following criteria
were filtered out: (1) no results (sequences for which IMGT/HighV-QUEST did not return any result) and (2)
unknown (sequences for which no functionality was detected. This category corresponds to the sequences for
which the junction could not be identified (no evidence of rearrangement, no evidence of junction anchors).).
In-frame and out-of-frame unique sequences remaining after filtering were used for IGHJ gene frequency, D-J
pairing, and nucleotide insertion and deletion analyses.

RSS composition analysis

According to the accession numbers of these human IGHJ and IGHD genes in IMGT and GenBank, we
obtained detailed annotations of complete human genome sequences for RSS composition analysis,
including sequence characteristics of nonamers and heptamers, length characteristics of 12 bp and 23 bp
spacers, and the IGHJ gene segment (amino acid) composition of code end.

Software and statistics
IMGT/HighV-QUEST (version 1.3.1) was used for identification of sequences (JH and DH), evaluation of
functionality and statistical analysis of the sequence data; IMGT/V-QUEST (version 3.3.1) was used for
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identification of nonamers, heptamers, 12 bp and 23 bp spacers, and IGHJ gene segments of the coding end;
Microsoft Office Excel (version 365) was used for storage, filtering and statistical analysis of the sequences.
The resulting sequences were graphed using Prism 8 software (GraphPad). IGHJ gene usages were
compared using a x2 test. Insertions and deletions of the nucleotides were compared using one-way ANOVA
with Bonferroni correction. All statistically significant differences are indicated as *=p<0.05; **=p<0.01, and
***=p<0.001.

RESULTS

The IGHJ gene frequency follows a similar pattern and is rarely influenced by antigen selection

The number of BCR-H sequences from 6 healthy volunteer samples ranged from 250,000

to 1,250,000 (Supplementary Table 1). The order of frequency of IGHJ genes (in-frame) was
IGHJ4>IGHJ6>IGHJ3>IGHJ5>IGHJ2>IGHJ1, while out-of-frame sequences followed an order of
IGHJ4>IGHJ6> IGHJ5>IGHJ3>IGHJ1>IGHJ2 (Figure 1A). For these two groups, the frequency of IGHJ4 was
significantly higher than that of each IGHJ gene, while IGHJ1 and IGHJ2 were significantly less frequently
used (Figure 1A). Supplementary Table 2 shows the data of the naive B cell repertoire (primary repertoire,
n=48,167) and the memory B cell repertoire (n=50,290). The order of IGHJ gene usage (in-frame) was
IGHJ4>IGHJI6>IGHJI3>IGHJ5>IGHJ2>IGHJ1. Sequences (n=9,340) from the IMGT/LIGM-DB also followed
this pattern (Supplementary Table 3 and Figure 1C), while the usage of IGHJ genes (out-of-frame) followed
IGHJ4>IGHJ6> IGHJI5>IGHJ3>IGHJ1>IGHJ2 (Figure 1B). Similarly, IGHJ4 was significantly used, while the
IGHJ1 or IGHJ2 frequency was significantly lower than those of other IGHJ genes.

A similar pattern of IGHJ gene frequency was found not only under physiological conditions but also under
pathological conditions. IgM and IgG sequences from three volunteers before and after HBV vaccine are
shown in Supplementary Table 4. IgM in-frame sequences presented as IGHJ4> IGHJ6>
IGHJ3>IGHJ5>IGHJ2>IGHJ1, while IgM out-of-frame sequences showed IGHJ4>IGHJ3> IGHJ5>
IGHJ6>IGHJ1>IGHJ2 (Figure 1D). For IgG sequences, IGHJ4>IGHJ6>IGHJI5>IGHJI3> IGHJ2>IGHJ1 was
found in the in-frame sequences, while out-of-frame sequences showed IGHJ4>IGHJ5>IGHJ3> IGHJ6>
IGHJ1>IGHJ2 (Figure 1E). The BCR-H sequences from 6 SLE samples ranged from 170,000 to 610,000
sequences (Supplementary Table 5). The usage frequency of 6 IGHJ genes (in-frame) followed
IGHJ4>IGHJ6>IGHJ3>IGHJ5>IGHJ2>IGHJ1, while the order of usage frequency of 6 IGHJ genes
(out-of-frame) was IGHJ4>IGHJ6>IGHJ5>IGHJ3> IGHJ1>IGHJ2 (Figure 1F). The BCR-H sequence number
from breast cancer samples was approximately 70,000~160,000 for each sample (Supplementary Table 6),
and the sequence number from two volunteers with a high titer of HBsAb was 760,000 and 880,000 (Table 7).
Interestingly, in-frame and out-of-frame sequences from these two groups consistently presented as
IGHJ4>IGHJI6>IGHJI5>IGHJI3>IGHJ2>IGHJ1 (Figure 1G and H).

In addition, we analyzed the ratio of unique to total sequences of each IGHJ gene (in-frame and
out-of-frame) and found no differences in 6 IGHJ gene families (Supplementary Table 1 and 2, and Figure 2),
which suggests that the multiplex PCR library and the experimental system of HTS did not show obvious bias.
Taken together, these results indicate that IGHJ gene frequency follows a similar pattern where IGHJ4 is used
at high frequency (>40%), IGHJ6/IGHJ3/IGHJ5 is used at medium frequencies (10%~20%), and IGH2/IGHJ1
is used at low frequencies (<4%). Therefore, the pattern shows high consistency in physiological and various
pathological conditions, which suggests that the recombination selection of each IGHJ gene is nonrandom
and rarely influenced by antigen selection.

IGHJ-IGHD pairing and trimming and insertion between IGHD and IGHJ
Six IGHJ gene families have different initial BCR-H repertoires, which may be related to nonrandom selection
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of D-J recombination, thus prompting us to investigate IGHJ-IGHD pairing (Figure 3) and trimming and
insertion between IGHD and IGHJ (Figure 4). Most of the 27 IGHD gene subfamilies showed a higher
proportion of IGHJ4 pairing (Figure 3). However, whether they were in frame or out of frame, the paired IGHD
genes of different IGHJ genes at high or low frequencies were similar. For 6 IGHJ gene families, the IGHD
genes paired at high frequency included IGHD6-13, IGHD6-19, IGHD3-22, IGHD3-10, and IGHD2-15, while
the low frequency parings included IGHD1-20, IGHD1-7, IGHD4-11, IGHD6-25, and IGHD7-27 (Figure 3).

Trimming and insertion between IGHD and IGHJ mainly presented as 3'D trimmed, 5'J trimmed, and N2
insertion (Figure 4). We found that the mean length of 5'J trimmed showed significant differences among
different IGHJ genes under some conditions, while 3'D trimmed and N2 insertion did not show significant
differences (data not shown). For IGHJ1 and IGHJ2, the 5'J trimmed length of IGHJ1 (in-frame sequences)
showed significant differences compared with the other IGHJ subfamilies in the SLE and IgM with HBV
vaccine groups (one-way ANOVA with Bonferroni correction, p<0.001). A similar situation occurred on 5'J
trimmed of IGHJ2 in the breast cancer group. The mean length of 5'J trimmed of the IGHJ4 (in-frame or
out-of-frame sequences) showed significant differences compared with the other IGHJ genes in the SLE
group (one-way ANOVA with Bonferroni correction, each p<0.001). In all groups, IGHJ4 (high usage) showed
significant differences compared with IGH1 and IGHJ2 (low usage) (one-way ANOVA with Bonferroni
correction, each p<0.001). The mean length of 5'J trimmed from IGHJ6/IGHJ5/IGHJ3 (in-frame sequences)
showed significant differences compared with that of the other 5 IGHJ subfamilies in different groups
(one-way ANOVA with Bonferroni correction, each p<0.001). These results suggest that the composition of
the IGHJ front end (5'J trimmed) may have an impact on the usage and efficiency of the D-J recombination,
especially for the IGHJ genes with high or low usage.

The usage frequency of 6 IGHJ families in the BCR-H repertoires from 19 published articles

We analyzed the usage frequency of the 6 IGHJ gene families in BCR-H repertoires from 19 published
articles (29-47) (Supplementary Table 8). Overall, subjects included healthy volunteers of different ages (2
months to 87 years) and patients with different pathological conditions, including SLE, primary biliary
cholangitis (PBC), colorectal adenoma and carcinoma (CRC), celiac disease (CD), congenital heart disease,
atopic dermatitis, hepatitis C virus infection, rheumatoid arthritis, and primary immune thrombocytopenia, as
well as in humanized NOD-scid-IL2R gamma (null) mice. The sample sources included peripheral blood,
PBMC (DNA), PBMC (RNA), cord blood, biopsies (RNA), humanized mouse spleen, bone marrow, mucosal
tissues, small intestine, lung, stomach, lymph node, tonsil, and thymus. The B cell subsets included B cells,
pre-B cells, immature B cells, transitional B cells, naive B cells, normal B cells with IGHV1-69-DJ-C
rearrangements, memory B cells, plasmacytes, etc.

The usage frequency of the IGHJ4 gene subfamily was higher than that of other IGHJ genes, suggesting
that IGHJ4 had the highest frequency in the initial rearrangement and showed high consistency in peripheral
repertoires (after self-tolerance selection or the clonal proliferation response). The usage frequencies of
IGHJ1 and IGHJ2 were significantly lower than those of the other IGHJ genes, suggesting that IGHJ1 and
IGHJ2 may be partially restricted in the initial rearrangement and that they showed consistency in the
peripheral repertoires. IGHJ6, IGHJ3, and IGHJ5 have a medium usage frequency, and the usage frequency
of IGHJ6 was higher than that of IGH3 and IGHJ5, except for articles 2, 7, 8, 13 and 19. Additional results
showed that IGHJ3 usage was higher than IGHJ5. Regardless of the physiological or pathological conditions,
the usage frequencies of the 6 IGHJ gene families in our results are almost identical to those in the 19
published articles. The overall results indicate the nonrandomness of the 6 human IGHJ gene usages during
the initial rearrangement process.
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IGHD-IGHJ recombination may affect IGHJ gene usage through the RSS composition

Recombination of IGHJ-IGHD can be divided into two phases. The first phase involves recognition and
cleavage of the DNA, and the second phase involves resolution and joining (4, 6). In the evolutionary process,
the human IGHJ nonamer sequence is 5'-GGTTTTTTT-3' (the complementary sequences, CCAAAAACA),
and the IGHD nonamer sequence is 5'-ACAAACC-3' (the complementary sequences, TGTTTTTGG). This
evolutionary IGHD-IGHJ “double-stranded complementary pairing” relationship may play a role in the
efficiency of D-J recombination. The IGHJ-IGHD recombination schematic diagram is shown in Figure 5A.

To investigate whether RSSs affect IGHJ usage, we obtained human IGHJ gene sequences (X97051,
X86356, M25625, J00256, AJ879487 from the IMGT and GenBank) for RSS composition analysis. The
composition and characteristics of the human IGHJ RSSs (nonamer--spacer--heptamer (9-23-7)), J region
sequence and AA are shown in Supplementary Tables 9-11. IGHJ4 and IGHJ6 have the consensus nonamer
sequences “5’-GGTTTTTGT-3" (the complementary sequence is “CCAAAAACA”). However, the nonamer
had one or two base mutations in other IGHJ families. Position 4 of IGHJ1 mutated from A to G, position 9 of
IGHJ2 mutated from C to A, position 4 of IGHJ3 mutated from A to C, position 6 of IGHJ5 mutated from Ato G,
and position 8 of IGHJ5 mutated from C to A (Supplementary Table 9 and Figure 5B). The consensus
heptamer is CACAGTG/GTGTCAC. Position 5 of IGHJ4 and IGHJ5 mutated from G to T (IGHJ6 mutated to
A), position 4 of IGHJ1 mutated from A to G, position 6 of IGHJ2 mutated from T&G to C, and position 6 of
IGHJ3 mutated from T to G. In addition, IGHJ4 and IGHJ3 have a consensus spacer length (23 bp), while the
spacer length is reduced by 1 or 2 bases in other IGHJ gene families (IGHJ1-22 bp, IGHJ2-22 bp, IGHJ5-21
or 22 bp, and IGHJ6-22 bp) (Figure 5C).

Overall, compared to the conserved RSS, the IGHJ4 gene subfamily is roughly consistent, the spacer
lengths are changed in IGHJ6, the nonamer and heptamer are altered in IGHJ3, the spacer lengths and the
nonamer are changed in IGHJ5, and the nonamer, heptamer, and spacer lengths are changed simultaneously
in IGHJ1 and IGHJ2. There were different code end sequences (AA) in the IGHJ genes IGHJ4 (15AA), IGHJ1
and IGHJ2 (17AA), IGHJ3 and IGHJ5 (16AA), and IGHJ6 (20AA).

DISCUSSION

The V(D)J gene family of the human BCR heavy chain variable region contains 56 functional V genes with 3'
ends of 7-23-9 RSS, 27 functional D genes with 3' ends of 9-12-7 RSS and 5' ends of 7-12-9 RSS, and 6
functional J genes with 5' ends of 9-23-7 RSS. The recombination starts with recombination of the 3' end of
the D gene and the 5' end of the J gene, and then the 3' end of the V gene is recombined with the 5' end of the
D gene (D-J recombination). In the peripheral BCR-H repertoires, the usage frequency of each V(D)J gene is
related to the preferred usage in the initial rearrangement, the selection of self-tolerance and the response of
peripheral clonal proliferation. However, the mechanism and significance of differential selection among V(D)J
gene subfamilies have not been fully elucidated (4, 6, 48).

We investigated the usage frequency of the 6 IGHJ genes in unigue BCR-H repertoires (in-frame and
out-of-frame) by HTS under physiological and various pathological conditions. In addition, we analyzed
non-HTS-derived BCR-H sequences from the IMGT database, the HTS-derived BCR-H sequences from the
public database (other laboratory), and the usage frequency data of 6 IGHJ genes from 19 published articles.
The results indicate that IGHJ4 has a significantly high usage frequency in all subjects, various tissues, and
different B cell subset samples. IGHJ6, IGHJ3, and IGHJ5 have medium usage frequencies, and IGHJ1 and
IGHJ2 have significantly low usage frequencies. Taken together, these results suggest that the recombination
selection of each human IGHJ gene is nonrandom and rarely influenced by antigen selection, which is
different from the traditional understanding.
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The IGHJ nonamer and combination frequency

Early studies suggested that the composition characteristics of human IGHJ RSSs may affect the usage
frequency of IGHJ in the initial rearrangement. In 1987, Akira S et al found that two sets of heptamer
(CACTGTG) and nonamer (GGTTTTTGT) sequences were enough to initiate the V(D)J joining if the 12-bp
and 23-bp spacer rule is satisfied in the recombination-competent pre-B cell line (49). A point mutation in the
heptamer sequence or a change in the combination of the two spacer lengths (21 bp 22 bp24 bp/11 bp13 bp)
would drastically reduce the recombination frequency.

Variation from the conserved sequences in the heptamer and nonamer of the RSSs is considered a major
factor affecting the relative representation of gene segments in the primary repertoire. The mechanism of
RSSs on gene recombination is mainly related to the interaction efficiency of RAG protein (recombinase)
(50-54). Based on the composition of human IGHJ gene families, we found differences in RSSs among 6
IGHJ gene families (Supplementary Table 9 and Figure 5), which suggests that these differences may affect
the usage frequency (nonrandom) of IGHJ gene families.

The nonamer of human IGHJ4 and IGHJ6 is the conserved sequence 5-GGTTTTTGT-3' or
5-CCAAAACA-3’, while the other IGHJ nonamers have one or two base mutations. Experiments in vitro
based on B cell lines showed that the mutation of nonamer had a significant effect on the corresponding gene
recombination. Ramsden DA et al found that the nonamers were probably the most important element in
initial RAG protein binding (12). A single base mutation of the nonamer resulted in a reduction in overall
cleavage levels when the heptamer was retained, but the entire nonamer was substituted with random
sequence. Both nicks and hairpins were still found, but overall cleavage was reduced fold. Kowalski D et al
found (55, 56) that A-rich core sequences of the nonamer may be important to facilitate strand dissociation
during the process of recombination.

The presence of three consecutive A residues was necessary for efficient recombination in the nonamer;
furthermore, the nucleotides flanking the A-rich core needed to be other than one residue. The mechanism
may be that the recombinase must measure the distance between the heptamer and the nonamer to satisfy
the 12/23-bp spacer rule (3, 12, 13, 14, 15). Akamatsu Y et al found that the A residue at position 5 (nonamer
A-rich core) was most crucial in their recombination assay (13). However, Hesse JE et al considered that the
“A residue” at position 6 (nonamer) was most crucial in their recombination assay (3). Regarding the effect of
nonamer A-rich core mutation and corresponding gene usage, Akamatsu Y et al found that recombination
frequency decreased to 27.3% of the control with the mutant 9-4G (position 4 was changed to G) (13). A
mutant at position 9-5C gave the lowest recombination frequency (10.4%). With the double mutant at
positions 9-3G and 9-4G, the joining rate dropped only to 19.3% (9-6G and 9-7G was 26.0%). According to
the results from cell line experiments, human IGH4 and IGHJ6 gene subfamilies appear to have a “complete
A-rich core” in the nonamer (conserved), which may play an important role in their high usage selection.
However, 9-4A of human IGHJ1 is mutated to 9-4G, 9-4A of IGHJ3 is mutated to 9-4C, 9-6A of IGHJ5 is
mutated to 9-6G, and 9-8C is mutated to 9-8A, which is a possible cause of their disfavored usages.

In addition, Akamatsu Y et al found that the nonamer 9-2C was changed to 9-2A, and the recombination
frequency was reduced to 2.7% of the control level; 9-2C was changed to 9-2T, and the frequency was
reduced to 12.9%; and 9-2C was changed to 9-2G, and the frequency remained at 61.3% (13). When
9-8C/9-9C were changed to 9-8N/9-9A, the recombination frequency dramatically dropped to less than 0.1%,
which suggested that the C residue plays an important role when the recombinase measures the distance
between the heptamer and the nonamer sequences. In this study, one factor for the low usage frequency of
the human IGHJ2 gene may be its 9-9C mutation to 9-9A.

The IGHJ heptamer and combination frequency
Human IGHJ4 and IGHJ5 genes have the same heptamer sequence (CAATGTG/GTTACAC). Position 7-3C
is mutated to 7-3A compared to the conserved heptamer, and 7-3C is mutated to 7-3T in IGHJ6, while the
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heptamer sequences of the IGHJ4/IGHJ5/IGHJ6 gene subfamilies are uniform on the double strand. Position
7-4A is mutated to 7-4G in the IGHJ1 gene, position 7-6T/7-7G is mutated to 7-6C/7-7C in the IGHJ2 gene,
and position 7-6T is mutated to 7-6G in the IGHJ3 gene.

The relationship between the heptamer and the recombination frequency of the corresponding gene family
has been confirmed by several laboratories. Both studies found that the mutation of the entire heptamer
resulted in low levels of nicking distributed across several sites, the mechanism of heptamer affecting
recombination was related to the formation of hairpins, and the nicks and hairpins were reduced 2-fold when
the sequence of the last four positions of the heptamer was changed (12, 57). In addition, nicking formation
depended on the heptamer for the generation of double strand breaks (DSBs) by RAG1 and RAG2, and the
nonamer at the correct distance would improve heptamer efficiency in the natural RSSs. The first three
nucleotide positions were nearly 100% conserved (CAC/GTG) in the BCR gene. The mutations were in the
first three positions, and cleavage was impaired either at the nicking step or the hairpin formation site. No
rearrangement was detected with the mutant at position | (7-1G). Mutations at position 2 (7-2T) and position 3
(7-3G) produced detectable levels of recombination, 0.5% and 0.6%, respectively. The G residue at position 5
was changed to C (7-5C), and the recombination frequency dropped to 5.9% of the control level. For the rest
of the residues in the heptamer, mutation effects were moderate, ranging from 28.5 to 52.0%. Akamatsu Y et
al found that no rearrangement was detected with the mutant at position | (7-1G), and mutations at position 2
(7-2T) and position 3 (7-3G) produced detectable levels of recombination, 0.5% and 0.6%, respectively. The
recombination frequency dropped to 5.9% of the control level when the G residue at position 5 was changed
to C (7-5C); for the rest of the residues in the heptamer, mutation effects were moderate, ranging from 28.5 to
52.0% (13).

The first three positions of the 6 human IGHJ gene subfamily heptamers are a conserved CAC/GTG
sequence. Based on the results of Akamatsu Y et al, position 7-4A of human IGHJ1 mutated to 7-4G, and
7-6T/7-7G of IGHJ2 mutated to 7-6C/7-7C, which may be one important factor causing their low usage
frequency. In addition, the 7-5G mutation (IGHJ3, IGHJ4, IGHJ5, and IGHJ6) may have a moderate effect on
their usage frequency. The effect of mutations in the human IGHJ heptamer on usage frequency needs to be
further explored.

The RSS spacer and combination frequency

The length of the spacer is also a determining factor contributing to the usage frequency of V(D)J
rearrangement. Human IGHJ4 and IGHJ3 gene subfamilies have a conserved 23 bp length; however, the
IGHJ1, IGHJ2, IGHJ5, and IGH6 gene subfamilies have 21 bp or 22 bp spacer lengths.

Akamatsu Y et al found that the recombination frequency dropped to 7.7% with the 11-bp RSSs when one C
residue was added to the 12 bp RSSs (13 bp spacer) (11.0% joining rate); when two C residues were added
(14 bp spacer), recombination dropped below the detection level, indicating that RSS spacer length was
critical for combination frequency (13). Nadel B et al found that the effect of the spacer on the recombination
rate of various human Vk gene segments in the peripheral repertoire correlated with their frequency in pre-B
cells (in vivo) (16). Steen SB et al found that changing the spacer length by one nucleotide (23 bpl bp only
moderately reduced DSB formation, altering the spacer length by greater than one nucleotide (23 bp-2 bp and
23 bp-3 bp), severely reduced cleavage to a lesser degree (15). If each RSS contains a severe mutation (12
bp-3 bp/23 bp-3 bp), no DSBs were observed. According to the above research, the length of the 23 bp
spacer of the human IGHJ4 and IGHJ3 gene subfamilies is an important factor in the higher usage frequency,
and the length reduction of the 23 bp spacer in the IGHJ1, IGHJ2, IGHJ5, and IGHJ6 genes reduces their
recombination usage.

The sequences of RSSs may affect the usage frequency of V(D)J gene recombination. Fanning L et al
found that when the Igk 12 bp spacer of the natural sequence CTAC "A" GACTGGA was changed to CTAC
"C" GACTGGA but the corresponding 23RSSs-GTAGTACTCCACTG TCTGGCTGT were not changed, the
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mutant proximal RSSs were consistently used less frequently (17). In addition, the recombination efficiency
was 63.0% of the control level when the 12 bp spacer was changed to an artificial sequence
GATCGATCGATC (13, 57, 58). Larijani M et al found that the frequency of recombination decreased by
approximately 5-fold when the V81x spacer (AGCAAAAGTTACTGTGAGCTCAA) was replaced by that of
VAL (TTGTAA CCACATCCTGAGTGTGT) (14). Montalbano A et al found that single base pair changes in the
spacer sequence can significantly affect recombination efficiency (18). Nadel B et al confirmed that natural
variation in spacer sequences could contribute to the nonrandom use of human V genes observed in vivo and
that a randomly generated variant of a human V spacer was significantly worse in recombination efficiency
(16). These results suggest that the spacer sequence plays an important role in recombination efficiency. Our
results show that the ratio of AT and CG in 23 bp spacer sequences of 6 human IGHJ gene families is
inconsistent (Supplementary Table 9). Base C has the highest ratio in IGHJA4. Is this the reason for the higher
usage frequency in the recombination of the IGHJ4 gene subfamily? Whether the base composition of spacer
sequences such as the nonamer has the key "A-rich core” structure need to be further explored.

Distance and combination frequency

It has been confirmed that the proximal gene has preferred usage in the initial rearrangement (8-10). Malynn,
B.A., et al. believe that the difference in IGHV gene usage in adult spleen B cells is mainly due to the selection
of the initial rearrangement rather than the changes in expression frequency after rearrangement (59). The
"proximal and distal" studies of BCR recombinant genes are mainly focused on the V gene. "Proximal and
distal" differences in the J gene have not been reported. In our results, we did not find the "proximal”
phenomenon in the 6 IGHJ gene families with high usage frequencies.

Other factors and combination frequency

Ramsden DA et al found that the sequence of the coding end may be related to the usage frequency of gene
combination (12). We found that there are differences in the amino acid length and the coding flank
sequences of the human 6 IGHJ families (Supplementary Table 9). The IGHJ4 gene has the shortest 16
amino acid components. The sequence of the coding end and AA length may affect the usage frequency of
IGHJ. We analyzed the deletions of the 3'D end, the 5'J end and the insertion between the D-J end and found
that there was a difference between the 5'J end of IGHJ4 and other IGHJ genes (Figure 3 and Supplementary
Table 11). Whether it was a factor for high usage of IGHJ4 needs to be further studied. In addition, IGHD
gene families may also affect the nonrandomness of IGHJ genes. VanDyk LF et al suggested that V(D)J
recombination was targeted by RSSs, while the RSSs flanking D segments appeared to be equivalent. They
were not randomly utilized, suggesting that the D-3' RSSs were not simply superior targets for the D-J
recombinase but instead that targeting certain 12/23-bp spacer RSS combinations is more effective (60).

We found that the conserved nonamer of IGHJ4 and IGHJ6 had a higher “double-stranded complementary
paired” rate than the 27 IGHD nonamer sequences (Supplementary Table 10 and Supplementary figure 1),
although it did not show obvious differences. At present, no evidence to support that RAG has an effect on the
“double-stranded complementary paired” of the J-heptamer to D-heptamer and J-nonamer to D-nonamer
exists; the mechanism is still unknown. We hypothesize that two genes with high complementarity (7-7/9-9)
may be more favorable for binding, cleaving, hairpin formation, and DSB in the recombination process (Figure
5), which is a very interesting entry point for further research in BCR gene recombination.

In summary, for the possible impacts of RSSs on IGHJ usage frequency, RSSs of human IGHJ4 genes are
consistent with conserved RSSs. The length of the IGHJ6 spacer (23 bp) changed slightly, the nonamer and
heptamer of IGHJ3 changed, and the length and nonamer of IGHJ5 changed. However, the nonamer,
heptamer and spacer of IGHJ1 and IGHJ2 changed significantly. These may be factors that resulted in
nonrandom usage of the human IGHJ gene (generally, IGHJ4>IGHJ6>IGHJ3> or =IGHJ5>IGHJ2=IGHJ1) in
the initial rearrangement. In the initial human BCR-H repertoires (before antigen selection), the "background"
of the 6 IGHJ genes (the initial usage frequency) is different and rarely influenced by antigen selection. These


https://doi.org/10.1101/792085

bioRxiv preprint doi: https://doi.org/10.1101/792085; this version posted October 7, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

results suggest that re-evaluation and further investigation are needed when analyzing the significance and
mechanism of each IGHJ gene usage in self-tolerance selection and the clonal proliferative response.
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FIGURES LEGENDS
Figure 1. The usage frequencies of 6 IGHJ genes in the in-frame and out-of-frame BCR-H repertoire from
different subjects. (A) The IGHJ usages of BCR-H repertoire from 6 Healthy volunteers. (B) The IGHJ usages
of BCR-H repertoire from public data. (C) The IGHJ usages of BCR-H repertoire from IMGT data. (D) The
IGHJ usages of IgM-H repertoire from volunteers before and after immunization with the HBV vaccine. (E)
The IGHJ usages of IgG-H repertoire from volunteers before and after immunization with the HBV vaccine. (F)
The IGHJ usages of BCR-H repertoire from SLE volunteers. (G) The IGHJ usages of BCR-H repertoire from
breast cancer volunteers. (H) The IGHJ usages of BCR-H repertoire from volunteers with a high titer of

HbsAb.
- In-frame _ Out-of-frame - In-frame _ Out-of-frame
A 60 60 B so 60
§_|_l T T T g T 1 T T g T 1 hk Ar o s T
= 40+ § 40+ F 10 F 404
= = = =
o o o o
c c c c
H H % 3 3
Z 3 7 3 -
£ 204 [ £ 20 £ 20 -+ £ 204
| il - —
= = — -+
gL s e e ] o i [
T T T T T T w T T T T T T v T T T T T T v T T T T T T
CONI U RN SN S, AN CORRCN  N OGN IR S RN R SN RN
& & \69 & \0\9 & & F & F \Q& & & \0\9 & & \0& & \c,-eP & FF&E \69
C so- In-frame D so- In-frame 60+ Out-of-frame
e e s e s e s e
&
£ & 40 £ 40
5 30 & 3
c c c
o @ @
3 3 3
o 20 = =
£ 2 20 @ 2 20 @ ;
10+ == Eicd
0- 0 T T T T T T 0 T T T T T T
N 12 3 ) ] ° N 43 *J o 3 <3 42 %] o °
LU $ 3 S ¥ 3 3 ¥
FFFEFEF & & & & & & & & & & & &
E s0q In-frame oo .. JOutofframe - fo In-frame 60~ Out-of-frame
T T T T 1 L FRE AR hild higd aw s R R R
I I I T 1 T T T T
60 I T T T 1
g % & 40 = 404 & 40+
g g z &
S 40 5 5 H
3 3 3 3
o o o o E
g £ 2] @ £ =] C- I
201 a5 i = .
otange
I = =2 ege
a roeoge L e )
ol e L e e ol = e m .
RN I R S 2 AN CE R N N SN L B B N SN IR I R I
RE \e‘\’ & FF & & F \c,e? & @‘9 {5\’ & & \o-a’ & & & F FF \0& &
G 60q In-frame c0- Out-of-frame H S04 = In-frame so- Out-of-frame
e e f T T T i
T T T g T 1 e 2 e : o E = i w0 % ol ok ;:» Ak Py o
= a0 £ 40 @ g g
5 5 5 a0 +=  Fa -
c c c c
§ @ g g g
4 = Z 20+ Z 20+
o
£ 20 £ 20 2 2 —
fr—1 e 10 — + 10
= iy -
S —p— — e
T T T T T T 0—# T T T T T 0 T T T T T T 0 T T T T T T
R U I R B AN GO ¥ SN UK N S . SR U IR I .
F & & & & & & & \(,&" & & FFFFFF FFFFEF



https://doi.org/10.1101/792085

bioRxiv preprint doi: https://doi.org/10.1101/792085; this version posted October 7, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 2. The ratio of unique to total sequences (U/T) of 6 IGHJ genes in the in-frame and out-of-frame
BCR-H repertoires from different subjects. (A) The IGHJ usages of BCR-H repertoires from 6 Healthy
volunteers. (B) The IGHJ usages of BCR-H repertoires from public data. (C) The IGHJ usages of IgM-H
repertoires from volunteers before and after immunization with the HBV vaccine. (D) The IGHJ usages of
IgG-H repertoires from volunteers before and after immunization with the HBV vaccine. (E) The IGHJ usages
of BCR-H repertoires from SLE volunteers. (F) The IGHJ usages of BCR-H repertoires from breast cancer
volunteers. (G) The IGHJ usages of BCR-H repertoires from volunteers with a high titer of HbsAb.
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Figure 3. IGHJ-IGHD pairing in the in-frame and out-of-frame BCR-H repertoires from different subjects. (A)
The IGHJ usages of BCR-H repertoires from 6 Healthy volunteers. (B) The IGHJ usages of BCR-H
repertoires from public data. (C) The IGHJ usages of IgM-H repertoires from volunteers before and after
immunization with the HBV vaccine. (D) The IGHJ usages of 1gG-H repertoires from volunteers before and
after immunization with the HBV vaccine. (E) The IGHJ usages of BCR-H repertoires from SLE volunteers. (F)
The IGHJ usages of BCR-H repertoires from breast cancer volunteers. (G) The IGHJ usages of BCR-H
repertoires from volunteers with a high titer of HbsAb.
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Figure 4. 3'D trimmed, 5'J trimmed and N2 insertion at IGHD-IGHJ junction in the in frame and out of frame
BCR-H repertoires from different subjects. (A) The IGHJ usages of BCR-H repertoires from 6 Healthy
volunteers. (B) The IGHJ usages of BCR-H repertoires from public data. (C) The IGHJ usages of IgM-H
repertoires from volunteers before and after immunization with the HBV vaccine. (D) The IGHJ usages of
IgG-H repertoires from volunteers before and after immunization with the HBV vaccine. (E) The IGHJ usages
of BCR-H repertoires from SLE volunteers. (F) The IGHJ usages of BCR-H repertoires from breast cancer
volunteers. (G) The IGHJ usages of BCR-H repertoires from volunteers with a high titer of HbsAb.
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Figure 5. RSS composition characteristics during the IGHD-IGHJ recombination. (A) The schematic diagram

of IGHJ and

IGHD recombination.

(B) The composition characteristics of human 9-23-7 RSSs

(IGHJ-nonamer--IGHJ- spacer--IGHJ-heptamer). (C) The pairing of IGHJ (7-12-9) RSSs and IGHD (9-23-7)

RSSs during the IGHD-IGHJ recombination.
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Supplementary Table 1. The sequence data of 6 IGHJ gene families in the in-frame and out-of-frame BCR-H repertoire from 6 Healthy volunteers

Sample Repertoire In-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6

total unique total unique total unique total unique total unique total unique total unique total unique
H-1 550082 6351 474996 5266 6977 90 12735 184 59981 634 194010 2432 49685 681 151608 1245
H-2 556813 12353 482531 10455 7485 202 14409 429 70220 1352 219959 5438 38288 1053 132170 1981
H-3 765659 14690 658273 12285 11000 209 14764 353 112124 2028 300258 5835 55841 1190 164286 2670
H-4 1227335 20722 1052967 17223 15791 280 20565 449 177833 2894 471857 7832 89786 1725 277135 4043
H-5 499983 5777 436701 4889 8296 96 11744 184 60807 688 217167 2515 37455 487 101232 919
H-6 897745 12839 763705 10621 12348 198 15385 260 96228 1326 360141 5072 76626 1265 202977 2500
Total 4497617 72732 3869173 60739 61897 1075 89602 1859 577193 8922 1763392 29124 347681 6401 1029408 13358
urT 7273214497617 60739/3869173 1075/61897 1859/89602 8922/577193 29124/1763392 6401/347681 13358/1029408

Sample Repertoire Out-of-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6

total unique total unique total unique total unique total unique total unique total unique total unique
H-1 550082 6351 75086 1085 718 13 1269 27 5865 84 32189 527 10311 158 24734 276
H-2 556813 12353 74282 1898 668 31 1189 47 6851 176 34443 972 7056 231 24075 441
H-3 765659 14690 107386 2405 2493 66 1254 40 12011 268 41385 991 11932 308 38311 732
H-4 1227335 20722 174368 3499 2551 59 2473 63 16117 344 66495 1397 20752 439 65980 1197
H-5 499983 5777 63282 888 1145 15 1631 19 5253 75 29222 465 6806 111 19225 203
H-6 897745 12839 134040 2218 6352 72 2116 49 11306 179 54900 949 15562 291 43804 678
Total 4497617 72732 628444 11993 13927 256 9932 245 57403 1126 258634 5301 72419 1538 216129 3527
uiT 72732/4497617 11993/628444 256/13927 245/9932 1126/57403 5301/258634 1538/72419 3527/216129

Note: U/T represents the ratio of unique to total sequences.
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Supplementary Table 2. The sequence data of 6 IGHJ gene families in the in-frame and out-of-frame BCR-H repertoire from public data (Naive and Memory B cells)

Repertoire In-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6
Sample | total unique total unique total unique total unique total unique total unique total unique total unique
PLOS-1 354494 48167 301527 40455 4797 640 8684 1077 30191 5271 160720 20514 29304 3997 67831 8956
PLOS-2 398162 50290 363046 44349 7939 1049 9395 1224 96345 5835 198216 23315 36045 4583 75106 8343
Total 752656 98457 664573 84804 12736 1689 18079 2301 126536 11106 358936 43829 65349 8580 142937 17299
uiT 98457/752656 84804/664573 1689/12736 2301/18079 11106/126536 43829/358936 8580/65349 17299/142937
Repertoire Out-of-frame IGHJ1 1IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6
Sample | total unique total unique total unique total unique total unique total unique total unique total unique
PLOS-1 354494 48167 52967 7712 1034 155 1220 166 3003 568 27883 3857 6604 986 13223 1980
PLOS-2 398162 50290 35116 5941 837 164 852 151 2833 585 17573 2929 3907 712 9114 1400
Total 752656 98457 88083 13653 1871 319 2072 317 5836 1153 45456 6786 10511 1698 22337 3380
urT 98457/752656 13653/88083 319/1871 317/2072 1153/5836 6786/45456 1698/10511 3380722337

Note: U/T represents the ratio of unique to total sequences.

Supplementary Table 3. The sequence data of 6 IGHJ gene families in the in frame and out of frame BCR-H repertoire from IMGT data

Unique sequence

IGHJ1

1IGHJ2

IGHJ3

IGHJ4

IGHJ5

IGHJ6

9340

245

270

1607

4118

942

2158

Note: U/T represents the ratio of unique to total sequences.
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Supplementary Table 4. The sequence data of 6 IGHJ gene families in the in-frame and out-of-frame BCR-H repertoire (IgM & 1gG) from volunteers before and after immunization
with the HBV vaccine

IgM Repertoire In-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6 Out-of-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6
Sample total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique
V1-QM 689 569 564 447 8 7 16 13 73 51 290 229 58 51 119 94 125 123 3 3 2 2 30 28 65 65 14 14 11 11
V1-HM 2275 1853 1904 1497 56 30 54 41 225 181 1048 821 223 180 298 244 371 356 22 20 19 14 51 50 169 166 67 64 43 42
V2-QM 994 678 834 524 15 11 22 20 113 71 478 264 109 71 97 87 160 154 7 7 7 7 33 32 74 70 32 31 7 7
V2-HM 684 619 563 499 14 12 20 19 99 84 249 223 56 53 125 108 121 120 3 3 7 7 16 15 65 65 17 17 13 13
V3-QM 1500 1140 1193 849 27 20 66 46 177 123 624 445 127 86 172 129 307 291 15 15 12 12 71 63 128 122 52 50 29 29
V3-HM 1437 869 1227 699 14 13 26 22 547 116 400 335 89 79 151 134 210 170 11 11 2 2 81 46 69 65 26 25 21 21
Total 7579 5728 6285 4515 134 93 204 161 1234 626 3089 2317 662 520 962 796 1294 1214 61 59 49 44 282 234 570 553 208 201 124 123
uiT 5728/7579 4515/6285 93/134 161/204 626/1234 2317/3089 520/662 796/962 1214/1294 59/61 44/49 234/282 553/570 201/208 123/124
19G Repertoire In-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6 Out-of-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6
Sample total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique total unique
V1-QG 1249 736 998 510 17 14 20 15 94 66 630 272 118 66 119 7 251 226 5 5 6 6 23 22 122 112 75 62 20 19
V1-HG 1239 946 1007 728 18 17 33 25 70 57 584 403 146 107 156 119 232 218 12 12 11 11 26 25 105 95 49 46 29 29
V2-QG 418 305 342 235 9 9 5 4 30 28 202 120 43 32 53 42 76 70 3 3 0 0 9 9 42 38 12 12 10 8
V2-HG 7 534 646 414 12 10 23 15 89 52 318 218 95 57 109 62 125 120 4 4 1 1 23 21 63 61 24 23 10 10
V3-QG 662 390 512 252 10 7 25 13 52 37 346 138 36 25 43 32 150 138 7 7 10 10 23 22 81 71 18 18 11 10
V3-HG 1858 681 1549 443 7 5 21 11 106 47 1150 264 101 54 164 62 309 238 5 5 3 3 35 29 184 132 54 43 28 26
Total 6197 3592 5054 2582 73 62 127 83 441 287 3230 1415 539 341 644 394 1143 1010 36 36 31 31 139 128 597 509 232 204 108 102
urT 3592/6197 2582/5054 62/37 83/127 287/441 1415/3230 341/539 394/644 1010/1143 36/36 32/32 128/139 109/597 204/232 102/108

Note: U/T represents the ratio of unique to total sequences.
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Supplementary Table 5. The sequence data of 6 IGHJ gene families in the in-frame and out-of-frame BCR-H repertoire from SLE volunteers

Repertoire In-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6
Sample | total unique | total unique | total unique | total unique | total unique | total unique total unique total unique
S1-1 570721 16712 511377 14846 8109 336 24468 434 46695 1894 249093 7768 42177 1559 140835 2855
S1-2 293305 7458 267141 6732 4740 165 14792 228 24525 811 127812 3510 24181 773 71091 1245
S1-3 175479 4657 158713 4175 2976 105 8357 133 16310 527 78112 2102 14700 435 38258 874
S2-1 547455 32930 482878 28856 7080 601 26120 907 54027 4321 207334 13558 41951 3018 146366 6452
S2-2 614082 33199 540830 29027 7944 587 28538 941 62200 4451 234612 13873 45935 2993 161601 6182
S2-3 542654 25268 479320 22069 7361 481 26428 727 49663 3243 208396 10594 42376 2372 145096 4653
Total 2201042 94956 1960939 83636 30849 1794 102275 | 2643 203757 | 12004 896963 40811 168944 8778 558151 17608
(Va) 94956/2201042 83636/1960939 1794/30849 1643/102275 12004/203757 40811/896963 8778/168944 17608/558151
Repertoire Out-of-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6

Sample | total unique | total unique | total unique | total unique | total unique | total unique total unique total unique
S1-1 570721 16712 59344 1866 1490 62 2506 48 3218 131 25491 903 5718 227 20921 495
S1-2 293305 7458 26164 726 790 24 955 19 1370 59 10597 341 2582 89 9870 194
S1-3 175479 4657 16766 482 381 14 603 16 1738 47 7769 223 1213 58 5062 124
S2-1 547455 32930 64577 4074 1515 119 2985 93 4769 384 28238 1981 6318 523 20752 974
S2-2 614082 33199 73252 4172 1185 104 2394 91 5775 409 33766 2100 6563 494 23569 974
S2-3 542654 25268 63334 3199 878 68 1892 65 4459 304 29474 1588 5430 390 21201 784
Total 2201042 94956 240103 11320 5361 323 9443 267 16870 1030 105861 5548 22394 1391 80174 2761
uiT 94956/2201042 11320/240103 323/5361 267/9443 1030/16870 5548/105861 1391/22394 2761/80174

Note: U/T represents the ratio of unique to total sequences.
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Supplementary Table 6. The sequence data of 6 IGHJ gene families in the in-frame and out-of-frame BCR-H repertoire from breast cancer volunteers

Repertoire In-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6
Sample total unique total unique total unique total unique total unique total unique total unique | total unique
B3-1 20155 2504 16665 2087 256 33 713 56 1400 208 8093 1052 1474 208 3985 445
B2-1 161983 19745 138798 16723 2001 241 6790 520 11738 1679 64510 7828 12092 1689 35977 4066
B1-1 23214 4559 20083 3902 248 54 613 89 1117 250 8867 1703 2222 487 6150 1156
B3-2 70031 7744 59316 6536 966 113 2555 196 4491 611 28080 3181 4951 615 15478 1519
B2-2 86602 8129 72850 6806 980 96 2896 178 6950 793 32509 3096 6078 684 21083 1719
B1-2 31795 5527 27230 4724 334 53 723 88 1369 284 12143 2091 2917 582 8362 1386
B3-3 145504 15503 122436 12971 1716 201 5579 375 9576 1262 56084 6004 10698 1348 33650 3279
B2-3 63404 9530 53985 8051 997 115 2309 231 4564 796 24077 3636 5249 857 14764 2107
B1-3 31184 4950 26916 4252 336 50 917 103 1349 275 11661 1863 2927 513 7925 1176
Total 633872 78191 538279 66052 7834 956 23095 1836 42554 6158 246024 30454 48608 6983 147374 16853
(Va) 78191/633872 66052/538279 956/7834 1836/23095 6158/42554 3054/246024 6983/48608 16853/147374
Repertoire Out-of-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6

Sample total unique total unique total unique total unique total unique total unique total unique | total unique
B3-1 20155 2504 3490 417 54 7 194 12 224 38 1503 186 408 45 870 106
B2-1 161983 19745 23185 3022 405 54 658 50 1232 179 9976 1327 2432 373 7114 853
B1-1 23214 4559 3131 657 84 15 67 13 120 26 1269 250 344 83 995 221
B3-2 70031 7744 10715 1208 161 21 379 26 507 69 4919 556 1136 149 2884 305
B2-2 86602 8129 13752 1323 120 13 303 22 822 86 6037 586 1476 163 4151 379
B1-2 31795 5527 4565 803 143 19 184 14 200 44 1629 302 476 103 1524 260
B3-3 145504 15503 23068 2532 366 43 615 43 1139 137 10786 1187 2742 310 5525 612
B2-3 63404 9530 9419 1479 155 21 285 25 536 91 4136 645 817 159 2858 456
B1-3 31184 4950 4268 698 47 9 80 8 182 32 1600 247 519 102 1573 253
Total 633872 78191 95593 12139 1535 202 2765 213 4962 702 41855 5286 10350 1487 27494 3445
uiIT 78191/633872 12139/95593 202/1535 213/2765 702/4962 5286/41855 1487/10350 344527494

Note: U/T represents the ratio of unique to total sequences.
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Supplementary Table 7. The sequence data of 6 IGHJ gene families in the in-frame and out-of-frame BCR-H repertoire from volunteers with a high titer of HbsAb

Repertoire In-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6
Sample total unique total unique total unique total unique total unique total unique total unique total unique
HBsAg-1 763366 20379 369481 11070 2109 97 15192 297 19605 993 133101 4456 36486 1412 152213 3415
HBsAg-2 889478 32277 409468 17329 3473 207 14856 376 21264 1527 167115 7928 34721 1869 156580 4843
Total 1652844 52656 778949 28399 5582 304 30048 673 40869 2520 300216 12384 71207 3281 308793 8258
(V) 52656/1652844 28399/778949 304/5582 673/30048 2520/40869 12384/300216 3281/71207 8258/308793

Repertoire Out-of-frame IGHJ1 IGHJ2 IGHJ3 IGHJ4 IGHJ5 IGHJ6
Sample total unique total unique total unique total unique total unique total unique total unique total unique
HBsAg-1 | 763366 20379 393885 9309 8015 242 20156 228 15418 647 154116 3686 46467 1497 131032 | 2577
HBsAg-2 889478 32277 480010 14948 8564 392 19155 355 19749 971 173488 5859 55282 2335 176431 4222
Total 1652844 52656 873895 24257 16579 634 39311 583 35167 1618 327604 9545 101749 3832 307463 10006
(Va) 52656/1652844 242571873895 634/16579 583/39311 1618/35167 9545/327604 3832/101749 6799/307463

Note: U/T represents the ratio of unique to total sequences.
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Supplementary Table 8. The frequency of six IGHJ gene families in BCR-H repertoire from 19 publishing article

The Title of Paper Object and number Sample BCR-H sequences (group) The usage and distribution of Sources of
IGHJ1&2&3&4&5&6 literature
[1]Direct measurement of B-cell receptor repertoire’s | 10 SLE patients PBMC (DNA) (1)SLE patients Figure 3 (C) (2 groups) [29]
composition and variation in systemic lupus erythematosus | 6 heathy controls (2)heathy controls IGHJ4 >IGHJ6 > IGHJ5 > GHJ3 >IGHJ2 >IGHJ1
(SLE)
[2]Clonal Characteristics of Circulating B Lymphocyte | 43 PBC patients PBMC (RNA) (1)PBC patients Figure 3 (B) (overlapping clones) (2 groups) [30]
Repertoire in Primary Biliary Cholangitis (PBC) 34 healthy volunteers (2)healthy volunteers IGHJ4 > IGHJ3>IGHJI6 > GHJ5 >IGHJ2 >IGHJ1
[3]Transitional B Cells in Early Human B Cell Development | 19 healthy adult donors Sorting cells from Peripheral | (1)Pre-B; (2)Immature B Figure 2 (A) (4 groups) [31]
- Time to Revisit the Paradigm? (aged 24-86 years) blood and Bone marrow (3)Transitional B ; (4)Nawe B IGHJ4 >IGHJ6 >IGHJ3 >IGHJ5 >IGHJ2=~IGHJ1
[4]High-Throughput Sequencing Reveals Immunological | 20 healthy adults; Umbilical Cord Blood (1)Newborns; (2)Pregnant Figure 2 (F) (3 groups) [32]
Characteristics of the TRB-/IgH-CDR3 Region of Umbilical | 56 pregnant women Peripheral blood women; (3)adults IGHJ4 >IGHJ6 >IGHJ3 >IGHJ5 >IGHJ2 >IGHJ1
Cord Blood 40 newborns
[5] Characterization of the B Cell Receptor Repertoire in the | 6 healthy controls Biopsies (RNA) (1) healthy controls;(2)AD Figure 6 (E) (2 groups) [33]
Intestinal Mucosa and of Tumor-Infiltrating Lymphocytes in | 4 AD patients patients and CRC patients Most of V pair to J were IGHI4&IGHJ6
Colorectal Adenoma and Carcinoma (CRC) 6 CRC.patients
[6]High-Throughput Single-Cell Analysis of B Cell | 10 CD patients (Biopsies): Sorting Cells from Biopsies Celiac disease (CD) patients Figure 1 (E) (2 groups) [34]
Receptor Usage among Autoantigen-Specific Plasma Cells | 8 untreated consuming a normal diet; 2 (RNA) 1)TG2+; (2) TG2- IGHJ4 >IGHJ6 > IGHJ5 >GHJ3 >IGHJ2 >IGHJ1
in Celiac Disease (CD) treated consuming a gluten-free diet
[71The Human Thymus Is Enriched for Autoreactive B Cells | Thymus material was obtained from three | Single-cell sorting from (1)fetal BM; (2)pediatric Figure 2 (C) (3 groups) [35]
children requiring surgery for congenital tissue (RNA) BM:;(3)pediatric thymus Fetal BM:
heart disease (2 months and 1.5 years of IGHJ4 > IGHJ2> IGHJ3 > GHJ5>IGHI6=~IGHJ1
age); fetal BM samples was obtained pediatric BM:
from elective abortions (three donors); IGHJ4 > IGHJ3 >IGHJ5 ~IGHJ6~IGHJ2 >IGHJ1
Pediatric BM samples were obtained pediatric thymus:
from three children (aged 2—6years) [51] IGHJ4 >IGHJ6 >IGHJ3 >IGHJ5 >IGHJ2 >IGHJ1
[8]Unlike in Children with Allergic Asthma, IgE Transcripts | Five preschool children with atopic | Peripheral blood (RNA) IgE( IgM control ) : Figure 1 (C) (2 groups) [36]
from Preschool Children with Atopic Dermatitis Display | dermatitis (1)atopic dermatitis ; (2)allerjic IGHJ4 >IGHJ5 >IGHJ6 >IGHJ3 >IGHJ2 >IGHJ1
Signs of Superantigen-Driven Activation asthma
[9]IMonitor: A Robust Pipeline for TCR and BCR | Samples of peripheral blood from 2 | Peripheral blood 2 healthy donors Figure 4 (k) (1 group) [37]
Repertoire Analysis healthy human donors (H-H-1, H-B-1) (RNA) IGHJ4 >IGHJ6 >IGHJ5 >IGHJ2 >IGHJ3> IGHJ1
[10]The normal IGHV1-69-derived B-cell repertoire | 3 healthy persons: D1 (69 years); D2 (69 | Peripheral blood IGHJ use in normal B cells with Figure 1. (2 groups) [38]
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contains stereotypic patterns characteristic of unmutated

CLL

years) D3 (51 years); and age-matched to
that of patients with CLL [52]

(RNA)

IGHV1-69-DJ-C
rearrangements:(1)previous

study (n=26);(2)present study

IGHJ4 >IGHJ6 > IGHJ3> IGHJ5 >IGHJ2>IGHJ1

(n=72)
[11]Antibody V(h) repertoire differences between resolving 7 healthy donors (HD); 6 patients (acute | Sorting cells (naive B cell (1) healthy donors; (2) acute Figure 1 (E F): (3 groups) [39]
and chronically evolving hepatitis C virus infections HCV infection, spontaneous resolvers, | clones and naive B cell HCV infection, spontaneous IGHJ4 >IGHJ6 > IGHJ3 >IGHJ5>IGHJ1
SR) clones) from Peripheral resolvers; (3) chronic HCV (No IGHJ2)
9 patients (chronic HCV infection, blood (DNA) infection, chronically evolving
chronically evolving, CE)
[12]Antibody repertoires in humanized NOD- scid- Two healthy females human PBMCs; naive or (1)Hu PBC-1; (2) Hu PBC-2 ; Figure 2 (C) (6 groups) [40]
IL2Rgamma(null) mice and human B cells reveals human humanized mouse spleens total B cells from humanized | (3)HuMs-1NSpl; (4) HuMs- IGHJ4 >IGHJ6 > GHJ3 >IGHJ5 >IGHJ2 >IGHJ1
like diversification and tolerance checkpoints in the mouse mouse spleen; immature B 2NSpl; (5) HuMs-3TSpl ;
cells pooled humanized mice | (6)HuMs-ImmB
immature B cells (RNA)
[13]Expressed antibody repertoires in human cord blood | An African-American female baby Two cord blood (RNA) two babies IG: Figure 1 (C) (4 groups) [41]
cells: 454 sequencing and IMGT/HighV-QUEST analysis of | a Caucasian male baby (1) CBL1 (productive); IGHJ4 > IGHJ3 >IGHJ6 >IGHJ5 >IGHJ2 >IGHJ1
germline gene usage, junctional diversity, and somatic (2) CB1 (unproductive);
mutations (3) CB2 (productive);
(4) CB2 (unproductive)
[14]Tissue-specific expressed antibody variable gene | Healthy human subjects were obtained | peripheral blood, bone (1) peripheral blood; (2) bone Figure 1 (3 groups) [42]
repertoires from a commercial source (Clontech). 39 | marrow, mucosal tissues; marrow; mucosal tissues (lung, IGHJ4 >IGHJ6 > GHJ3 >IGHJ1>IGHJ2
peripheral leukocytes, 56 bone marrow, | lymph tissues (RNA) small intestine, stomach); (3) (figure 1 No IGHJ5)
15 small intestines, 13 lung, 7 stomach, lymphoid tissues (lymph node,
42 lymph node, 34 tonsil, 12 spleen and tonsil, spleen and thymus).
25 thymuses
[15]Differences in the composition of the human antibody | One healthy female subject (age 56) Sorting cells (RNA) (1)immature;(2)transitional;(3)M | Figure 7 (8 groups) [43]
repertoire by B cell subsets in the blood ature;(4)Memory;lgD+IgM; IGHJ4 >IGHJ6 > IGHJ5 ~ IGHJ3 >IGHJ2>IGHJ1
(5)memory IgD—1gM;(6)
plasmacytes ;IgM;(7)Memory;lg
D-1gG;(8)plasmacytes 1gG
[16]Prevalence and gene characteristics of antibodies with | Human immunodeficiency virus immune | The repertoire of human (1)Sensitive Abs Figure 6 (A [2]) (2 groups) [44]

cofactor-induced HIV-1 specificity

-globulin (HIVIg) was obtained through
the NIH

antibodies (gp120)

(2)Non-Sensitive Abs

IGHJ4 >IGHJ6 > IGHJ3 = IGHJ5 >IGHJ1>IGHJ2
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[17]1Age-related aspects of human IgM+ B cell heterogeneity | Peripheral blood mononuclear cells were | Sorting cells from PBMCs (1)young naive;(2)old Figure 3 (A) (8 groups) [45]

isolated from a total of 14 young (21-45 (RNA) naive;(3)young IgM IGHJ4 >IGHJ6 >IGHJ3 =IGHJ5 >IGHJ2>IGHJ1
years) and 16 old (62-87 years) healthy memory;(4)old IgM
volunteers. memory;(5)young IgM only

CD27-;(6)old IgM only
CD27-;(7)young IgM
onlyCD27+;(8) old IgM

onlyCD27+
[18]High-throughput sequencing of 1gG B-cell receptors | Eleven adult chronic Primary immune | PBMCs (RNA) 1gG-BCRs Figure 1 (2 groups) [46]
reveals frequent usage of the rearranged IGHV4-28/IGHJ4 | thrombocytopenia patients and nine (1)Primary immune IGHJ4 >IGHJ6 > IGHJ5 > IGHJ3 >IGHJ2>IGHJ1
gene in primary immune thrombocytopenia volunteer donors thrombocytopenia; (2)volunteer

donors
[19]IgM repertoire biodiversity is reduced in HIV-1 infection | Sixteen individuals: 4 healthy controls, 4 | PBMCs (RNA) IgM -BCRs Figure 7 (C or D) [47]
and systemic lupus erythematosus subjects with SLE, 4 therapy-nawe HIV, (454-deep pyrosequencing) IGHJ4 >IGHJ3>IGHJ6>IGHJ5 >IGHJ2>IGHJ1

and 4 receiving combination

antiretroviral therapy (CART) HIVTx

Supplementary Table 9. The composition and characteristics of human J-NONAMER--J-SPACER--J-HEPTAMER (9-23-7) recombination signal sequence (RSS) and J-REGION Subsequence & AA

Accession J-NONAMER J-SPACER J-HEPTAME J-REGION
Names F Location Location Location J-REGION Subsequence & AA
number Subsequence Subsequence Subsequence Location

IGHJ1*01 F | X97051 87524..875 | ggtttltgt 87533..87554 | agccectggcteagggcetgact R 87555..87561 cacligtg 87562..87613 gctgaatacttccagcactggggcecagggcaccctggtcaccgtctectcag
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32 (3a+4t+8c+7g) AEYFQHWGQGTLVTVSS|H
X86356 247..255 256..277 278..284 285..336
87731..877
X97051 87740..87761 | atgggagaagcaggagggcaga [BEl 87762..87768 87769..87821 | ctactggtacttcgatctctggggecgtggeaccetggtcactgtetectcag
IGHJ2*01 39 fotttitgt B8ctotg
(8a+1t+2c+11g) YWYFDLWGRGTLVTVSS|EE
X86356 454..462 463..484 485..491 492-544
ctgggtctaggaacggactgtgt [23] tgatgcttttgatgtctggggccaagggacaatggtcaccgtctcttcag
IGHJ3*01 M25625 31..39 40..62 63..69 70..119
(4a+5t+4c+9g) DAFDEWGQGTMVTVSS [l
g8345.883 | gotttlitgt cBetgtg
X97051 88354..88376 | ctgggcaggaacagggactgtgt [23] 88377..88383 88384..88433 tgatgcttttgatatctggggccaagggacaatggtcaccgtctcttcag
IGHJ3*02 53
(5a+4t+4c+10g) DAFDIWGQGTMVTVSS [l
X86356 1068..1076 1077..1099 1100..1106 1107..1156
IGHJ4*01 J00256 1873..1881 1882..1904 1905..1911 1912..1959
88719..887
X97051 88728..88750 | gcaccccttaatggggcecteeca [23] 88751..88757 88758..88805 actactttgactactggggccaaggaaccctggtcaccgtctectcag
IGHI4*02 27 ggtttttgt calfitgtg
(4a+4t+10c+50) YFDYWGQGTLVTVSS [15]
X86356 1441..1449 1450..1472 1473..1479 1480..1527
IGHJ4*03 M25625 407..415 416..438 439..445 446..493
cggggtctggeattgttgtca [ acaactggttcgactcctggggecaaggaaccctggtcaccgtctectcag
IGHJ5*01 M25625 855..863 ofttttgt 864..884 885..891 892..942
(2a+7t+4c+8g) NWFDBWGQGTLVTVSS [l
89118..891 calfitotg
X97051 » 89127..89148 | tggggtectggcattgttgtcal Rl 89149..89155 89156..89206 acaactggttcgacccctggggccagggaaccctggtcaccgtctcctcag
IGHJ5*02 26 ofitBttGEs
(2a+8t+4c+8g) NWFDEWGQGTLVTVSS [ilf]
X86356 1840..1848 1849..1870 1871..1877 1878..1928
g9ggtgaggatggacattctoclilll
IGHJ6*01 J00256 2909..2917 2918..2939 2940..2946 2947..3009
(4a+5t+3c+10g)
1442.22.14 attactactactactacggtatggacgtctgggggcaagggaccacggtcac
IGHJ6*02 M25625 1451..1472 1473..1479 1480..1542
50 tgggtgaggatggacattctgcligRl cgtetectcag YYYYYEMDVWGEGTTVTVSS [l
X97051 89722..897 (4a+6t+3c+9q) 89760-89760.
89731..89752 89753..89759
30 .89822
ggtitttgt caltgtg
IGHJ6*03 X86356 attactactactactacggtatggacgtctggggccaagggaccacggtcacc
2444..2452 2453..2474 2475..2481 2482..2543 gtctccteca
gg9g9gtgaggatggacattctgc 2R YYYYYEMDVWGRGTTVTVSS B8]
IGHJ6*04 AJB79487 (4a+5t+3c+10g) attactactactactacggtatggacgtctggggcaaagggaccacggtcacc
1.9 10..31 32..38 39..101 gtctcctcag

YYYYYBMDVWGRGTTVTVSS B8]
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Supplementary Table 10. The composition of human IGHD heptamer, spacer and nonamer (7-12-9 RSSs)

Accession number | Allele or Gene Location D-HEPTAMER Location D-SPACER Subsequence Location D-NONAMER
X97051 IGHD1-1*01 33731..33737 caccgtg 33738..33749 agaaaaactgtg 33750..33758 tccaaaact
X97051 IGHD1-7*01 43317..43323 cactgtg 43324..43335 agaaaagcttcg 43336..43344 tccaaaacg
X97051 IGHD1-14*01 52585..52591 cactgtc 52592..52603 agaatagctacg 52604..52612 tcaaaaact
X97051 IGHD1-20*01 62032..62038 caccgtg 62039..62050 agaaaaactgtg 62051..62059 tccaaaact
X97051 IGHD1-26*01 72189..72195 cactgtg 72196..72207 agaaaagctatg 72208..72216 tccaaaact
X97051 IGHD2-2*02 36398..36404 cacagtg 36405..36416 acacagccccat 36417..36425 tcccaaage
X97051 IGHD2-8*01 46013..46019 cacagtg 46020..46031 acacagccccat 46032..46040 tcccaaage
X97051 IGHD2-15*01 55266..55272 cacagtg 55273..55284 acacagacccat 55285..55293 tcccaaage
X97051 IGHD2-21*02 64672..64678 cacagtg 64679..64690 acacaaccccat 64691..64699 tcctaaage
X97051 IGHD3-3*01 38865..38871 cacagtg 38872..38883 tcacagagtcca 38884..38892 tcaaaaacc
X97051 IGHD3-9*01 48543..48549 cacagtg 48550..48561 tcacagagtcca 48562..48570 tcaaaaacc
X97051 IGHD3-10*01 48727..48733 cacagtg 48734..48745 tcacagagtcca 48746..48754 tcaaaaacc
X97051 IGHD3-16*02 57589..57595 cacagca 57596..57607 tcacacggtcca 57608..57616 tcagaaacc
X97051 IGHD3-22*01 67192..67198 cacagtg 67199..67210 tcacagagtcca 67211..67219 tcaaaaact
X97051 IGHD4-4*01 40002..40008 cacagtg 40009..40020 atgaacccagca 40021..40029 gcaaaaact
X97051 IGHD4-11*01 49607..49613 catagtg 49614..49625 atgaacccagtg 49626..49634 gcaaaaact
X97051 IGHD4-17*01 58715..58721 cacagtg 58722..58733 atgaaactagca 58734..58742 gcaaaaact
X97051 IGHD4-23*01 68353..68359 cacagtg 68360..68371 atgaaaccagca 68372..68380 gcaaaaact
X97051 IGHD5-5*01 40967..40973 cacagtg 40974..40985 gtgctgeccata 40986..40994 gcagcaacc
X97051 IGHD5-12*01 50574..50580 cacagtg 50581..50592 gtgccgeccata 50593..50601 gcagcaacc
X97051 IGHD5-18*01 59681..59687 cacagtg 59688..59699 gtgctgeccata 59700..59708 gcagcaacc
X97051 IGHD5-24*01 69320..69326 cacagtg 69327..69338 gtgccgeccata 69339..69347 gcagcaacc
X97051 IGHD6-6*01 42813..42819 cacagtg 42820..42831 acactcgccagg 42832..42840 ccagaaacc
X97051 IGHD6-13*01 52081..52087 cacagtg 52088..52099 acactcacccag 52100..52108 ccagaaacc
X97051 IGHD6-19*01 61524..61530 cacagtg 61531..61542 acactcgccagg 61543..61551 ccagaaacc
X97051 IGHD6-25*01 71684..71690 cacaatg 71691..71702 acactgggcagg 71703..71711 acagaaacc
X97051 IGHD7-27*01 87470..87476 cacagtg 87477..87488 attggcagctct 87489..87497 acaaaaacc
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Supplementary Table 11. The pairing of human IGHD heptamer-spacer-nonamer (7-12-9) RSSs and IGHJ nonamer-Spacer-heptamer (9-23-7) RSSs

Allele or Gene

D-HEPTAMER

1GHJ1(caccgtg) to

D-HEPTAMER

IGHJ2 (ggctgtg)to

D-HEPTAMER

IGHJ3 (cccetgtg) to

D-HEPTAMER

IGHJ6(cattgtg) to

D-HEPTAMER

IGHJ4&IGHS5 (caatgtg) to

D-HEPTAMER

D-NONAMER

IGHJ1(Ggtttctgt) to

D-NONAMER

1GHJ2(tgtttttgt)) to

D-NONAMER

IGHJ3(Ggtttgtgt)) to

D-NONAMER

IGHJ5(gttctttgt)) to

D-NONAMER

IGHJ4&IGHJ6

~(Gtttttgt)) to D-NONAMER

IGHD1-1+01 Caccgtg cacligtg cacliol cacligly caclllitg cacBlity weaaect | [offlaaac] | lcBaaaacl | [cBBaaacl | IcBaallal | fcBaaaacl
IGHD1-7+01 cactgtg caclotg caclol caclolg cacllitg caclitg wceazeeg | [fcffflaaacl] | [cBaaaacll | IcBBaaacl | IcBacBaBl | fcBaaaach
IGHD1-14%01 | cactgtc caclgt caclglc caclgi caclif cacli waacact | caffaaac] | fcaaaaacl | lcalllaacl | lcaaaBa@l | fcaaaaacl
IGHD1-20%01 | caccgtg cacBotg caccol] cacBolg cacBlit cacBlitg weazact | [offflaaac] | IcBaaaacl | IcBBaaacl | IcBaEaBl | [cBaaaacl
IGHD1-26%01 | cactgtg caclgtg caclol caclgly caclitg caclitg weazact | offflaaac] | IcBaaaacl | IcBBaaacl | IcBaaBa@l | [cBaaaacl
IGHD2-2%02 cacagtg caclotg cacagl] cacaglg cacalfitg cacalfitg wecaage | cBBaaalic | fcBBaaall | IcBcaaallc | fcBBafallc | [cBBaaalic
IGHD2-8*01 cacagty caclotg cacagl] cacaglg cacalfitg cacalfitg wecacage | cBBaaalic | IcBBaaalll | IcBcaaallc | fcBBafallc | [cBBaaalic
IGHD2-15"01 | cacagtg caclotg cacaol] cacaglg cacalfitg cacalfitg wecacage | cBBaaalic | IcBBaaalll | IcBcaaallc | fcBBafallc | [cBBaaalic
IGHD2-21%02 | cacagtg cacligtg cacagj cacagly cacaffitg cacalfitg woaae | iclflaaallc | [cBlaaall | IcBlaadlic | IcBiaHaBE | fcBlacalic
IGHD3-3+01 cacagtg cacligtg cacagl cacagly cacalfitg cacalfitg wacacce | fcaffaaacc | fcaaaaacll | fcaflaaacc | fcaaaflalic | fcaaaaacc
IGHD3-9+01 cacagtg cacligtg cacagj cacagly cacaffitg cacalfitg wasacce | fcaffaaacc | fcaaaaacll | fcaflaaacc | fcaaaflalic | fcaaaaacc
IGHD3-10%01 | cacagtg cacligtg cacagl cacagly cacalfitg cacalfitg wacacce | fcaffaaacc | fcaaaaacll | fcaflaaacc | fcaaaflalic | fcaaaaacc
IGHD3-16*02 | cacagea caclofd cacagcl cacag cacalied cacaliéd wageace | ffcagaaace | fcallaaacl | fcalflaaacc | fcalfaflafic | fcalfaaacc
IGHD3-22*01 | cacagtg cacllgtg cacaglil cacaglg cacafftg cacafftg vacacct | fcaffaaac] | lcaaaaacl | caflaaacl | fcaaaflal | fcaaaaach
IGHD4-4+01 cacagty cacligtg cacagll cacagly cacaffitg cacaffitg gaacact | [fcaffaaac] | fcaaaaacl | fcallaaacl | HcaaaBaBl | Bcaaaaacl
IGHD4-1101 | catagtg caflflotg calagll calaolg calalitg calalfit gt | [fcaffaaac] | fcaaaaacl | fcaflaaacl | HcaaaBa@l | Bcaaaaacl
IGHD4-1701 | cacagtg cacligtg cacagll cacagly cacaffitg cacaffitg gt | [fcaffaaacl | fcaaaaacl | fcaflaaacl | HcaaaBaBl | Bcaaaaacl
IGHD4-2301 | cacagtg cacligtg cacagll cacagly cacaffitg cacaffitg aacact | [fcaffaaac] | fcaaaaacl | fcallaaact | HcaaaBaBl | Bcaaaaacl
IGHD5-5+01 cacagty cacligtg cacagll cacagly cacaffitg cacaffitg saciace | [fcagBaace | fcalffaac | Bcalfaacc | HcaiB8afic | Hcalfaacc
IGHD5-12+01 | cacagtg cacligtg cacagll cacagly cacaffitg cacaffitg saciace | [fcagBaace | fcalffaac | Bcalfaacc | HcaiB8afic | Bcalfaacc
IGHDS-16%01 | cacagtg caclotg cacagf] cacaglg cacalfitg cacalfitg geageacce | fjcagBaacc | Hcalfaacl | Hcallfaacc | fcali@8aBc | Hcalaacc
IGHDS-24"01 | cacagtg caclotg cacagf] cacaglg cacalfitg cacalfitg geageacce | ffcagBaacc | fcalffaacl | Hcallfaacc | Hcali@8aBc | Hcalaacc
IGHD6-6+01 cacagty cacligtg cacagii cacagly cacaffitg cacaffitg cagaeace | [§eagaaacc | Bcalfaaacl | fcalfaaacc | BcallaBaBc | Bcaflaaacc
IGHDE-13"01 | cacagtg caclotg cacagf] cacaglg cacalfitg cacalfitg cageeace | ficagaaacc | Bcalfaaacl | Bcalfaaacc | BcaljalaBc | Bcallaaacc
IGHDE-19"01 | cacagtg caclotg cacagf§ cacaglg cacalfitg cacalfitg cageeace | ficagaaacc | Bcalfaaacl | Bcalfaaacc | BcaljalaBc | Bcallaaacc
IGHD6-25*01 | cacaatg cacHlitg cacafill cacafflg cacaatg cacaffitg acagacace | acagaaacc | fcaffaaacll | Hcalfaaacc | acallaBiaic | acaflaaacc
IGHD727+01 | cacagtg cacligtg cacagil cacagly cacaffitg cacaffitg acaacacce | acaa@acC | acaaaaacl | acaflaaacc | acaaaflaic | acaaaaacc

32/189

60/189

35/189

35/189

36/189

69/243

82/243

76/243

105/243

64/243
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