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Research

V(DD)] recombination is an important and
evolutionarily conserved mechanism for generating
antibodies with unusually long CDR3s

Yana Safonova and Pavel A. Pevzner

Computer Science and Engineering Department, University of California San Diego, La Jolla, California 92093, USA

The V(DD)] recombination is currently viewed as an aberrant and inconsequential variant of the canonical V(D)] recom-
bination. Moreover, since the classical 12/23 rule for the V(D)] recombination fails to explain the V(DD)] recombination,
the molecular mechanism of tandem D-D fusions has remained unknown since they were discovered three decades ago.
Revealing this mechanism is a biomedically important goal since tandem fusions contribute to broadly neutralizing antibod-
ies with ultralong CDR3s. We reveal previously overlooked cryptic nonamers in the recombination signal sequences of hu-
man IGHD genes and demonstrate that these nonamers explain the vast majority of tandem fusions in human repertoires.
We further reveal large clonal lineages formed by tandem fusions in antigen-stimulated immunosequencing data sets, sug-
gesting that such data sets contain many more tandem fusions than previously thought and that about a quarter of large
clonal lineages with unusually long CDR3s are generated through tandem fusions. Finally, we developed the SEARCH-D
algorithm for identifying D genes in mammalian genomes and applied it to the recently completed Vertebrate Genomes
Project assemblies, nearly doubling the number of mammalian species with known D genes. Our analysis revealed cryptic
nonamers in RSSs of many mammalian genomes, thus demonstrating that the V(DD)] recombination is not a “bug” but an
important feature preserved throughout mammalian evolution.

[Supplemental material is available for this article.]

The VD] recombination of the IGH locus is guided by the recombi-
nation signal sequences (RSSs) that flank immunoglobulin genes.
Each RSS consists of a conserved heptamer followed by a noncon-
served spacer (12-nt-long 12-spacer in IGHD genes and 23-nt-
long 23-spacer in IGHV and IGH] genes) and a conserved nonamer.
Each IGHV gene has a 23-spacer in its “right” RSS, each IGH]J gene
has a 23-spacer in its “left” RSS, and each IGHD gene is flanked by
the left and right RSSs, each containing a 12-spacer (Fig. 1A).

During the VD] recombination, the 12-spacer in an RSS for a
D gene and the 23-spacer in an RSS for a V/J gene are bound by the
RAG protein complex that catalyzes recombination between these
genes (McBlane et al. 1995). This interaction of 12- and 23-spacers
represents the critical control point in V(D)] recombination and is
called the 12/23 rule (Tonegawa 1983; van Gent et al. 1996; Hiom
and Gellert 1998). Since the DNA helix makes a full turn each 10+
2 nt (Levitt 1978), the 12/23 rule explains recombination of V-D
and D-J genes using the correspondence between one and two
turns of DNA helix during VD] recombination.

Meek et al. (1989) showed that spacers might vary in length
by 1 and even 2 nucleotides without losing the ability to recom-
bine. Ramsden et al. (1996) conducted experimental analysis of
many more spacer lengths to answer the question whether the
12/23 rule can be extended to a 12/N pattern for N#22-24. It
turned out 12/34 is the only other pattern that also enables the
V(D)J recombination (albeit with smaller efficiency). Since a 34-
nt-long spacer (referred to as 34-spacer) corresponds to three turns
of a DNA helix, Ramsden et al. (1996) concluded that the protein
complex can enable V(D)] recombination only if the heptamer and
nonamer are separated by spacers according to the helical phase.
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We thus refer to 12/23 and 12/34 recombinations as 1-turn/2-
turn and 1-turn/3-turn.

Although the 12/23 rule explains the mechanism of VD] re-
combination, tandem V(DD)J] recombination (also known as tan-
dem fusion) represents an exception to this rule (Parkinson et al.
2015). The question about the molecular mechanism leading to
tandem fusions of D genes has remained opened since the discov-
ery of tandem fusions thirty years ago (Meek et al. 1989).
Moreover, it remains unclear why some pairs of D genes form tan-
dem fusions, but others do not.

These questions are important since tandem fusions often re-
sult in long (at least 24 amino acids long) and ultralong CDR3s (at
least 28 amino acids long) as defined by Briney et al. (2012b). These
CDR3s are sufficiently longer than typical CDR3s with average
length of 16 amino acids: there are only 3.5% (0.4%) B cells with
long (ultralong) CDR3s in the naive B cell population (Briney
et al. 2012b). Since long CDR3s, although rare, are selected to tar-
get conserved epitopes in deep and obscured regions of the HIV-1
envelope, they are found in broadly neutralizing antibodies
(bnAbs) against HIV-1 (Burton et al. 2012; Yu and Guan 2014).
Thus, it is important to evaluate how tandem fusions contribute
to long CDR3s and elucidate the molecular mechanism of their
formation.

Previous attempts to analyze V(DD)] recombination faced the
challenge of generating a large data set of tandem fusions since
there was no software for identifying tandem fusions in immuno-
sequencing data sets. Yu and Guan (2014) noted that it is a
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Cryptic nonamers explain V(DD)J recombination via the 1-turn/2-turn and 1-turn/3-turn mechanisms. (A) Canonical heptamers and nonamers

in RSSs are shown by green and yellow rectangles, respectively. The 12/23 rule (1-turn/2-turn) explains the V-D and D-] recombination but fails to explain
the D-D recombination using canonical nonamers (upper row). Cryptic nonamers (shown as red and blue rectangles) enable both the canonical 12/23 rule
and the alternative 12/34 mechanism (1-turn/3-turn) and explain the V(DD)] recombination (fower row). (B) The left and right figures correspond to non-
amers in the left and right RSSs. Sequence logos for canonical nonamers with 12-spacers for the human IGHD genes. Cryptic nonamers (with spacers short-
er than 40 nt) in the RSSs of all 27 human D genes. D genes are shown on the left and are ordered according to the order in the IGHD locus. Canonical and
cryptic nonamers (with likelihoods exceeding minLikelihood) are shown as red cells.

computational challenge to accurately identify tandem fusions in
highly mutated memory B cells. As a result, the extent of contribu-
tion of tandem fusions to long CDR3s in antigen-stimulated anti-
body repertoires remains largely unknown. For example, since
the bnAbs exhibit extensive hypermutation that make it virtually
impossible to accurately match the germline D gene segments, Yu
and Guan (2014) provided only one example of a bnAb formed by
a tandem fusion. Also, even though Janeway’s Immunobiology
(Murphy et al. 2016) acknowledges that V(DD)] recombination is
the major mechanism accounting for unusually long CDR3 loops,
previous studies of tandem fusions (Briney et al. 2012a; Larimore
et al. 2012; Safonova and Pevzner 2019a) were largely limited to
naive repertoires due to difficulties of identifying tandem fusions
in antigen-stimulated repertoires.

We identify previously overlooked cryptic nonamers with 23-
and 34-spacers in RSSs of immunoglobulin D genes and analyze
their associations with the tandem fusions of these genes revealed
by the recently developed IgScout tool (Safonova and Pevzner
2019a) for identifying tandem fusions. We formulate a Cryptic
Nonamers Hypothesis that tandem fusions are explained by these
cryptic nonamers and test this hypothesis using multiple statisti-
cal tests that return P-values as low as 10~'3. Our analysis reveals
that cryptic nonamers enable tandem fusions via the canonical

1-turn/2-turn recombinations, complemented by the alternative
(albeit less frequent) 1-turn/3-turn recombinations (Fig. 1A).

Results

Identifying tandem fusions in immunosequencing data sets

We analyzed three immunosequencing data sets described in
Supplemental Table S1 and referred to as ALLERGY, INTESTINAL,
and MOUSE data sets. To reveal tandem fusions, we launched the
IgScout tool (Safonova and Pevzner 2019a) on these data sets. In
the case of the ALLERGY data set (Levin et al. 2017), IgScout
with a stringent parameter k-mer—size= 15 identified 1715 distinct
CDR3s formed by tandem fusions (estimated false discovery rate
0.8%). IgScout computes the usage of each D gene (denoted as us-
age[D]) and tandem usage of each pair of genes D and D* (denoted
as usage[D, D*]). A D gene is called commonly used if its usage ex-
ceeds minUsage (the default value is 2%). For each pair of genes D
and D*, we compute the tandem coefficient coeffiD, D*), defined as
usage(D, D*) divided by usage(D) x usage(D*). Genes D and D* are
called coupled if coeff(D, D*) exceeds a threshold minCoefficient
(the default value 1.3).
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Canonical and cryptic nonamers in RSSs of human IGHD genes

We analyzed the RSSs of all human IGHD genes in the reference
human genome (version GRCh38.p13). We distinguish between
the right RSS (following a D gene in the reference genome) and
the left RSS (preceding a D gene in the reference genome). Given
an RSS of an IGHD gene, we refer to the nonamer with 12-spacer
in this RSS as the canonical nonamer.

We extracted all canonical nonamers from the right RSSs and
computed their 4x9 profile matrix Profilegigur (with pseudo-
counts) and their consensus TCAAAAACC (Fig. 1B). Nagawa
et al. (1998) demonstrated that changing nucleotides AAA at posi-
tions 5-7 significantly reduces the frequency of V(D)J recombina-
tions. To penalize nonamers that differ from AAA at positions 5-7,
we assigned smaller pseudocounts 0.001 to these three positions
and larger pseudocounts 1 to the other six positions while comput-
ing the profile. We refer to the positions in the profile matrix with
information content above 0.75 as conserved positions (positions
2-3 and 5-9 for the canonical nonamers from the right RSSs) and
define the conserved consensus -CA-AAACC as the consensus on
these positions only.

The same procedure was applied to nonamers from the left
RSSs resulting in the matrix Profile grr, consensus GGTTTTTGT
and the conserved consensus GGTTT-TG-. Similarly, we assigned
pseudocounts 0.001 to conserved positions 3-5 corresponding to
nucleotide TTT and pseudocounts 1 to the other six positions.
The probability Prob(Consensus|Profile) that Profile generates the
consensus string (referred to as Consensus) is 0.042 for the right
nonamer (for Profile= Profileg;gur) and 0.058 for the left nonamer
(for Profile = Profile; grr) (Fig. 1B).

Given a nonamer Pattern, we define its likelihood as Prob
(Pattern|Profile)/Prob(Consensus|Profile). The likelihoods of the canon-
ical nonamers in the RSSs of the IGHD genes vary by three orders of
magnitude from 3 x 10~ to 1. However, it is known that nonamers
with even smaller likelihoods may also trigger the standard V(D)] re-
combination process (Lewis et al. 1997; Nagawa et al. 1998). For ex-
ample, Nagawa et al. (1998) demonstrated that a nonamer
ACAAAGACKC (that is quite different from the consensus nonamer
TCAAAAACC) with likelihood 7 x 107 can trigger V(D)] recombi-
nation via the conventional 12/23 rule, albeit with reduced efficien-
cy. We thus classify a nonamer (with an arbitrary spacer) as cryptic if
itslikelihood exceeds alikelihood threshold minLikelihood. We set an
even less stringent default value minLikelihood=2x 107° than the
likelihood of ACAAAGACC analyzed by Nagawa et al. (1998). Only
3% (5%) of randomly generated nonamers are classified as cryptic
for Profilegigur (Profile grr) for the default threshold.

Figure 1B shows all cryptic nonamers (with spacers of length
below 40 nt) as red cells in the 27 x 40 matrices for the left and right
RSS of all 27 human D genes. If cryptic nonamers represented non-
consequential statistical artifacts, we would expect them to be
somewhat randomly distributed through these matrices.
However, Figure 1B reveals a highly nonrandom distribution of
cryptic nonamers. Below, we analyze this distribution and demon-
strate that cryptic nonamers “explain” tandem fusions.

The Cryptic Nonamers Hypothesis

Briney et al. (2012a) showed that the order of D genes in tandem
CDR3s follows the order of D genes in the immunoglobulin locus;
that s, genes D and D* can form a tandem fusion only if D precedes
D* in the immunoglobulin locus. The canonical 12/23 rule implies
that a cryptic nonamer with a spacer of length 23+ 1 in the right
RSS of a gene D can recombine with the conventional nonamer

(with a spacer of length 12 + 1) in the left RSS of a gene D* that fol-
lows D in the IGH locus (Fig. 1A). Such cryptic nonamer can poten-
tially explain a V(DD*)J recombination as an unusual three-step
process that includes a standard D*-] recombination event, a non-
standard D-D* recombination event, and a standard D*-V recombi-
nation event that all use the canonical 12/23 rule. The alternative
12/34 mechanism implies that such V(DD*)J recombination can
also be explained by a cryptic nonamer with a spacer of length
34+1 in the right RSS of a gene D. The Cryptic Nonamers
Hypothesis states (1) that a cryptic nonamer in the right RSS of a
gene D (with 23-spacer or 34-spacer) enables tandem fusions of a
gene D with each gene D* that follows D in the IGH locus and
that (2) a cryptic nonamer in the left RSS of a gene D* (with 23-
spacer or 34-spacer) enables tandem fusions of each gene D (that
precedes D*) with D* (Fig. 1A).

The gene D2-15 has a cryptic nonamer aCTgCAAAC in the
right RSS with a 24-spacer that coincides with the canonical con-
sensus nonamer -CA-AAACC in four out of seven conserved posi-
tions (shown by uppercase letters). Such cryptic nonamers are
known to enable the standard V(D)] recombination, albeit with
reduced efficiency as compared to conventional nonamers with
12-spacers (Nagawa et al. 1998). We refer to the right (left) RSS of
gene D2-15 as 2-15R (2-15L). According to the Cryptic Nonamers
Hypothesis, this nonamer enables (D2-15, D*) fusions using the
conventional nonamers with 12-spacer in the left RSSs of a gene
D* that follow D2-15in the IGH locus. Indeed, D2-15 forms tandem
fusions with: D3-16 (27 tandem fusions, tandem coefficient 3.5);
D4-17 (28, 6.0); D6-19 (58, 3.5); D1-20 (8, 17.6); D2-21 (37, 4.2);
D3-22 (92, 2.5); D4-23 (4, 2.1); D5-24 (5, 2.0); and D1-26 (7, 2.2).

As another example, the gene D3-16 has a cryptic nonamer
GGTTTccCc with a 34-spacer in the left RSS that coincides with
the canonical conserved consensus nonamer GGTTT-G- in five
out of six conserved positions (shown by uppercase letters).
According to the Cryptic Nonamers Hypothesis, this nonamer en-
ables (D*, D3-16) fusions using conventional nonamers in the
right RSSs of D genes that precede D3-16 in the IGH locus.
Indeed, the genes that precede D3-16 in the IGH locus form
many tandem fusions with D3-16: D2-2 (7 tandem fusions, tan-
dem coefficient 6.0); D3-3 (7, 1.0); D6-6 (13, 16.2); D1-7 (3,
14.7); D2-8 (4, 3.7); D3-9 (8, 1.9); D3-10 (17, 2.0); D5-12 (13,
9.3); and D2-15 (27, 3.5).

Of course, the described cryptic nonamers in the RSSs of D2-
15 and D3-16 may merely represent computational artifacts rather
than a proof of the Cryptic Nonamers Hypothesis. Below, we pro-
vide statistical evidence in favor of this hypothesis that comes
from three angles: the highly nonrandom distribution of spacers
of cryptic nonamers in human RSSs; evolutionary conservation
of cryptic nonamers with 23- and 34-spacers across many mamma-
lian species; and the good correlation between the cryptic non-
amers and the highly nonrandom structure of the fusion graph.

Fusion graph and fusion matrix

Given a subset of D genes, the fusion graph is a directed graph
where each vertex corresponds to a gene in this subset. Genes D
and D* are connected by a directed edge (D, D*) if D precedes D*
in the IGH locus and genes D and D* are coupled. The fusion ma-
trix is defined as the adjacency matrix of the fusion graph.

In the case when IgScout identifies very few tandem CDR3s
formed by a pair of D genes, it is unclear whether these genes in-
deed have an ability to form tandem fusion or whether their tan-
dem fusions represent false positives (Safonova and Pevzner
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Figure 2. Fusion graph and fusion matrix for 12 D genes with at least 2% usage computed for the ALLERGY data set. (A) Vertices of the fusion graph are
arranged clockwise along the circle according to the order in the IGHD locus, from D2-2 to D3-22. Vertices are colored according to the usage of the cor-
responding D genes: from pale (D2-8, usage 2.0%) to dark (D3-10, usage 15.5%). Each directed edge connects a vertex D with a vertex D*, where D*
follows D in the IGHD locus. The width of an edge (D, D*) is proportional to coeff(D, D*). Only edges corresponding to coupled D genes are shown.
(B) The matrix on the right shows values of coeff(D, D*) for fusions of the selected twelve commonly used IGHD genes, where genes D and D* correspond
to rows and columns, respectively. Cells are colored according to the values of tandem coefficients: from low (dark blue) through medium (pale) to high

(dark red).

2019a). To minimize the influence of false positives reported by
IgScout, we limit attention to commonly used D genes. There are
12 such D genes: D2-2, D3-3, D2-8, D3-9, D3-10, D5-12, D6-
13, D2-15, D3-16, D6-19, D2-21, and D3-22. Figure 2 presents
the fusion graph with 39 edges on these 12 vertices (Fig. 2A) as
well as the fusion matrix (Fig. 2B).

Correlations between cryptic nonamers and edges
of the fusion graph

Figure 2 reveals that the most-used genes D3-10 (usage 15.5%) and
D2-15 (usage 14.2%) do not form tandem fusions with each other.
However, this pattern is easy to explain in the framework of the
Cryptic Nonamers Hypothesis since there are no cryptic nonamers
in RSSs 3-10R and 2-15L among nonamers with all possible spacers
of length 0 <i<40. We refer to a nonamer as turning if its spacer
falls in the range 0-2 bp (O-turn spacer), 11-13 bp (1-turn spacer),
21-25 bp (2-turn spacer), and 34 bp (3-turn spacer).

On the other hand, moderately used genes D2-2 (usage 2.1%)
and D3-16 (usage 3.2%) form tandem fusion (D2-2, D3-16) with a
large tandem coefficient coeffiD2-2, D3-16)=6.0. Gene D2-2 fur-
ther forms fusions with D3-10, D2-15, and D3-16, gene D3-10
does not form fusions with D2-15 but forms fusions with D3-
16, and gene D2-15 forms fusions with D3-16. This intricate pat-
tern can be explained by the Cryptic Nonamers Hypothesis if there
exist 2- or 3-turning cryptic nonamers in 2-2R and 3-16L but no 2-
or 3-turning cryptic nonamers in 3-10R and 2-15L (2- or 3-turn-
ing cryptic nonamers may or may not exist in 3-10L and 2-15R
to explain the fusion graph on these four vertices) (Fig. 3A).
It turned out that indeed there are turning cryptic nonamers in
2-2R and 3-16L and no cryptic nonamers (among all 40 positions
that we consider) in 3-10R and 2-15L (Fig. 3B). Cryptic nonamers
in 2-2R and 3-16L are the 2- and 3-turning, respectively.

Generating a ranked list of cryptic nonamers

After excluding the left RSS of D2-2 and the right RSS of D3-16
(that do not contribute to the formation of tandem fusions be-

tween the selected four D genes), we are left with six RSSs: right
RSS of D2-2, D3-10, and D2-15, and left RSS of D3-10, D2-15,
and D3-16. To analyze cryptic nonamers in these six RSSs, we ar-
range all nonamers for all spacer length 0 <i<40 in the decreasing
order of their likelihoods. Since the canonical nonamer motifs are
self-overlapping, the shadow nonamers of canonical nonamers
(i.e., nonamers positioned within 1-2 nt from the canonical non-
amers with 12-spacers) tend to have relatively high likelihoods. We
thus remove a nonamer from the ranked list if it is positioned with-
in 1-2 nt from a higher-ranked nonamer in the list. Since the ca-
nonical nonamers typically have high likelihoods, their shadows
are sometimes even larger than 1-2 nt. We thus assume that the
shadow of a canonical nonamers with 12-spacer spans spacers of
length from 9 to 13.

In addition to the six canonical nonamers with 12-spacers in
these RSSs that dominate the resulting ranked list (with likelihoods
varying from 0.003 to 1), we analyzed six more cryptic nonamers
with the highest likelihoods in these regions among nonamers
with all possible spacers. All these highest-ranked cryptic non-
amers represent turning nonamers with spacers corresponding to
0, 2, or 3 turns of the DNA helix (Fig. 3B). The likelihoods of these
nonamers vary from 7 x107°® to 4x 107 Although these likeli-
hoods are rather low, some canonical nonamers with standard
12-spacers also have rather low likelihoods; for example, the non-
amer GGTTTGAAG of the second most used gene D3-22 (usage
15.3%) has likelihood of only 3 x 1073, The P-value that all top
six cryptic nonamers are turning is 0.257°=0.0003 since only
nine out of 35 (25.7%) possible spacers (from O to 39, excluding
the 9-13 shadow for canonical nonamers) correspond to 0-, 2-,
and 3-turning cryptic nonamers.

Configurations

For a four-vertex fusion graph corresponding to four considered D
genes, there are 4 x 2-2 =6 RSSs that may contribute to tandem fu-
sions of these genes (we ignore crypticnonamers in 2-2L and 3-16R
since they have no effect on the edges of the fusion graph)
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since only 25.7% of all possible spacers
(from O to 39) correspond to 0-, 2-, and
3-turning nonamers, respectively.

Many of the 10 O-turning nonamers
come from the same RSSs as 7 +5=12 2—
turning and 3-turning nonamers, a
possible indication that they may play a

. . 2ok | 310k | 3o0n | 205% | 205t | 316t similar role to the 2-turning cryptic non-

2-turning nonamers 3-turning nonamers amers in the canonical 12/23 rule and

(spacer length 23-25bp) | - (spacer length 34 bp) 1 0 1 1 0 1 the 3-turning cryptic nonamers in the al-

ternative 12/34 mechanism. However,

! 0 0 ! 0 ! since there are no experimental data sug-

2-2R CTGtAAACg [ 3-10L  GGTTTccCe 1 0 1 0 0 1 gesting that the 0/12 pattern enables

ZISR - aCTGCRRAC | 3-16L  GGITTccCe V(D)J recombination and since it is un-

1 0 0 0 0 1 clear whether it is consistent with the

. ] ] ] structure of the RAG-RSS complex (Ru
Figure 3. Fusion graph on genes D2-2, D3-10, D2-15, and D3-16 (A), cryptic nonamers in RSSs of

these genes that explain this graph (B), and four optimal configurations for this graph (C). (A) Fusion
graph on genes D2-2, D3-10, D2-15, and D3-16. Each cryptic nonamer is shown as either a blue left
half-vertex or a red right half-vertex of the corresponding vertex in the fusion graph. Edges represent tan-
dem fusions and are labeled with the tandem coefficient for the corresponding fusion. The edge between
D3-10 and D2-15 is not shown since these genes do not form tandem fusions. (B) The table shows that
all cryptic nonamers in RSSs of genes D2-2, D3-10, D2-15, and D3-16, found among the top 12 non-
amers, correspond to 2- and 3-turning nonamers; 2- and 3-turning cryptic nonamers explain all edges
of the fusion graph and do not “trigger” any other edges. Conserved positions in these nonamers are

et al. 2015), we ignore O-turning non-
amers and instead investigate how well
the remaining 12 cryptic nonamers (cor-
responding to 2-turns and 3-turns of a
DNA helix) explain the fusion graph.
The list of 12 2- and 3-turning nonamers
is provided in Supplemental Table S2.

shown by uppercase letters. Positions coinciding with the consensus sequence of the canonical non-
amers are bolded and underlined. (C) The table shows four optimal configurations of cryptic RSSs

(i.e., configurations explaining all edges of the fusion graph) for the fusion graph on genes D2-2, D3-
10, D2-15, and D3-16. Each configuration is shown as a binary vector, where 1 (0) means that the cor-

responding cryptic nonamer forms (does not form) tandem fusions.

depending on whether there exists a cryptic nonamer in the corre-
sponding RSS. It results in 2°=64 possible configurations, each
configuration represented by a binary 6-mer vector. It turned out
that only four out of 64 configurations “explain” all edges of the
fusion graph shown in Figure 3A and do not create any false edges
(P-value=4/64=0.0625). These four configurations are formed by
6-mer vectors with 1s at positions 2-2R and 3-16L (Fig. 3C).
Cryptic nonamers in RSSs 3-10L and 2-15R are present in the first
of the four optimal configurations shown in Figure 3C.

Of course, this statistical analysis needs to be extended from
just four D genes to all 12 commonly used human D genes.
Below, we demonstrate that all cryptic nonamers in these twelve
D genes represent turning nonamers (P-value=10""%) and that
these turning nonamers “explain” the structure of the fusion
graph (P-value=0.0003).

Cryptic nonamers in RSSs of D genes

We are interested in 11 right RSSs (for all 12 commonly used D genes
but the last one) and 11 left RSSs (for all 12 of these D genes but the
first one). In addition to the 22 canonical nonamers with 12-spacers
in these RSSs (with likelihoods varying from 3 x 107> to 1), we ana-
lyzed 22 more cryptic nonamers with the highest likelihoods in
these RSSs among nonamers with all possible spacers. We arrange
all nonamers for spacer length 0 <i<40 in the decreasing order of
their likelihoods and remove shadow nonamers from the resulting
ranked list as described above. As expected, 22 canonical nonamers
with 12-spacers dominate the ranked list. The next 22 highest-
ranked cryptic nonamers in this list represent turning nonamers
with spacers corresponding to 0, 2, or 3 turns of the DNA helix
(Fig. 4A). The likelihoods of these nonamers vary from 2 x 107 to
4x10™* (minLikelihood threshold=1.9x107°). The P-value that
top 10+ 7+5=22 cryptic nonamers are turning is 0.257*?=10""3

2- and 3-turning cryptic nonamers
explain the fusion graph

As discussed above, all edges of the fusion

graph on four genes (D2-2, D3-10, D2-
15, and D3-16) are explained by the assumption that there are
cryptic nonamers in 2-2R and 3-16L and no cryptic nonamers
in 3-10R and 2-15L. For a graph on 12 vertices, there are 12x2—
2=22 possible choices of whether there exists a cryptic nonamer
in the corresponding 22 RSSs (we ignore the left RSS of the first
commonly used D gene and the right RSS of the last commonly
used D gene), resulting in 2%2 possible configurations. Each such
configuration results in explained edges, unexplained edges, and
false edges in the fusion graph. We score each configuration as fol-
lows:

score = # explained edges — # unexplained edges — # false edges.

For example, Figure 4B illustrates that the fusion graph in
Figure 2A has 37 explained, two unexplained, and four false edges
for a configuration 2-2R, 2-8R, 5-12R, 6-13R, 2-15R, 6-19R, 3-3L,
3-9L, and 3-16L with score 37-2-4 =31. Our goal is to find maxi-
mum-scoring configurations among all 22> configurations. It
turned out that eight configurations have the maximum score
31 for the fusion graph (found by exhaustive search), all configu-
rations formed by 22-mer vectors with 1s at positions 2-2R, 2-
8R, 5-12R, 6-13R, 2-15R, 6-19R, 3-9L, and 3-16L (Supplemental
Table S3). One more nonamer 3-3L is present in four out of eight
optimal configurations. The optimal configuration shown in the
top row of Supplemental Table S3 is formed by nine cryptic non-
amers 2-2R, 2-8R, 5-12R, 6-13R, 2-15R, 6-19R, 3-3L, 3-9L, and
3-16L, and all these nonamers are present in the list of 12 cryptic
nonamers in Figure 4A. The low P-value of this event (P-value=
0.0004) provides additional statistical support for the hypothesis
that 2-turning and 3-turning cryptic nonamers enable tandem
fusions.

Supplemental Figure S1 shows the distribution of scores of all
2%2 configurations. The 12 2- and 3-turning cryptic nonamers in
Figure 4A (2-2R, 2-8R, 5-12R, 6-13R, 2-15R, 6-19R, 2-21R, 3-
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(21-25 bp spacers) (34 bp spacers)
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C observed configuration: 2-2R, 2-8R, 5-12R, 6-13R, 2-15R,
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Figure 4. RSSs with cryptic nonamers corresponding to 2- and 3-turn spacers explain the fusion graph in Figure 2A. (A) 2- and 3-turning nonamers that
“explain” the fusion graph in Figure 2A are highlighted in red and blue, respectively. (B,C) The fusion matrices with each cell classified as explained (green),
unexplained (purple), or false (orange) based on the optimal configuration with nine (6 left + 3 right) cryptic nonamers (B) and the observed configuration
with 12 (7 left+ 5 right) cryptic nonamers (C). A D gene on the y-axis (x-axis) is colored red (blue) if its right (left) RSS contributes to the optimal config-
uration. (D) Each tandem fusion in Figure 2 is classified by the number of turns in cryptic nonamers that can explain it. For example, the fusion (D2-2, D3-3)
can be explained by both 2-turning and 3-turning nonamers and thus is classified as “2,3 fusion type.” In total, we generate three groups: “2” (fusions are
explained by the 2-turning nonamers), “2,3” (fusions are explained either by the 2-turning or by the 3-turning nonamers), and “3” (fusions are explained
by the 3-turning nonamers) with average values of tandem coefficients 10.7, 5.0, and 2.2, respectively. The y-axis shows tandem coefficients of tandem
fusions. Group “2” has higher values of tandem coefficients that groups “2,3” and “3” (P-value =0.0026 according to the one-way ANOVA test [Heiman

2001)).

3L, 3-9L, 3-10L, 3-16L, and 3-22L) result in a configuration with
score 24. Since there are only 1440 configurations with scores at
least 24, the P-value of the configuration formed by these 12 non-
amers is 14407222 =0.0003. Even if we limit attention only to con-
figurations with twelve 1s (Cy; 12 = 646,646 such configurations),
only 238 of them have scores at least 24, resulting in a similar P-val-
ue 0.0004.

Although the 2- and 3-turning cryptic nonamers explain the
vast majority of edges in the fusion graph (Fig. 4C), some edges re-
main unexplained. We note that even “ideal” heptamers and non-
amers in an RSS do not guarantee that this RSS contributes to V(D)]
recombinations, let alone V(DD)J recombinations (Supplemental
Methods, “Analyzing correlation between the usage of D genes
and the likelihoods of heptamers/nonamers in their RSSs”;
Supplemental Figs. S3, S4). Indeed, although the spacer sequence
is often viewed as nonconserved, mutations in this sequence are
known to affect the efficiency of V(D)] recombination (Lee et al.
2003). We thus argue that the low P-value of the configuration
formed by 2- and 3-turning nonamers provides a strong support
for the Cryptic Nonamers Hypothesis even though it results in a
(small) number of false and unexplained edges in the fusion graph.

Our analysis confirms that 34-spacers have reduced activity
(as reported by Ramsden et al. 1996; Kim and Oettinger 1998) as
compared to 12- and 23-spacers. Figure 4D illustrates that the 2-
turning nonamers are associated with higher values of tandem co-
efficients than the 3-turning nonamers (P-value=0.0026). The 3-
turning nonamers alone explain only three tandem fusions—
(D3-3, D3-9), (D3-9, D3-19), and (D3-10, D3-16)—describing
2.7%, 1.9%, and 2% of tandem CDR3s, respectively.

Tandem CDR3s in antigen-stimulated repertoires

To analyze tandem fusions in functional antibody repertoires, we
applied IgScout to the INTESTINAL data set (Magri et al. 2017) and
identified 72 distinct tandem CDR3s with false discovery rates
12.5%. Although the small number of identified tandem fusions
and high false discovery rate make this data set not ideal for analyz-
ing tandem fusions, Figure 5 illustrates two clonal trees that origi-
nated from tandem fusions—one of them (Fig. S5A) was
automatically derived by IgScout with the default k-mer-size pa-
rameter (k-mer-size=11) and another (Fig. 5B) was semimanually
reconstructed by lowering the default k-mer-size parameter.
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D2-15 @ D5-24

GCGAGGGCCTATTGTAGTGGTGGAACCTGCTACACCGGGAACAGTAGAGATGGCTACAACCGACTTGACTAC
GCGAGGGCATATTGTAGTGGTGGAACCTGCTACACCGGAAACAGTAGAGATGGCTACAACCGACTTGACTAC
TCGAGGGCCTATTGTAGTGGTGGAACCTGCTACACCGGAAACAGTAGAGATGGCTACAACCGACTTGACTAC
GCGAGGGCGTATTGTAGTGGTGGAACCTGCTACACCGGAAACAGTAGAGATGGCTACAACCGACTTGACTAC
GCGAGGGCCTATTGTAGTGGTGGAACCTGCTACACCGGAAACAGTAGAGATGGCTACAACCGACTTGACTAC
GCGAGGGCCTATTGTAGTGGTGGAACCTGCTACACCGGAAACAGTAGAGATGGCTACAACCGACTCGACTAC
GCGAGGGCCTATTGTAGTGGTGGAACCTGCTAAACCGGAAACAGTAGAGATGGCTACAACCGACTTGACTAC
GCGAGGGCCTATTGTAGTGGTGGAACCGGCTACACCGGAAACAGTAGAGATGGCTACAACCGACTTGACTAC
GCGAGGGCCTACTGTAGTGGTGGAACCTGCTACACCGGAAACAGTAGAGATGGCTACAACCGACTTGACTAC
GCGAGGGCCGATTGTAGTGGTGGAACCTGCTGCGGCGAAAACAGTAGAGATGGCTACAACCGACTTGACTAC
GCGGGGGCCTATTGTAGTGGTTGAACCTGCTACACCGGAAACAGTAGAGATGGCTACAACCGTCTTGACTAC
GCGAGGGCCTATTGTAGGGGTGGAACCTGCTACACCGGAAACAGGAGAGATGGCTACAACCGACTTGACTAC
GCGAGGGCCTAGTGTAGTGGAGGAACCGGCTACACCGGAAACAGTAGAGATGGCCACAACCGACTTGACTAC
GCGAGGGCCTATTGTAGTGGTGGAACCTGCTACACCGGAAACAGTAGAGATGGATACAACCGACTTGACTAC
- GCGAGGGCCTATTGCAGTGGTGTAACCTGCTACACCGGAAACAGTAGAGATGGCTACAACCGACTTGACTAC
- GCGAGGGCCTACTGTAGTGGTGGACCCTGCTACACCGGAAACAGTGGAGATGGCAACACCCGACTTGACTAC
- GCGAGGGCCTACTGTAGTGGTGGAACCTGCTACACCGGAAACAGTGGAGATGGCAACACCCGACTTGACTAC
- GCGAGGGGCTACTGTAGTGGTGGAACCTGCTACACCGGAAACAGTGGAGATGGCAACACCCGACTTGACTAC
-  GCGAGCGCGTATTGTAGTGGTGGAACCTGATACGCCGGAAACAGTAGACATTGCTCCAACCGACTTGACTAC
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GCGAGAGCCATCAACCCACTCCTGGTACCAACTGGTATTTACGGATATTGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCAACTGATATTTTCGTATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCAACTGATATTTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCAACTGATATTTTCGGATATCGTCGCGGGAAGACGAACGGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCAACTGATAGTTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCACCTGATATTTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCATGGTACCAACTGATATTTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCGGGTACCAACTGATATTTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCAACTGATATGTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCAACTGATATTTTCGGATATCGACGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCTACCCACTCCTGGTACCAACTGATATAGTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCAACTGATATTCTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCATGGTACCAACTGATATTTGCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCCCTCCTGGTACCAACTGATATTTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCCGGTACCAACTGATATATTCGGATATCGTCGCGGGAAAACGCACTGGTTCGACCTC
GCTAGAGCCATCAACCCACTCCTGGTACCACCTGATACTTTCGGATAACGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGGGCCATCAACCCACTCCTGGTTCCAACTGAGATTTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCAACTGATATTTTCGGATATCGTCGCGGGAAGACGCACTGGTTCGACCTC
GCGAGAGCCATCAACCCACTCCTGGTACCGACTGATATTTTCGGATATCGGCGCGGGAAAACGAACTGGTTCGGCCTC
GCGAGAGCCATCAACCCGCTCATGGTACCAACTGATATTTTCGGAGATCGTCGCGGGAAGACGAACTGGTTGGACCCC
GCGAGAGCCATCAACCCACTCCGGGTGCCAACTGATATTTTCGGATATCGTCGCGGGAAGACGAACTGGTTCGACCTC

Figure 5. Clonal trees derived from V(DD)] recombinations in the INTESTINAL data set. Two large clonal trees derived from tandem fusions of D2-15 with
D5-24 (A) and D2-2 with D2-15 (B) genes in the INTESTINAL data set. Genes D2-15 (AGGATATTGTAGTGGTGGTAGCTGCTACTCC), D5-24
(GTAGAGATGGCTACAATTAC), and D2-2*01 (AGGATATTGTAGTAGTACCAGCTGCTATGCC) have length 31, 20, and 31 nt, respectively (substrings occur-
ring in CDR3s are underlined). A clonal tree for each clonal lineage was constructed using the IgEvolution tool (Safonova and Pevzner 2019b) applied to all
reads from these lineages. These clonal lineages originated from a V(DD)] recombination that resulted in long CDR3s of length 72 and 78 nt, respectively.
For the tree in B, we showed 20 out of 131 CDR3s. Blue, orange, and green vertices represent sequences of IgA memory, IgA plasma, and IgM plasma B cells,
respectively. Violet vertices represent sequences found in both plasma and memory B cells. Alignments of CDR3s corresponding to the lineages are shown
below the trees: green/red substrings correspond to fragments of D2-15/D5-24 genes in Aand D2-2/D2-15 in B, respectively. Somatic hypermutations in
green and red substrings are shown in blue. Plus and minus signs before each sequence in the alignment of the CDR3s in A indicates whether IgScout
identified it as a tandem CDR3 or not (with the default k-mer-size parameter). CDR3s in B were semimanually annotated, as IgScout (with the default k-
mer-size parameter) failed to identify them as tandem.

Figure S illustrates that some of the identified tandem CDR3s tive rate in the case of highly mutated antigen-stimulated reper-
correspond to large clonal lineages that were subjected to selec- toires for the parameter k-mer-size=11.
tion. The alignment of all CDR3 from each clonal lineage reveals We classify a clonal tree (lineage) as large if it contains at least
that highly mutated tandem CDR3s are often difficult to classify minLineageSize sequences (the default value minLineageSize=30).
as tandem, thus demonstrating that IgScout has a high false nega- IgEvolution (Safonova and Pevzner 2019b) constructed 157 large
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clonal trees with long CDR3s in the INTESTINAL data set
(Supplemental Fig. S2). We classify a clonal tree as tandem if
IgScout classifies CDR3 in one of its vertices as a tandem fusion.
IgScout classified 22 out of 157 (14%) large clonal trees with
long CDR3s as tandem for the k-mer-size=11 parameter. The per-
centage of long CDR3 resulting from tandem fusions in naive
data sets (among all long CDR3s) is only ~1% (Safonova and
Pevzner 2019a), an order of magnitude smaller than the percent-
age of large tandem clonal trees with long CDR3s in antigen-stim-
ulated repertoires. This large increase indicates that tandem
fusions may play an important role in immune response.

Since IgScout has a high false negative rate (estimated at 39%
for the clonal tree on the top in Fig. 5), there may be even more tan-
dem clonal trees that IgScout missed; for example, decreasing the
default k-mer-size parameter to a less stringent k-mer-size=10 re-
duces the false negative rate but increases the false discovery rate
from 12.5% to 29%. IgScout with k-mer-size=10 identified 40
out of 157 (25%) large tandem clonal trees with long CDR3s.

Analyzing mammalian IGHD genes

Since the highly repetitive IGH locus is difficult to assemble
(Watson et al. 2013), there are very few high-quality assemblies
of this locus across mammalian species. Moreover, it is unclear
how to infer short D genes (that are highly variable across mamma-
lian species) even in the case when the IGH locus is well assembled
(Merelli et al. 2010). For example, the alpaca IGH locus was assem-
bled using cosmid libraries and physical mapping (Achour et al.
2008), but D genes in this locus were annotated using a heuristic
that undoubtedly generates some false positives and false nega-
tives. We thus addressed the problem of identifying the contig(s)
containing IGHD genes in mammalian assemblies and predicting
D genes in these contigs.

We analyzed 17 mammalian species with high-quality draft
assemblies recently generated by the Vertebrate Genome Project
(VGP; https://vgp.github.io/genomeark/) (Rhie et al. 2020) and
searched for a contig that contains all IGHD genes in each of these
assemblies (see Methods). To analyze these contigs, we developed a
SEARCH-D algorithm for de novo finding of IGHD genes and
benchmarked it on the known human, mouse, rat, and cow
IGHD genes (see Methods).

Table 1. Information about IGHD genes in 12 mammalian species

Since VGP assemblies remain fragmented, we did not find
contigs that contain all IGHD genes in six out of 17 assemblies
(Supplemental Table S4) and thus removed them from further con-
sideration. We further applied SEARCH-D to the 11 remaining as-
semblies. To minimize the influence of possible misassemblies and
false negatives of the SEARCH-D algorithm, we excluded the
vaquita and Eurasian red squirrel genomes from further consider-
ation since we identified a very low number of D genes (only three)
in these two genomes. To minimize the influence of false positives
of the SEARCH-D algorithm, we also excluded the gray squirrel ge-
nome from further consideration since the nonamer consensus
likelihood for the RSSs in this genome was an order of magnitude
smaller than for all other genomes. Table 1 summarizes informa-
tion about the identified IGHD genes across the eight remaining
VGP genomes as well as all genomes with previously sequenced
IGHD locus (human, mouse, rat, and cow) and more than 20 iden-
tified IGHD genes. Sequences of found IGHD genes are listed in
Supplemental Table SS5.

Analyzing cryptic nonamers in RSS of the IGHD genes across
mammalian species

Since the consensus of canonical nonamers with 12-spacers is
rather conserved across mammalian species (Table 1), we used
the Profile; grr and Profilegigur matrices (computed for the canoni-
cal human nonamers with 12-spacers) to analyze cryptic non-
amers in eight mammalian species. For each D gene in each
species, we analyze its left and right RSSs and compute the likeli-
hood of each of 40 cryptic nonamers in this RSS as before (for spac-
ers varying in length from 0O to 39 nt). For each species, we sort all
nonamers from all D genes in the descending order of their likeli-
hoods (across all RSSs), remove shadow nonamers, and analyze the
top nonamers in the resulting ranked list with likelihood exceed-
ing motifScore=5 x 107°. We increased the motifScore threshold as
compared to the default value motifScore=2x107° because
Profiley grr and Profilegigur, derived from the human genes, imper-
fectly represent nonamers in RSSs of nonhuman D genes. After re-
moving canonical 1-turning nonamers, we analyze the remaining
cryptic nonamers and compute the percentage of turning cryptic
nonamers among them.

If turning cryptic nonamers represented computational arti-
facts rather than functional elements, we would expect that this

Left nonamer Right nonamer

Common species name  IGHD span (kbp)  # D genes Consensus Consensus likelihood Consensus Consensus likelihood
Human 74.4 27 GGTTTTTGT 1.00 TCAAAAACC 1.00
Mouse 143.2 26 GGTTTTTGT 1.00 ACAAAAACC 0.2
Rat 207.2 38 GGTTTTTGT 1.00 CCAAAAACC 0.3
Cow 47.4 23 GGTTTTTGA 0.85 ACAAAAACC 0.20
Common marmoset 72.9 16 GGATTCTGA 0.30 TCAAAAACC 1.00
Ring-tailed lemur 55.8 4 GGATTCTGA 0.30 CCCAAAACC 0.12
European otter 62.2 14 GGTTTCTGA 0.60 CCGGAAACC 0.01
Canada lynx 63.7 6 GGTTTTTGA 0.85 CCAAAAACC 0.27
Stoat 453 6 GGTTTCTGA 0.60 CCAAAAACC 0.27
Pale spear-nosed bat 235.8 17 GGTTTATGG 0.05 TCAGAAACC 0.67
Greater horseshoe bat 44.8 4 GGATTTTGT 0.50 ACAAAAACC 0.20
California sea lion 71.4 1 GGATTTTGA 0.42 TCAAAAACC 1.00

A position in a consensus sequence is bolded if the nucleotide at this position coincides with the nucleotide at the corresponding position in the
human consensus sequence. Since the D-J-C genes are duplicated in the cow IGH locus, the IGHD span is defined as the distance between the right-

most V gene and the right-most ] gene.
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percentage to be close to the fraction of 0-, 2-, and 3-turning non-
amers among all analyzed nonamers (25.7%). It is important to
keep in mind that cryptic nonamers in nonhuman species were
identified based on the profile matrices derived from human con-
ventional nonamers with 12-spacers. In the case of species with
significantly different nonamers, this procedure may lead to false
negatives in identifying cryptic nonamers. Nevertheless, we com-
pared the fraction of turning cryptic nonamers in the resulting list
with what is expected by chance (25.7%). For example, eight out of
15 (53%) cryptic nonamers for common marmoset (after remov-
ing shadow nonamers) represent 2- and 3-turning cryptic
nonamers.

Table 2 shows that the percentage of 0-, 2-, and 3-turning
cryptic nonamers exceeds 25.7% in all species, even though the in-
crease is small for mouse and California sea lion. We note that the
D gene usage is extremely biased in mice (with a single D gene re-
sponsible for over 80% usage and only two other genes with bias
exceeding 2%), making it difficult to analyze tandem fusions in
mice (see Supplemental Methods, “Challenge of analyzing tan-
dem fusions in mouse Rep-Seq data sets”).

Table 2 illustrates that, with the exception of mouse (P-value =
0.633), ring-tailed lemur (P-value=0.474), and California sea lion
(P-value=0.430), P-values for other nine species do not exceed
0.1 (varying from 1.8 x 10! for human to 0.085 for rat), providing
an additional support for the Cryptic Nonamers Hypothesis and
suggesting that turning cryptic nonamers represent an evolution-
arily conserved mechanism for generating antibodies with long
CDR3s.

Tandem duplications in the IGHD locus

To understand the origin of cryptic turning nonamers, we analyze
the repeat structure of the IGHD loci across multiple mammalian
species listed in Table 1. Figure 6A presents the dot plot of the hu-
man IGHD region that reveals an ~40-kbp-long tandem repeat R1-
R2-R3-R4 of multiplicity four covering 24 out of 27 D genes. D
genes in a single unit of this tandem repeat can be described by a
pattern “D6-*, D1-*, D2-*, D3-*, D4-*, D5-*”, where Di-* is a D
gene from the ith family (Fig. 6B). Copies R1 and R2 have small dif-
ferences from the pattern: while R1 does not contain a gene from
the D6 family, R2 contains duplicated genes D3-9 and D3-10 from
the D3 family. Safonova and Pevzner (2019a) showed that these

two D genes can be processed as a single D gene during the VD] re-
combination, resulting in an ultralong CDR3. Figure 6, C and D,
reveals similar structures of IGHD loci in the genomes of mouse
and common marmoset, respectively.

In total, large tandem duplications contribute to the IGHD
loci of eight out of 12 analyzed mammalian species: human,
mouse, rat, cow, common marmoset, European otter, pale spear-
nosed bat, and California sea lion. These species are characterized
by a revlatively large number of identified IGHD genes, varying
from 11 to 38. Figure 6 and Supplemental Figure S5 illustrate
that most D genes in these species are concentrated in tandem re-
peats. However, units forming these tandem repeats are unique for
a species, suggesting that tandem duplications of IGHD genes
emerged independently in various mammalian lineages to in-
crease the combinatorial diversity of V(D)] recombinations.
Supplemental Figure S6 illustrates that nonamers at turning posi-
tions are more conserved than nonamers at nonturning positions,
suggesting that nonamers corresponding to turning spacers may
be subjected to selective pressure.

Four remaining species without tandem duplications in the
IGHD loci (ring-tailed lemur, Canada lynx, stoat, and greater
horseshoe bat) are characterized by a lower number of IGHD genes,
varying from 4 to 6.

Discussion

Although the 12/23 rule explains the molecular mechanism of the
standard V(D)] recombination, the mechanism of the V(DD)J re-
combination has remained unknown since tandem fusions were
hypothesized in 1982 (Kurosawa and Tonegawa 1982) and experi-
mentally confirmed in 1989 (Meek et al. 1989). Although recent
studies demonstrated that tandem fusions represent a stable feature
of antibody repertoires (Briney et al. 2012a; Safonova and Pevzner
2019a), their role in immune response remained unclear.
Moreover, while some immunologists view V(DD)] recombination
as the major mechanism for generating long CDR3s (Yu and Guan
2014), others consider it as simply a “bug” in the 12/23 rule or even
an artifact (Corbett et al. 1997; Watson et al. 2006). We demon-
strate that the V(DD)] recombination is not a “bug” but an impor-
tant feature of immune response resulting in long CDR3s that
contribute to large clonal lineages in antigen-stimulated
repertoires.

Table 2. Information about turning cryptic nonamers in 12 mammalian species

Common species name # D genes # Cryptic nonamers (# turning cryptic nonamers)? % Turning cryptic nonamers® P-value®
Human 27 26 (25) 96.2 1.8x107"3
Mouse 26 42 (11) 26.2 0.633

Rat 38 67 (24) 35.8 0.085
Cow 23 10 (6) 60.0 0.031
Common marmoset 16 15 (10) 66.7 0.002
Ring-tailed lemur 4 2(1) 50.0 0.474
European otter 14 9 (8) 88.9 0.0002
Canada lynx 6 303) 100.0 0.021
Stoat 6 4 (4) 100.0 0.0057
Pale spear-nosed bat 17 26 (14) 53.7 0.004
Greater horseshoe bat 4 4 (3) 75.0 0.066
California sea lion 11 12 (4) 333 0.430

®Number N of cryptic nonamers with likelihood exceeding the threshold 5 x 107® and the number M of 0-, 2-, and 3-turning cryptic nonamers among

them.

bPercentage of 0-, 2-, and 3-turning cryptic nonamers among all identified cryptic nonamers computed.
P-value of observing M 0-, 2-, and 3-turning cryptic nonamers among N cryptic nonamers is defined as the probability of tossing a biased coin (with
probability of a head 0.275) N times and observing at least M heads. Rows corresponding to P-values below 0.1 are highlighted in gray.
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Figure 6. Tandem repeats in IGHD locus of human (A,B), mouse (C), and common marmoset (D) IGHD loci. Duplicated and identical IGHD genes are
shown by the same (nonblack) color. Dot plots were generated by the Gepard tool (Krumsiek et al. 2007). (A) The dot plot shows that the 56-kbp-long
human IGHD locus contains a tandem repeat R1-R2-R3-R4 covering 24 out of 27 IGHD genes. Positions of 27 IGHD genes are shown on the left. (B) The
structure of units R1-R4. (C) For better resolution, we show only a 97-kbp-long fragment of the 1.1-Mbp-long mouse IGHD loci that covers 22 out of 26
IGHD genes. The shown fragment does not cover genes IGHD4-1, IGHD5-2, and IGHD1-3 that precede the first occurrence of IGHD5-1 (the first gene in
the dot plot) and a copy of gene IGHD4-1 that follows IGHD4-1 (the last gene in the dot plot). (D) A dot plot shows the 47-kbp-long IGHD locus of the

common marmoset.

In T cells, rather common tandem fusions occur in 2% of all
recombinations (note that there are only two TRBD genes and
three TRDD genes). Liu et al. (2014) demonstrated that tandem fu-
sions of D genes in T cells are governed by the 12/23 rule and in-
volve nonamers corresponding to 23-spacers in D genes (in
addition to the conventional 12-spacers). Ma et al. (2016) demon-
strated that the 12/23 rule also explains unusual V] recombina-
tions in T cells using nonamers corresponding to 12-spacers in V
and J genes (in addition to the conventional 23-spacers). Our
Cryptic Nonamers Hypothesis postulates that a similar 12/23
mechanism, complemented by the 12/34 mechanism, leads to
tandem fusions in B cells. The likelihoods of the cryptic nonamers
that support our Cryptic Nonamers Hypothesis in B cells are an or-
der of magnitude higher than the likelihoods of nonamers (like
AGAAACACT) that were shown to contribute to tandem fusions
in T cells (Liu et al. 2014). This observation alleviates a concern
that 2- and 3-turning cryptic nonamers may be too diverged (as
compared to conventional 1-turning nonamers) to contribute to
the RAG-RSS complex.

Kim and Oettinger (1998) demonstrated that two genes with
12-spacers can also be recombined by RAG proteins, albeit with
low efficiency. However, the 12/12 mechanism cannot possibly
explain tandem fusions since many D genes (even if each of
them has a high usage) do not generate tandem fusions with
each other. For example, genes D3-10 and D3-22, with the highest
usage in CDR3s (average usage exceeds 15%), do not contribute to
tandem fusions (Safonova and Pevzner 2019a).

Rommel et al. (2017) demonstrated that RAG proteins can
perform insertions and deletions of fragments of the IGH locus
flanked by RSSs with various orientations. However, this observa-
tion cannot serve as an alternative explanation of tandem fusions
since Safonova and Pevzner (2019a) demonstrated the presence of
inter-D insertions separating fragments of D genes in tandem
CDR3s, indicating activity of the TdT protein. This proves that tan-
dem fusions result from the V(DD)] recombination process.

We showed that tandem fusions in human B cells are gov-
erned by the standard 12/23 rule (through 2-turning cryptic non-
amers) accompanied by the nonconventional yet experimentally
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verified 12/34 mechanism (involving 3-turning cryptic non-
amers). We further developed and benchmarked the SEARCH-D al-
gorithm for predicting D genes in assembled mammalian
genomes. Using SEARCH-D, we revealed a statistically significant
overrepresentation of turning cryptic nonamers across multiple
mammalian species, suggesting that tandem fusions represent an
evolutionarily conserved mechanism for generating antibodies
with long CDR3s.

Methods

Identifying tandem fusions

We processed each Rep-Seq data set using the DiversityAnalyzer
tool (Shlemov et al. 2017) to extract CDR3s and applied the
IgScout tool (Safonova and Pevzner 2019a) to identify tandem
CDR3s among all CDR3s. For each sequence in the Rep-Seq data
set, DiversityAnalyzer also identified the V and ] genes that gave
rise to this sequence.

Constructing clonal trees

We classify two CDR3s as similar if they have the same length / and
the Hamming distance between them falls below 0.1xI. We
launched the IgEvolution tool (Safonova and Pevzner 2019b)
that groups all sequences with identical V and ] genes and similar
CDR3s into a single clonal lineage. For each clonal lineage,
IgEvolution constructs a weighted graph with vertices correspond-
ing to sequences in this clonal lineage. The weight of an edge in
this graph is defined as the Hamming distance between the corre-
sponding sequences. A clonal tree is constructed as a minimum
spanning tree in this graph. The root of this clonal tree is selected
as a sequence with the minimum number of differences from the
closest germline V and ] genes. Finally, we transform this (undi-
rected) tree into a directed tree by orienting all edges from the
root toward the leaves. In the INTESTINAL data set, we additional-
ly combined Rep-Seq data sets corresponding to the same donor
before constructing the clonal tree.

Analyzing the immunoglobulin loci in whole-genome assemblies

A contig in an assembly is classified as an IGH-contig if it aligns to
at least one of the human IGHV, IGH], and IGHC genes. To iden-
tify all IGH-contigs in a draft assembly, we align all human immu-
noglobulin IGHV, IGH]J, and IGHC genes against all contigs in this
assembly using Bowtie 2 (Langmead and Salzberg 2012). An IGH-
contig is classified as an IGHD-contig if its prefix aligns to an IGHV
gene and its suffix aligns to an IGH] gene (or if this condition holds
for the reverse-complement of this contig). Since the IGHD genes
are located between the IGHV and IGHJ genes, we assume that an
IGHD-contig contains all IGHD genes. We define the IGHD span
as the distance from the end of the last V gene to the start of the
first J gene in an IGHD-contig. For example, the IGHD span in
the common marmoset genome is 72.9 kbp.

We searched for IGHD-contigs in 17 mammalian genomes as-
sembled by the Vertebrate Genome Project (VGP; https://vgp
.github.io/genomeark/) (Rhie et al. 2020). For 11 out of these spe-
cies, we found a single contig that spans both IGHV and IGH] genes
and thus entirely covers all IGHD genes (Supplemental Table S4).

SEARCH-D algorithm: searching for IGHD genes
in the IGHD-contigs
We analyzed all heptamers and canonical nonamers in the left and

right RSSs of 27 human, 26 mouse, 38 rat, and 23 cow IGHD genes
found in the reference IGHD loci of the corresponding species. For

(more conserved) heptamers, we generated the set Heptamers;eg
(Heptamersgn,) of all 28 (30) distinct heptamers occurring in the
left (right) RSSs of these four species. For (less conserved) nonamers,
we computed the profile matrix of all canonical nonamers in the
left RSSs of these species and the profile matrix of all canonical non-
amers in the right RSSs of these species (as described in Results).

We classify a substring of an IGHD-contig as a putative left
(putative right) heptamer if it coincides with a heptamer in
Heptamers,ere (Heptamers,ign). This procedure identifies 404
(350) putativeleft (right) heptamers in the IGHD contig of the com-
mon marmoset genome. We classify a putative left and a putative
right heptamer as paired if the distance between them does not ex-
ceed the parameter maxDistance with the default value 40 nt (only
seven D genes in the human, mouse, rat, and cow genomes have
length exceeding 40 nt). We refer to a segment between the paired
left and right putative heptamers as a D-gene candidate. There are
158 D-gene candidates in the common marmoset genome, but
many of them likely represent false positives. To filter out false pos-
itives, we identified all canonical left and right nonamers with 12-
spacers and computed their likelihoods using the corresponding
profile matrices. If the likelihood of the left nonamer exceeds left i,
and the likelihood of the right nonamer exceeds righty,;,, we report
the corresponding D-gene candidate as an identified D geneif it has
at least one open reading frame without stop codons. This algo-
rithm, that we refer to as SEARCH-D, identified 16 D genes in the
common marmoset genome. Below, we describe selection of pa-
rameters left,,;,, and right,;;;,.

Benchmarking SEARCH-D algorithm

To select the default lefty,in (rightmin) threshold, we computed the
distribution LP (RP) as likelihoods of all left (right) nonamers (com-
puted using the corresponding left [right] profile). We set leftmin
(rightmin) to the gth quantile of the distribution LP (RP), where g
is a parameter. For each parameter g from 0O to 100, we launched
SEARCH-D to predict human, mouse, rat, and cow IGHD genes
based on their reference IGHD loci and computed sensitivity and
precision values for the parameter g varying from 0 to 100. To op-
timize both sensitivity and precision, we computed their product.
Since g =30 maximizes the product of sensitivity and precision in
all four species (Supplemental Fig. S7), we used the 30th quantile
of LP and RP distributions as the default left,,;, and right,,;, thresh-
olds. SEARCH-D with g =30 identified 24 out of 27 human D genes
with seven false positives, 10 out 26 mouse D genes (six false pos-
itives), 25 out of 38 rat D genes (five false positives), and eight out
of 23 cow D genes (16 false positives). Large false positive and false
negative rates of SEARCH-D illustrate the difficulties in identifying
D genes even in well-assembled genomes and emphasize the need
for more advanced machine learning methods for D gene identifi-
cation. The only other tool for inferring D genes is the RSSsite tool
that, however, was designed for RSS identification rather than D
gene prediction (Merelli et al. 2010). RSSsite predicted 195, 831,
1983, and 480 RSSs with 12-spacers in human, mouse, rat, and
cow IGHD loci, respectively. It results in a high false positive rate
since it is not clear how to reliably identify D genes from the
RSSsite output.

Software availability

SEARCH-D is available as Supplemental Code and at GitHub (https://
github.com/Immunotools/SEARCH-D).
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