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ABSTRACT

The variable domain of an immunoglobulin (IG)
sequence is encoded by multiple genes, including
the variable (V) gene, the diversity (D) gene and the
joining (J) gene. Analysis of IG sequences typically
requires identification of each gene, as well as a
comparison of sequence variations in the context
of defined regions. General purpose tools, such as
the BLAST program, have only limited use for such
tasks, as the rearranged nature of an IG sequence
and the variable length of each gene requires
multiple rounds of BLAST searches for a single IG
sequence. Additionally, manual assembly of differ-
ent genes is difficult and error-prone. To address
these issues and to facilitate other common tasks
in analysing IG sequences, we have developed the
sequence analysis tool IgBLAST (http://www.ncbi.
nlm.nih.gov/igblast/). With this tool, users can view
the matches to the germline V, D and J genes,
details at rearrangement junctions, the delineation
of IG V domain framework regions and complemen-
tarity determining regions. IgBLAST has the capabil-
ity to analyse nucleotide and protein sequences and
can process sequences in batches. Furthermore,
IgBLAST allows searches against the germline
gene databases and other sequence databases sim-
ultaneously to minimize the chance of missing
possibly the best matching germline V gene.

INTRODUCTION

The immunoglobulins (IG) are a group of antigen-binding
proteins produced by the B lymphocytes. They serve as
critical defensive components that protect our bodies
against invading pathogens. An IG consists of two
heavy (H) chains and two light (L) chains. Structurally,
each chain can be divided into the variable (V) domain
and the constant (C) domain. The V domain is responsible
for binding the antigens and can be further divided into

the framework regions (FR) and the complementarity
determining regions (CDR) (1).

To counter a vast repertoire of antigens, the immune
system has devised multi-layer mechanisms to produce
an extraordinarily diverse pool of IG proteins (2). One
critical mechanism is that the actual antigen-binding
domain (i.e. the V domain) is jointly encoded by
multiple genes (the VH domain is encoded by V, D and
J genes, whereas the VL domain is encoded by V and J
genes). These genes are initially separated in the germline
genome but are subsequently joined by a process called the
V-(D)-J rearrangement in the precursor B cells. As there
are multiple genes for each gene type, and any of these
genes can combine into an IG V domain, the resulting
repertoire of V domain is very large. Other mechanisms
contributing to the V domain diversity include imprecise
joining between any of the recombining genes, nucleotide
trimming of the V, D and/or J genes, addition of P nu-
cleotides and random addition of nucleotides (N regions)
at rearranging junctions, pairing of different H and L
chains, as well as somatic mutations that occur in the V
domains and are then selected when B lymphocytes en-
counter antigens. Thus, the total diversity in IG molecules
is virtually unlimited.

Studying IG proteins often requires a detailed analysis
of their gene sequences. This includes, but is not limited
to, identifying the contributing germline V, D and J genes,
analysing the V-(D)-J junction details, finding the
boundaries for FR and CDR and comparing with other
IG sequences in a database. Although the popular BLAST
program (3) can be used to search against various data-
bases of nucleotide and protein sequences at the National
Center for Biotechnology Information (NCBI), it has only
limited capability for IG sequences. Different IG genes
have different characteristic lengths, with the D genes
being as short as �10 bases and V genes being �290
bases long. BLAST needs special parameters to identify
short matches, but these parameters are not optimal for
longer matches. Therefore, it is necessary to perform
multiple searches for a single IG sequence. In addition,
manual assembly of different genes together from
BLAST results is difficult and error-prone. Finally,
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because BLAST was developed as a general purpose
sequence similarity search program, it does not provide
information specific for IG sequences.

There are several software tools that have been de-
veloped for IG sequence analysis. Notably, IMGT�, the
international ImMunoGeneTics information system�,
offers IMGT/JunctionAnalysis (4), IMGT/V-QUEST
(5,6) and its version for next-generation sequencing,
IMGT/HighV-QUEST (7). It also maintains many
widely used reference germline gene databases. Other
tools include VBASE2 (8), iHMMune-align (9) and
JoinSolver (10). Although these tools provide valuable
analysis capabilities, such as germline gene identification,
FR and CDR delineation and mutational analysis, they
have various limitations. For example, they all lack the
ability to search against more comprehensive databases
like the NCBI nr or genomic databases, as well as the
ability to search protein sequences. In addition, these
tools either are slow to process a large batch of query
sequences or lack that ability altogether. Other limitations
include the inability to analyse short sequences and no
support for FR/CDR delineation in the Kabat (11)
system. To address these issues, we have developed a
more flexible IG V domain sequence analysis tool named
IgBLAST. This tool uses the well-known BLAST algo-
rithm (3) to perform sequence similarity search and
provides commonly sought information for IG sequences.

SEARCH STRATEGY AND IMPLEMENTATION

IgBLAST consists of several components that are respon-
sible for finding matches to the individual V, D and J
genes, finding IG V region annotation information and
combining all information to produce the final result.
IgBLAST is implemented using the NCBI C++ toolkit.
Default BLAST search parameters are used unless
indicated otherwise. The implementation details are
described below.

Identifying the FR/CDR boundaries

A query is searched with BLAST against the IMGT or
NCBI germline V gene database (the sequences in such
databases have been pre-annotated for the FR/CDR
boundaries). The top database sequence hit is used to
map the pre-annotated FR/CDR boundary information
to the query sequence. The BLAST search parameters
are Expect cut-off, 20; word size 9; mismatch penalty,
�1; Dust filtering, off.

Identifying the V, D and J gene hits

Multiple BLAST searches are performed to identify all
genes. To identify the germline V gene hits, a query is
searched against a user-selected germline V gene
database (search parameters: Expect cut-off, 20; word
size 9; mismatch penalty, �1; Dust filtering, off). To
avoid irrelevant BLAST hits when searching the D and J
gene databases, the query region matching the top
germline V gene is masked. A BLAST search is then per-
formed with the masked query against the user-selected J
gene database (search parameters: Expect cut-off 1000,

word size 7, mismatch penalty, �3; Dust filtering, off)
and against the user-selected D gene database if the
query is a heavy chain (search parameters: Expect cut-
off 100 000; Dust filtering, off). As a D gene is short, its
identification is more likely subject to spurious matches
that are caused by random nucleotide additions, somatic
mutations, as well as other homologous D genes.
Therefore, the word size and the mismatch penalty for
the D gene search are adjustable by users who have dif-
ferent requirements for the match stringency for D genes.
The default word size is 5, which requires a minimum of
five consecutive nucleotide matches for a D gene to be
found. The default mismatch penalty is conservatively
set to a relatively high value (�4) to minimize the
chance of spurious matches. However, this setting inevit-
ably favours finding D gene alignments that have few
mismatches rather than those that have more mismatches
but are longer.
Some rearrangement constraints are assumed when

searching for the V, D and J genes. These assumptions
include that a valid D gene must be positioned between
the V and J gene, and that only genes from the same locus
[i.e. the heavy locus (IGH), the k locus (IGK) or the �
locus (IGL)] are allowed in a rearrangement.

Determination of rearrangement frame

A rearrangement frame (or V-J frame) is tagged in-frame
if the last complete coding triplet for the V gene in the
query is in-frame with the first complete coding triplet
for the J genes. Otherwise it is tagged out-of-frame. A
rearrangement is tagged productive only when it is
in-frame and contains no stop codon.

RESULTS AND DISCUSSION

Program input

IgBLAST is a robust tool for IG sequence analysis. A
query sequence can be a full length or a partial IG V
domain sequence and does not need to contain a D or J
gene (although a V gene sequence containing at least nine
bases of a germline V gene is required). Deletions and
insertions in the V, D or J genes of a query sequence are
allowed, as the underlying BLAST algorithm has the cap-
ability to handle such cases (3). IgBLAST accepts several
different query formats, including raw sequences, FASTA
sequences, GenBank accessions or GI numbers.
IgBLAST offers a few options for custom parameter

adjustment. These include setting the stringency for D
gene detection, choosing the Kabat or IMGT V region
delineation system and selecting different views of align-
ments. IgBLAST has the flexibility to search against
germline V, D and J gene databases separately. A few
germline gene databases are available from different
sources, including the IMGT/V-QUEST reference direc-
tory sets (5), UNSWIg human heavy chain repertoire (12)
and the NCBI germline gene collections. Currently sup-
ported organisms are human, mouse, rat and rabbit.
IgBLAST also provides an option to search a custom
database, which is useful when a user believes there is
discrepancy in the germline gene composition between
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the study subjects and available databases. For example,
one study suggests that some entries in the human
germline gene collection may represent errors and should
be removed (12). On the other hand, a user may wish to
include a germline gene sequence that is not present in
available germline gene databases. To make a custom
database, a user need only save sequences in FASTA
format in a text file.
IgBLAST offers the unique capability to search

sequence databases such as the NCBI nr or genomic data-
base. In particular, the NCBI nr database is a large col-
lection of the annotated nucleotide sequences submitted to
GenBank. Its content is updated daily to reflect the latest
submissions. Although searching the germline V gene
database is fast and is sufficient for many users, it
should be pointed out that, as it takes time and efforts
to collect germline gene sequences, there might be a
delay before a new germline gene is added to a germline
gene database. Therefore, users should consider adding
additional database, such as the NCBI nr database if it
is absolutely essential to include any potential new
germline V genes in the search.
For users who are interested in analysing IG V domain

protein sequences (for example, antibody modelling and
peptide mapping), IgBLAST can be used to identify the V
gene with FR/CDR delineation.
IgBLAST is capable of processing multiple queries (we

recommend not exceeding 1000 sequences per batch). For
users desiring maximal flexibility in high-throughput
searches, we provide a stand-alone version of IgBLAST
(user instruction can be found by following the ‘Stand-
alone IgBLAST’ link on the IgBLAST web page).

Program output

IgBLAST output presents a clear and informative view of
the search result. Figure 1 shows the result of searching a
human IG sequence against the IMGT germline gene
databases. In addition to showing the actual detailed
alignment between the query and various hits, the report
includes a tabulated summary of results based on the
alignments between the query and the top matched
germline V, D and J gene. The summary information
includes the identifiers of the best matched V, D and J
gene, the relationship between the coding frames of the
V and J genes, the details of the V-(D)-J junctions and
the match statistics for various FR/CDR. All fields in
the summary table should be self-evident.
It is worth noting that the IgBLAST report provides

information on overlapping nucleotides at a rearrange-
ment junction that might have been contributed by
either of the rearranging genes because of homology-
directed recombination events (13). Such nucleotides are
listed inside a parenthesis under the relevant junction in
the summary table (i.e. the bases TAC under the D–J
junction field in Figure 1) and are also evident by
examining the alignment details (as highlighted by the
red box in Figure 1).
The alignment section uses a familiar multiple align-

ment view with the hits aligned to the query (shown in
the first row). The alignments show the three top hits

from the V, D and J gene matches by default, but this is
user adjustable. The far left column indicates the gene
category (i.e. V, D or J) for the germline gene hits. The
second column shows the percent identity between the
query and each hit (the number of matches and the align-
ment length are indicated in parenthesis in the third
column). Each line is preceded by a number indicating
the starting nucleotide position for the line and ends with
a number indicating the ending nucleotide position. Users
can choose the format with a dot, indicating that the hit is
identical to the query (Figure 1) or the format showing the
original letters for the hit. A dash in the alignment indicates
a gap in the relevant sequence. FR/CDR boundaries are
directly annotated on top of the query sequence.

To make it easier to view the effect of a nucleotide sub-
stitution on a protein sequence, IgBLAST offers the
option to show translations for a nucleotide query. If
there is a difference in the amino acid between the query
and the germline V gene, the corresponding amino acid in
the germline V gene is coloured purple (Figure 1).

As indicated previously, IgBLAST has the capability to
search against the germline gene databases, as well as
other sequence databases at the same time. Figure 2
shows one such example. Similar to the result of searching
against the germline gene databases only, the alignment
section first lists the hits from germline gene databases
where one can see the top matched germline V gene hit
is IGHV1-9*01 (97.9% similarity to the query over 290
bases). Below the germline gene database hits, the result
page lists hits from the NCBI nr database, including the 16
hits (excluding the self-hit AF104468) that show a 100%
match to the query over 290 bases. IgBLAST offers a
convenient feature that displays the sequence titles when
a user mouses over the sequence identifiers (for example,
the accession AF021857). A quick examination of
sequence titles suggests that many of these 16 hits come
from different sources [for example, M17723 is from an
anti-dextran hybridoma, whereas BC018315 is a cDNA
clone from the Mammalian Gene Collection project
(http://mgc.nci.nih.gov/)]. As independent isolation of
identical IG V gene sequences is often used as an indica-
tion of a germline sequence (14), these 16 hits may repre-
sent a possible new germline V gene. In fact, sequence
titles from three of these 16 sequences (AF021857,
AF021859 and AF021861) indicate that these are un-
mutated (i.e. germline) sequences. Obviously, whether
these hits definitively represent a germline V gene
remains to be investigated and is out of scope for this
article. Thus, the IgBLAST results from searching
against the germline gene databases and the NCBI nr
database together alert a user about a possible germline
V gene that is a better match than the one from the
germline V gene database.

Performance

Searching a single IG sequence against a germline gene
database typically generates the result page instantly.
For batch submission, a test search of 1000 human IG
heavy chain sequences (between 300 and 600 bases)
takes �44 s to return the results.
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Program evaluation

Identifying original germline genes from a rearranged
sequence with certainty (particularly for short D genes)
is a difficult task, as there are multiple germline genes
that share high similarity. This task is further complicated

by the random nucleotide additions at rearrangement
junctions, as well as somatic mutations. As a result, a
rearranged sequence is often similar to multiple germline
gene sequences. The quality of IG sequence analysis is
typically judged by expert visual examination of the

Figure 1. IgBLAST result page. This example used a human IG sequence (GenBank accession AY671579) to search against the default germline
gene databases [IMGT human V genes (F+ORF+in-frame P), IMGT human D genes (F+ORF) and IMGT human J genes (F+ORF)]. The search
used default values for all parameters. A red box was added to indicate the overlapping nucleotides TAC at the D–J junction. The search was
performed on 25 February 2013.
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assigned V, D and J genes, but this can be subjective.
Hence, Gaeta et al. (9) propose some tests using objective
criteria, and the results from that study suggest that
iHMMune-align performs best for germline gene identifi-
cation among several IG sequence analysis tools.
Although IgBLAST results have been subject to
numerous visual examinations during development, it is
also important to test IgBLAST objectively. Thus, we
use the same strategy as Gaeta et al. and compare the
results with iHMMune-align.
The first test data set includes 100 randomly chosen IG

heavy chain sequences without V gene mutations. Gaeta
et al. (9) argue that the D and J elements in these
sequences should contain few or no mutations, as
mutation rates drops rapidly from 50 side of the V gene.
The test results are summarized in Table 1. IgBLAST
reports that the average length of assigned D and J
genes are 16 and 44 bases, respectively, with 0.04 and
0.08 nucleotide mismatches (per sequence) on average to
germline D and J genes, respectively. Thus, IgBLAST

indeed reports very low mutations in D and J genes for
sequences that have no mutations in V genes. The test with
iHMMune-align shows similar results.

We next use clonally related sequences to test IgBLAST.
The rational for this test (9) is that these sequences origin-
ate from the same rearrangement but are then divergent
because of somatic mutations (most sequences carry 20+
mutations in these data sets); therefore, a good sequence
analysis tool should report the same V, D and J genes for
most or all sequences. Data set 1 contains 57 sequences
with the IGHV4-34*01-IGHD7-27*01-IGHJ3*02 re-
arrangement identified as the dominant alignment by
iHMMune-align (9). Table 2 presents results for this
test. IgBLAST reports that 52 sequences have IGHV4-
34*01 and IGHJ3*02 as the closest-matched germline V
and J genes, respectively, and 54 sequences have IGHD7-
27*01 as the closest-matched germline D gene. The
iHMMune-align results are similar. IgBLAST and
iHMMune-align both find the dominant IGHV4-34*01-
IGHD7-27*01-IGHJ3*02 rearrangement in 47 sequences.

Figure 2. Example IgBLAST result of searching against the germline gene databases and the NCBI nr database simultaneously. A mouse IG
sequence (GenBank accession AF104468) was searched against the default mouse germline gene databases [IMGT mouse V genes (F+ORF+in-
frame P), IMGT mouse D genes (F+ORF+in-frame P) and IMGT mouse J genes (F+ORF+in-frame P)]. The ‘organism’ field was set to mouse,
and the nr database was selected for the ‘additional database’ field. Default values are used for all other parameters, except the ‘number of
alignments for additional database’ was 25. The light blue pop-up message box is a feature that displays the sequence title when the mouse
pointer is moved over the sequence identifier (i.e. the accession AF021857 in the example). Only part of the result page is shown because of
space limitation. A red box was added to indicate the hits from the nr databases that have 100% matches to the query over the 290 bases. The
search was performed on 25 February 2013.
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A second set of clonally related sequences (data set 2)
with more mutations in the V-(D)-J junction regions
are also analysed. The dominant rearrangement was
previously identified as IGHV4-34*01-IGHD6-6*01-
IGHJ6*02 by iHMMune-align (9). As shown in Table 2,
IgBLAST reports 96 sequences use IGHV4-34*01 and
all use IGHJ6*02, whereas iHMMune-align finds similar
number for IGHV4-34*01 (95) but slightly lower number
for IGHJ6*02 (97). For D genes, although iHMMune-
align finds 86 sequences that use IGHD6-6*01,
IgBLAST only finds 48 sequences with this D gene. As
discussed in the ‘Search Strategy and Implementation’
section, IgBLAST uses a high mismatch penalty (�4) for
D genes by default that is not optimal for identifying D

genes with more mismatches (as is the case for data set 2).
Therefore, we reduced the D gene mismatch penalty to �1
for this test. Indeed, reducing the D gene mismatch
penalty results in identification of IGHD6-6*01 in 87 se-
quences (which is similar to iHMMune-align result) while
not affecting the V and J gene findings. IgBLAST also
finds the previously identified dominant IGHV4-34*01-
IGHD6-6*01-IGHJ6*02 rearrangement in 82 sequences,
whereas iHMMune-align finds such rearrangement in 80
sequences.
Overall, IgBLAST produces expected results for all

three test data sets involving IG heavy chain sequences
with and without mutations. iHMMune-align generates
similar results, although it has an advantage that no
search parameter adjustment is needed, at least for our
test cases.

CONCLUSIONS

IgBLAST is a web tool that we have developed for
analysis of IG V domain sequences. It is robustly imple-
mented to handle a variety of query sequences in different
formats and addresses common analysis tasks, such as
identifying the V, D and J genes, viewing rearrangement
junction details and delineation of FR/CDR for the V
gene. IgBLAST also offers the unique capability to
search against germline gene databases, as well as other
sequence databases (such as the NCBI nr database) sim-
ultaneously to minimize the chance of missing possibly the
best matching germline V gene. IgBLAST is a free public
tool with no login requirement.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary File 1.
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