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Abstract

Antibody specificity and diversity are generated through the enzymatic splicing of genomic

gene segments within each B cell. Antibodies are heterodimers of heavy- and light-chains

encoded on separate loci. We studied the antibody repertoire from pooled, splenic tissue of

unimmunized, adult female C57BL/6J mice, using high-throughput sequencing (HTS) with-

out amplification of antibody transcripts. We recovered over 90,000 heavy-chain and over

135,000 light-chain immunoglobulin sequences. Individual V-, D-, and J-gene segment

usage was uniform among the three mouse pools, particularly in highly abundant gene seg-

ments, with low frequency V-gene segments not being detected in all pools. Despite the sim-

ilar usage of individual gene segments, the repertoire of individual B-cell CDR3 amino acid

sequences in each mouse pool was highly varied, affirming the combinatorial diversity in the

B-cell pool that has been previously demonstrated. There also was some skewing in the V-

gene segments that were detected depending on chromosomal location. This study pres-

ents a unique, non-primer biased glimpse of the conventionally housed, unimmunized anti-

body repertoire of the C57BL6/J mouse.

Introduction

B cells are an important part of the adaptive immune system, arising from hematopoietic stem

cell precursors. These cells express surface immunoglobulin (Ig) receptors and secrete these

same proteins as antibodies into the serum after differentiation into plasma cells [1, 2].

As B cells develop, they rearrange Variable- (V), Diversity- (D), and Joining- (J) gene seg-

ments, which combine with a constant region to form the antibody structure [3, 4]. Antibodies

consist of heterodimers of heavy and light chains [4]. The heavy chain is formed from V-, D-,

and J-gene segments combined with a constant region [5], while light chains lack a D-gene

segment. [3, 6].

There are three complementarity determining regions (CDR). CDR1 and CDR2 are

encoded in the V-gene segment. CDR3 consists of a combination of V-, (D-, heavy-chain),

and J-gene segments [7]. Of the CDRs, CDR3 contributes the most to binding specificity.
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Antibodies are further characterized by the constant region, or isotype, which is influenced by

the stage of B-cell development and antigen specificity [8].

The total collection of antibody specificities present within an individual is known as the

antibody repertoire. Diversity of the antibody repertoire results from four main components:

the initial germ line (inherited), diversity from recombination of that germline, the impreci-

sions during V(D)J recombination, and somatic mutations [9–11]. The antibody repertoire

has been examined in many studies by high-throughput sequencing (HTS) and fully mapped

in the zebrafish [12].

Repertoires can serve as a fingerprint or snapshot of the current immune-system status and

these types of data have been used to explore the development of host defense to infectious dis-

ease [13–18], cancer [19–22], autoimmune disease [23, 24], and early disease detection [25].

With the development of HTS, we are now able to detect the differences between or among B-

cell repertoires such as B2 (adaptive antibodies) and B1 (natural antibodies) B cells [11] or

memory and naïve repertoires [26, 27]. HTS has accelerated the characterization of the widely

differing human Ig haplotypes [28–32], and strain-specific gene segment usage in mice [33].

Our long-term goals are to investigate the repertoire of B cells in mice in space and how it

changes in response to antigen challenge. More specifically, our lab is interested antibody rep-

ertoire dynamics within the context of spaceflight. Due to the cost of these experiments, creat-

ing datasets that can be mined by our lab or others is important. The antibody repertoire is

traditionally assessed through the amplification of Ig sequences that have been isolated from

sorted B cell populations [34]. While these practices increase the likelihood of recovering rare

Ig sequences and allow for the dissection of the antibody repertoire by B-cell populations, cell

sorting may not be possible within the design of certain experiments. During the development

of methodology to assess Ig-gene usage by mice subjected to space flight we performed multi-

ple HTS runs to validate sample preparation, bioinformatic methodology, and reproducibility

[35]. We also wanted some background data about the Ig repertoire in the normal B6 mouse

population. Knowing that there can be significant mouse-to-mouse variability in the Ig reper-

toire [36, 61] and to minimize the impact any one mouse might have in the validation data set,

we chose to pool multiple mice specifically for these validation experiments [35]. We now

present these data on the splenic repertoire of conventionally housed, unimmunized, unchal-

lenged, adult C57BL/6J mice.

Materials and methods

RNA extraction and sequencing

Tissue extraction and sequencing were performed as described previously [35]. Briefly, spleens

were collected from three independent pools of four, specific pathogen-free (based on the

RADIL Advantage Basic profile), female, C57BL/6J mice nine-to-eleven weeks old. Animals

were euthanized with isoflurane overdose followed by cervical dislocation. Briefly, mice were

exposed to 400μL isoflurane in a gauze-pad enclosed in a histopathology cassette in a 450 mL

chamber as was described by Huerkamp et al [37]. Animals used in pool one were raised in the

Laboratory Animal Care Services (LACS) facility (breeder stock renewed less than 2 years pre-

vious) in the Division of Biology at Kansas State University. Mice from pools two and three

were received directly from Jackson Laboratories and were house in the LACS facility. Mice

were fed LabDiet 5001 and had access to water and food ad libitum. Mice were maintained on

a 12/12 light/dark cycle. Mice for pools two and three were allowed to acclimate in the vivar-

ium for 22–31 days prior to sacrifice. Animal procedures were approved by the Institutional

Animal Care and Use Committee at Kansas State University. After euthanasia, spleen tissue

was processed immediately for RNA extraction with Trizol LS according to the manufacturer’s
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instructions. Pool one contained RNA from one-half of the spleen tissue while pools two

and three contained RNA extracted from complete spleens. Equal concentrations of total

splenic RNA (RIN>8) were pooled and mixed from each of the four mice, resulting in three

final pools. At least one microgram of RNA from each pool was submitted for size selection

(275–800 nucleotides) and sequencing on Illumina MiSeq at 2x300 nucleotides as described

previously [35]. Sequencing was performed at the Kansas State University Integrated Geno-

mics Facility using the standard Illuimna sequencing protocol, including oligo-dT-bead

selection of mRNA and reverse transcription to cDNA. A reduced fragmentation time (one

minute) was used to yield longer transcripts [35]. To avoid potential primer bias and main-

tain a dataset that could be further mined, we did not amplify Ig sequences. The authors

note that a subset of mouse pool one data was used in a methods paper presented by our

group. The context and focus of that previous manuscript does not overlap with the current

work [35].

Bioinformatics

Sequence selection, mapping, and final processing was performed as outlined previously [35].

Briefly, sequences were imported into CLC Genomics Workbench v9.5.1 (https://www.

qiagenbioinformatics.com/) and cleaned to obtain high quality reads using a quality score of

97% of the sequencing containing a Phred score over 20. Both paired and merged (overlapping

pairs) were mapped to V-gene segments and the loci using a match score of +1 and a mismatch

score of -2 to identify potential antibody sequences. The sequences were collected and submit-

ted to ImMunoGenTics’s (IMGT) High-V Quest for identification [38]. Due to the chances of

collecting the same read multiple times through the mapping and identification process, only

one sequence per sequence ID was analyzed (procedure outlined in Rettig et al [35]). Produc-

tive and unknown functionality sequences were identified via IMGT and used for subsequent

analyses. Productive antibody sequences were defined as in frame and did not contain a stop

codon. However, binding abilities were not assessed. Unknown sequences did not contain

enough sequencing information to determine functionality. Gene segments were identified

using IMGT’s nomenclature and using IMGT’s list of gene segments, including functional

and open reading frame-defined gene segments. We implemented two procedural changes

to further define the repertoire that are different from the methodology presented in Rettig

et al. [35]. In this current manuscript, when calculating the percent abundance in the reper-

toire, we also include V-gene segments where one or two possible V-gene segments were

detected. When one single V-gene segment was detected in a sequence, it was assigned a

value of one. When two potential V-gene segments were detected each gene segment was

assigned a value of 0.5. The totals were then tabulated as described in Rettig et al [35]. Addi-

tionally, CDR3 sequences that did not fit the C-xx-W motif for IgH (heavy-chain) were

reclassified as unknown functionality, unless a class-switched isotype (IgA, IgD, IgE) was

detected. CDR3 sequences for Igκ (kappa-chain) that did not fit the C-xx-F motif were

classified as unknown functionality. Sequencing reads containing hyperlengthy (greater

than 2x the average, or 18 amino acids (AAs)) κ-CDR3 that fit the C-xx-F motif were also

removed from analysis as we believed they were falsely identified through bioinformatic or

sequencing errors.

Initial nucleotide alignments were created with MAFFT [39] using portions of the germline

and CDR3 nucleotide sequences provided by IMGT. Sequences were sorted by identity, com-

pared to the germline and the sequence order was then adjusted to group similarly-aligned

sequences. Nucleotide sequences of identical length were then isolated from the full alignment

and aligned with each other while retaining all previously-inserted gaps.
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PLOS ONE | https://doi.org/10.1371/journal.pone.0190982 January 10, 2018 3 / 20

https://www.qiagenbioinformatics.com/
https://www.qiagenbioinformatics.com/
https://doi.org/10.1371/journal.pone.0190982


V(D)J pairing frequency

Pairing frequency was assessed in productive sequencing reads from both IgH and Igκ data-

sets. All pairing of V-gene segments was only assessed from productive IgH and Igκ sequenc-

ing reads, referred to as VH and Vκ, respectively. Sequences identifying more than one

possible V-gene segment were excluded from this analysis. For both IgH and Igκ, J- and D-

gene segments designated as undetermined (U) were either not reported by IMGT, contained

less than six nucleotides, or multiple gene segments were assigned to a single sequencing read.

Total counts from VJ pairings for heavy- and light-chains were tabulated and Circos graphs

were generated using Circos Online [40].

Statistical analysis and graphics

Linear Regressions were performed by comparing the percent of repertoire of V-gene segment

or V(D)J combinations from pools 1 vs 2, 2 vs 3, and 1 vs 3 using the linear regression analysis

tool in GraphPad (Version 6.0). Chi-square analysis of V-gene segment usage was performed

on raw sequencing read counts using R version 3.4.2 (https://www.r-project.org/). All produc-

tive VH- and Vκ-gene segments and open reading frames listed on IMGT for the B6 mouse

were analyzed and gene segments not found in our datasets were assigned a read count of

zero. The IMGT productive list includes all gene segments detected in the NCBI annotation of

the mouse genome. The IMGT chromosomal locations were also used for any chromosomal

analysis, though not all gene segments have a defined chromosomal location. Gene segments

that were not defined by location in IMGT were excluded from any chromosomal analysis.

These analyses were performed on each mouse pool separately by comparing the observed

raw-read count values of V-gene segments to an expected theoretical number of reads which

was based on the null hypothesis that all V-gene segments will have the same number of raw

reads. This value was determined by dividing the total number of antibody reads observed in a

mouse pool by the number of possible gene segments. The analysis of gene-segment usage by

chromosomal location was performed by dividing gene segments into four quadrants based

on nucleotide position. A quadrant was defined as one-fourth of the entire locus, as deter-

mined by number of nucleotides in the locus. Gene segment location was defined as the first

nucleotide of the gene segment. A Chi-square analysis was performed on each mouse pool by

summing the raw-read counts of all gene segments containing a 5’ nucleotide position within

each quadrant and comparing the observed total reads within a quadrant to an expected theo-

retical number of reads for each quadrant which was based on the null hypothesis that the

number of raw reads is not statistically different between defined quadrants.

Percent of repertoire values were determined by dividing sequencing reads corresponding

to each gene segment, constant region, or CDR3 length by the total number of gene segments,

constant regions, or CDR identified in each mouse pool for normalized comparison between

pools. Percent of repertoire for these variables were displayed as bar graphs, generated in

GraphPad v6.0, or as heat maps, generated in Microsoft Excel. In addition to visualization of

gene segment combinations through Circos graphs, the percent of repertoire for gene segment

pairings was also visualized using the bubble chart tool in Microsoft Excel.

Results

VH- and Vκ-gene segment usage

We obtained between 8,714 and 11,200 IgH individual productive reads, and between 14,271

and 28,756 individual IgH reads of unknown functionality as identified by IMGT HighV--

Quest (Table 1). Between 11,968 and 18,643 individual Igκ productive, and 12,602 and 39,410
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individual Igκ reads of unknown functionality were identified by IMGT HighV-Quest

(Table 1). Overall, we identified 132 VH- and 109 Vκ-gene segments within the repertoires of

our mouse pools (S1 Fig). As a general trend, the three pools resulted in similar frequencies

and similar ranks for V-gene usage among groups. The ten most common V-gene segments

from each pool were compiled, resulting in a total use of 14 VH-gene segments and 17 Vκ-

gene segments (Fig 1).

The most common VH-gene segment in pools one and two was V1-80 (Figs 1A and S1A).

V1-80 was the seventh most common gene segment used in pool three. V6-3 was the most

common VH-gene segment in pool three, but ranked seventh and sixth in pools one and two,

respectively (Fig 1B). V1-26 was the next most common VH-gene segment, ranking second in

pools one and two, and third in pool three. Among the top ten most common VH-gene seg-

ments, most gene segments ranked between first and 17th within their pools, however, three

outliers were found within these groups. V1-50 ranked 23rd in pool one, but it was ninth and

second in pools two and three, respectively. V1-78 was ranked 31st in pool two, but ranked

tenth and 17th in pools one and three, respectively. V1-18 was ranked 32nd in pool three but

third and fourth in pools one and two, respectively. VH-gene usage between pools was well

correlated (1 vs 2 R2 = 0.8427, 2 vs 3 R2 = 0.7054, 1 vs 3 R2 = 0.5842, all p =<0.0001).

Seventeen Vκ-gene segments were among the top 10 most abundant Vκ of the repertoire in

at least one of the three mouse pools, with five Vκ-gene segments appearing in the top ten of

all three mouse pools (Figs 1 and S1B). Pool one appeared enriched for V5-39, comprising

10.33% of the repertoire as compared to 1.03% in pool two and 2.84% in pool three (Fig 1C).

Excluding this difference, V1-110, V1-117, V10-96, and V4-55 were the four most abundant

gene segments in all three mouse pools. The lowest ranking of the most abundant Vκ in any of

the mouse pools were V5-39, ranking 32nd in pool two, while ranking first and seventh in

pools one and three, respectively and V10-94, ranking 32nd in pool one, but fifth in pool two

and 13th in pool three. (Fig 1D). All top Vκ that showed any variation in abundance among

pools were still within the top 32 Vκ-gene segments. Vκ usage between pools was correlated,

although not as highly as VH (1 vs 2 R2 = 0.3684, 2 vs 3 R2 = 0.6700, 1 vs 3 R2 = 0.6414, all

p =<0.0001).

With 113 productive VH and 93 productive Vκ described in IMGT by chromosomal loca-

tion, each gene segment would be expected to appear as part of the repertoire roughly 0.84%

and 1.06% of the time for VH and Vκ, respectively, if gene segment usage was random (Fig 2).

When we assessed usage frequency, there was a non-random distribution of both VH- (Fig

2A) and Vκ- (Fig 2B) gene segments (Chi-square analyses; all pools p<0.0001).

We also assessed gene segment usage by chromosomal location in the IgH and Igκ loci as

gene-segment spacing was not evenly distributed along the chromosome. Based on 5’ nucleo-

tide position, Q1-4 contained 22, 23, 33, and 33 VH-gene segments or 18, 21, 24, and 30 Vκ-

Table 1. Sequencing and mapping statistics from mouse pools 1, 2, and 3.

Pool 1 Pool 2 Pool 3

Total Reads 25.1 Ma 31.4 M 32.7 M

Post Cleaning 12.0 M 30.9 M 32.0 M

Productive IgH 8,714 11,200 10,224

Unknown IgH 14,271 27,896 18,756

Productive Igκ 11,968 18,643 16,293

Unknown Igκ 12,602 39,410 36,624

aM: million

https://doi.org/10.1371/journal.pone.0190982.t001
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gene segments, respectively. Since V-gene segment usage appears skewed, we tested whether

the total expression of V-gene segments within a quadrant defined by nucleotide position was

randomly distributed. We found that the expression within each quadrant was not randomly

distributed, for both IgH and Igκ, suggesting that V-gene expression may be influenced by

chromosomal location (all pools, p<0.0001).

DH-, JH-gene segment and IgH constant region usage

We identified ten different D-gene segments used in our repertoires (Fig 3A). We also added

one additional category for our analyses, termed “undetermined”. This label was applied to D-

gene segments that were assigned by IMGT to non-C57BL/6J genes and antibody sequences

containing a V- and J-gene segment, but not containing an identifiable D-gene segment. Due

to the very short length of D-gene segments combined with alterations during recombination,

D-gene segments were bioinformatically difficult to identify.

Fig 1. V-gene segment usage among unimmunized mouse pools. Sequencing reads mapped to each individual gene segment were divided by the total

sequencing reads of all identified gene segments from each mouse pool for a normalized comparison between pools. (A) The VH representing the ten

most abundant gene segments from each mouse pool are displayed. (B) The rankings of each gene segment contained within the top 10 most abundant

VH from at least one of the mouse pools are compared. The most abundant gene segment is ranked as 1. Dark red indicates higher rank moving to

white, of lower rank. Similarly, the top 10 abundant Vκ are displayed (C-D).

https://doi.org/10.1371/journal.pone.0190982.g001
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Fig 2. V-gene segment usage among unimmunized mouse pools for IgH (A) and Igκ (B) by chromosomal

location. Gene segments are shown in order of chromosomal position (5’ to 3’). The average value from three mouse

pools for each CDR3 length is shown. Distribution was assessed via Chi-square analysis in R (version 3.4.2) (all pools,

p<0.0001).

https://doi.org/10.1371/journal.pone.0190982.g002

Fig 3. Percent abundance of IgH D- (A) and J- (B) gene segments, IgH constant regions (C) and Igκ J-gene

segments (D). Sequencing reads corresponding to each gene segment or constant region were divided by the total

number of gene segments or constant regions identified in each mouse pool for normalized comparison between pools

(left side). The most abundant gene segment is ranked as one (right side). Dark red indicates higher rank moving to

blue (A) or white (B-D), of lower rank. Sequencing reads designated undetermined (undeter) where portions of a D-

or J-gene segment were identified but unable to be assigned to a specific C57BL/6J D- or J-gene segment.

https://doi.org/10.1371/journal.pone.0190982.g003
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For all three groups, the D1-1 gene segment was the most common segment identified com-

prising 26–28% of the repertoire. Undetermined D-gene segments, however, made up a large

part of the D-gene segment repertoire, comprising 31–33% of the repertoire. D2-3, D2-4, D4-

1, and D2-5 were found in similar frequencies ranging from six to fifteen percent of the data

set. D3-2, D3-1, D6-3, D5-5, D5-2, and D6-4 were found at low levels in all data sets; compris-

ing under three percent of the total repertoire.

Four JH-gene segments were identified, with JH2 being the most common among all three

groups (Fig 3B). The remaining J-gene segments, JH4, JH3, and JH1, were found at similar lev-

els among groups totaling between 19% and 27% of the repertoire.

IgM was overwhelmingly the most commonly identified constant region making up

between 78% and 84% of the total repertoire (Fig 3C). IgG was the next most common

between seven and eleven percent of the total repertoire. IgA and IgD were rare totaling

between two and six percent of the repertoire. IgE was only detected in pool three at less than

one percent. It was not detected in pools one and two.

Jκ-gene segment usage

A total of four Jκ-gene segments were identified, with similar distribution of Jκ-gene segments

between mouse pools (Fig 3D). Due to the even distribution of the three most abundant Jκ, the

ranking of each gene segment varied slightly among the three mouse pools. Within each

mouse pool, there was a small portion of Jκ that contained too few nucleotides to be assigned

to a specific gene segment (0.03–0.38%).

IgH- and Igκ- gene segment combinations

VH, DH, and JH family combination frequency was examined. Some preferential bias for spe-

cific gene segments seemed to exist (Fig 4A). For example, the JH4/DH2 combination

appeared at a high frequency with VH1 (4.5% of repertoire), but not with any other VH gene

family to the same degree. IgH gene segment recombination frequency correlated with gene

segment abundance. VH1, which contains over half of all possible V-gene segments, also was

the most commonly used VH family, which is seen as the dominant band in the Circos plot

(Fig 4B).

The pairing of Vκ families to individual Jκ was also assessed (Fig 4C and 4D). Overall, the

pairing of Vκ families with Jκ appeared random, however, certain Vκ families preferentially

paired with specific Jκ-gene segments. For example, V4 paired less efficiently with J1, while V3

paired more efficiently with J1 (Fig 4C). Unlike VH, no single Vκ family was exceedingly dom-

inant. Although V4 was the most represented gene family, its expression level was close to that

of the second next most prominent gene families, which varied by mouse pool as shown in the

Circos plot (Fig 4D).

The percent of repertoire that each VJ-gene segment combination comprised within each

mouse pool was compared by linear regression. Mouse pools showed modest correlation levels

of VJ-gene segment recombination frequency in IgH (1 vs 2 R2 = 0.6055, 2 vs 3 R2 = 0.4419, 1

vs 3 R2 = 0.4399, all p =<0.0001) and Igκ (1 vs 2 R2 = 0.2340, 2 vs 3 R2 = 0.3598, 1 vs 3 R2 =

0.4607, all p =<0.0001), with some enrichment for certain combinations within each mouse

pool. V-(D)-J combinations were within bubble charts generate a visual comparison of pairing

(Fig 4A–4C).

IgH and Igκ CDR3

The average IgH CDR3 (H-CRD3) length of all three data sets was 11 amino acid (AAs) long

(Fig 5A). The lengths of the H-CDR3s followed a normal distribution except all three groups
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were enriched for five AA H-CDR3s. H-CDR3 AA length ranged from one to twenty-three

amino acids in length with 11 AAs being the average for all three pools. Igκ chain CDR3 length

was conserved at nine AAs, comprising 87–90% of the repertoire (Fig 5B). While nine AAs

was the most frequent κ-CDR3 length, one κ-CDR3 with a length of seven AAs was observed

in the top CDR3 sequences. The distribution of CDR3 lengths was even among pools for both

IgH and Igκ (S2 Fig). Four κ-CDR3 sequences that fit the conserved kappa chain C-xx-F motif

identified within the mouse pools (data not shown), while no such hyperlengthy H-CDR3

sequences fitting the C-xx-W motif were identified.

A total of 17,216 unique H-CDR3 AA sequences were identified among all three data pools.

Among those identified, the majority (16,783) were identified in only one pool (Fig 6A). Of the

remaining CDR3s, 358 were identified in only two pools and 75 were identified in all three pools.

Interestingly, many of these H-CDR3s, though found in all three pools, were not necessarily

common H-CDR3s. Only one H-CDR3, CARGAYW, was found among the top ten most

common H-CDR3s of each pool. One additional H-CDR3, CARDYYGSSWYFDVW, was

Fig 4. Combinations of V-gene families with DJ-gene segments for IgH (A) and J-gene segments for Igκ (C). Increasing pairing

frequency of V(D)J is represented by larger circles. Sequencing reads in which more than one C57BL/6 J-gene segment was

attributed or too few nucleotides were present in the J-gene segment for designation by IMGT have been classified as undetermined

(U). Pairing frequency is also represented by Circos graphs for IgH (B) and Igκ (D). Circos Plot Labels (starting at 12:00 position

and the largest arc and continuing clockwise with occasional color references) B–J1 (red), J2, J3, J4, U (yellow), V1, V2, V3, V4, V5,

V6, V7 (Teal), V8, V9, V10, V11, V12, V13, V14 (purple), V15 D–J1 (red), J2, J4, J5, U, V1 (yellow), V2, V3, V4, V5, V6, V7 (black

sliver), V8, V9, V10, V11, V12, V13, V14, V15 (royal blue), V16, V17, V18, V19, V20 (black sliver, if present).

https://doi.org/10.1371/journal.pone.0190982.g004

Fig 5. CDR3 length for IgH (A) and Igκ (B). The average percent of repertoire of each CDR3 amino acid length from

three mouse pools is displayed.

https://doi.org/10.1371/journal.pone.0190982.g005
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found in the top five of pools two and three. Of the 75 total H-CDR3s that appeared in all three

pools, frequencies varied drastically, from being the most common to only being detected once

(Fig 6A). Of the top five most common H-CDR3s in each data set, only three, CARGAYW,

CARGGYW, and CMRYSNYWYFDVW occurred in all three data sets (Figs 6B and S3A).

CARGSYW occurred in pools one and two, CARRWLHYAMDYW in pools two and three, and

CARYAPYYFDYW in pools one and three. The remaining most common H-CDR3s occurred

in only one pool. A heatmap of all 75 shared H-CDR3 is shown in S3A Fig.

There were 3,217 total unique κ-CDR3 amino acid sequences identified among all three

mouse pools (Fig 6C). While there were 2,345 individual κ-CDR3 amino acid sequences that

were unique to the individual mouse pools, there were also 475 κ-CDR3 shared among all

three pools. None of these 475 shared κ-CDR3 were found within the top five κ-CDR3s of all

three mouse pools (Fig 6D). There were 14 total κ-CDR3 sequences that were found within the

top five κ-CDR3 for each mouse pool (Figs 6D and S3B). There were no CDR3 sequences that

were found within the top five κ-CDR3 in all three mouse pools.

Comparison of alignments of CDR3s

To assess the heterogeneity in B-cell idiotypes created by the differential splicing of Ig genes,

we compared B cells that used the same V-, D- and J-genes. Two gene combinations contain-

ing complete V-, D-, and J-segments common to top 35 gene combinations found in all three

mouse pools were selected for this analysis (Fig 7A–7C).

Fig 6. Top CDR3 AA sequences and overlap of unique CDR3 sequences within mouse pools. A Venn diagram

displays the overlap of the number of unique CDR3 amino acid sequences among mouse pools for IgH (A) and Igκ
(C). The percent of repertoire for the top five CDR3 amino acid from each mouse pool are shown for IgH (B) and Igκ
(D).

https://doi.org/10.1371/journal.pone.0190982.g006
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One heavy-chain VDJ-gene combination displaying a CDR3 region of variable length was

selected from the 15 most common gene combinations among the three mouse pools and

aligned to its germline sequence. From the full alignment, one short (four to eight AAs, Fig

7A), one medium (11 AAs, Fig 7B), and one long (14 AAs, Fig 7C) selection of nucleotide

sequences were isolated and compared. Although the three groups were encoded by the same

V-, D-, and J-gene segments, gene segment representation across each sample was variable.

Most variability occurred in or around the D-gene segment, which could be due to splicing, N-

and P-nucleotide additions, and deletions during somatic recombination. D-gene usage also

appeared to be a factor determining CDR3 length. This was evidenced by increasing D-gene

representation across CDR3 selections of decreasing length compared to the relative conserva-

tion of the V- and J-gene segments, though J-gene conservation seemed to decrease among

extremely short CDR3s. Overall, the V-gene segment appeared to remain the most uniform.

While Igκ contains mostly CDR3 sequences that are nine amino acids in length, many

highly abundant VJ-gene segment combinations (such as V110 and J2) contained CDR3s of

multiple lengths. Unlike IgH, the alignments of VJ pairings were relatively uniform among Igκ
as compared to the germline sequence in CDR3 sequences that were eight, nine and ten amino

acids in length (Fig 7D).

Discussion

To our knowledge, these data are the first unamplified sampling of the normal mouse antibody

repertoire that has been described. Others have looked at Ig-gene segment usage with other

strategies [26, 36, 41–43] but we wanted to determine if a straight-forward RNA-Seq approach

would provide us with a reasonable assessment of B cell Ig-segment use without the limitations

that amplification methods introduce (Rettig et al., In Revision).

To minimize potential single animal aberrations and repertoire skewing, we pooled splenic

tissue of four unimmunized mice in three biological replicates. This approach was successful

since we saw less variation with pooled samples compared to data sets that are made up of sin-

gle mice [61]. Grieff et al. demonstrated that CDR3 and VDJ composition in pooled mouse

samples were less polarized than that of an individually sequenced mouse subjected to antigen

challenge [44]. Therefore, our data are consistent with that study. We also did the technical

replication of material in pool one and found that there was good reproducibility (R2 = 0.7562)

[35]. Therefore, the data in the individual normal mouse pools and a compiled summary of

those data are a strong reflection of the normal mouse repertoire.

The most common VH-gene segment was V1-80, which was the most common in pools

one and two. V6-3 was the most common in pool three. In selecting the ten most common

VH-gene segments from each pool, we identified 14 different VH-gene segments, with heavy

overlap among pools. All VH-gene segments isolated comprised between 1% to 8% of the rep-

ertoire. This VH V-gene variation is consistent with previous observations [25] but the pools

ameliorated the extreme variations that was reported by that group. We also saw that Vκ-gene

segment usage was comparable among mouse pools, with 17 gene segments comprising

between 1% and 13% of the repertoire. Although we have found that gene segment use among

all three pooled sample groups was similar, there were some differences. V5-39 was observed

at a high frequency in pool one (10%) as compared to pools two (1%) and three (3%). This

skewing could be the result of a mouse within pool one responding to a specific antigen that

other mice did not respond to or more likely, represents the natural variability of mice [36].

Nevertheless, even pooling samples maintains the randomness of antibody gene selection and

rearrangement and a pool of four individuals still has relative uniqueness.
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Some have suggested that V-gene segment usage may be skewed [45]. Chi-square analyses

of VH- and Vκ-gene segment use in our data set would support this contention since several

VH and Vκ-gene segments were used more frequently than expected. Even though we have

analyzed three independent biological samples made of pools of four mice, we recognize that

an even larger data set will be needed to conclusively settle this discussion. Studies on humans

have revealed similar V(D)J usage in spite of them being outbred populations [27] which also

supports that there is some inherent selection in V-gene selection regardless of genetics. Addi-

tional studies looking at epigenetic changes or other transcriptional regulatory elements such

as the characterization performed by Choi et al. [46] might also help understand mechanisms

of V-gene segment selection.

For the D-gene segment, three usage levels were detected. D1-1 was the most used gene seg-

ment in all three pools; comprising around 26% of the total repertoire. Over 36% of D-gene

segments could not be identified, likely due to the short length of the D-gene segment. Never-

theless, we do see different populations of antibodies even when they do share similar D-genes

segments. Some have large D-gene segments where others have little recognizable sequence.

JH-gene segment usage was relatively uniform. J2 was the most common among all three

pools, with over 32% use in the repertoire. J1, J3, and J4 were evenly represented among all

three pools totaling between 19–27% of the repertoire. Gene segments with less than six nucle-

otides were unable to be identified and occur at less than 0.1% of the heavy-chain repertoire.

Jκ-gene segment usage is somewhat evenly distributed among J1, J2, and J5 comprising

between 25–32% of the repertoire, in agreement with the findings of Aoki-ota et al.[45], Lu

et al. found a slightly different Jκ expression profile, possibly reflecting strain specific usage of

Jκ [26]. As paralleled in the heavy-chain data, gene segments with less than six nucleotides

were rare; occurring in less than 0.4% of the total repertoire.

Constant region usage in the heavy-chain was heavily dominated by IgM, which reflects the

“naïve” status of our mice. Although IgM comprised over 78% of the total identified constant

regions we did see the expression of IgG, IgA and IgD. IgE was rare, being detected in only

pool three. However, when compared to serum data, even in naïve mice, there was a high level

of circulating IgGs, which was not reflected in spleen tissue sequencing, which instead shows

very high levels of IgM [47]. This could be due to a large B-cell population in the spleen that is

not secreting antibody at high levels into the bloodstream [36].

We looked at the common H-CDR3 sequences among the three mouse pools. There was lit-

tle overlap; with only 75 H-CDR3s detected in all three pools and between 92 and 163 common

H-CDR3s when we just looked at two pools. We detected between 4.6k to 6.2k unique

sequences found only in each respective pool. While we sampled a small fraction of CDR3s

present in the total antibody repertoire, Lu et al. and Greiff et al. used primer amplification to

enrich for IgH transcripts and still found high CDR3 variability among individuals [26, 36].

Similarly, in a study comparing monozygotic twins, Glanville et al., also demonstrated that

CDR3 profiles between the individuals were quite diverse despite similar gene family usage

between the twins [48]. Therefore, the pooling methodology that we employed did not signifi-

cantly diminish the detection of the unique CDR3 repertoires that individuals have.

Fig 7. Comparison of CDR3 alignments in gene segment combinations (IGHV1-26, IGHD1-1, IGHJ1) coding for a predominantly

short (A), median length (B), and long (C) H-CDR3 region and κ-CDR3 (IGκV1-110, IGκJ-2) (D). The germline nucleotide (G.L.)

sequence is identified at the top of each alignment. Each nucleotide sequence is labeled with its corresponding amino acid sequence.

Nucleotide sequences coding for identical amino acid sequences are labeled with numbers (1, 2, 3, etc.) corresponding with the alignment

order. The V and J-gene segments for each alignment are labeled, however due to the variability in the D-gene segment it is not bracketed, but

is identifiable by the germline sequence provided.

https://doi.org/10.1371/journal.pone.0190982.g007
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When we examined the κ-CDR3 usage among the three biological samples, there was a

higher proportion of common κ-CDR3s. Unique κ-CDR3s within each pool ranged from 688

to 832 CDR3 identified within all three pools and between 108 and 178 CDR3 identified in

only two pools. One explanation for light-chain CDR3 length homogeneity may be selection

due to light-chain editing that occurs during B-cell maturation and the need to be able to inter-

change the light chains.

The small numbers of overlapping CDR3 sequences among our three pooled samples sug-

gests that significant variation in the idiotypes could develop, even within an inbred popula-

tion of mice and reinforces the idea of unique generation of B-cell diversity in inbred and

outbred populations [27, 48]. Moreover, we were curious if the size of the total pool of B cells

could be estimated from our data. Using a model of capture-recapture methodology [49], the

Chapman estimator, [50] and the number of common heavy-chain CDR3 sequences seen in

each of our samplings, we estimated our B-cell pool to range from 1.5–14 x 106 cells. If we

assume that there are 5 x 106 B cells in a nine to eleven-week-old female C57BL/6J mouse

spleen, and our mouse pools were made up of four spleens, this estimate of the possible splenic

B-cell pool is reasonably accurate, especially if we take into account some of the CDR3

sequences were detected multiple times (multiple B cells with the same IgH).

While CDR3 is commonly used to describe the antibody repertoire, many studies have

reported the combinations of the V(D)J [20, 44, 51–53]. Compiling CDR3 nucleotide align-

ments allowed us to visualize the significance of individual gene segment involvement with the

CDR3 in the context of specific V(D)J combinations. Sequencing outside of CDR3 also can

reveal biologically relevant information about antigen binding and allows for further charac-

terization of B-cell ontogeny. Our approach allowed us to identify V(D)J-gene segments in

addition to the constant region and provided insight into the pairing of V-gene segments with

(D)J-gene segments.

The information about the unchallenged Ig-gene repertoire also has other uses. It provides

a comparative foundation when looking at host response to antigen [54] and has been used to

isolated therapeutic antibodies. Antibodies for influenza in a mouse model and were a valuable

tool in the detection of antigen specific responses [16, 34].

While a lack of amplification may extricate primer bias, we knew that it would come at the

cost of potentially excluding rare B-cell clones. In humans, for example, a single clone may

only comprise 0.1% to 0.3% of the repertoire [55]. We have explored the differences between

samples that have and have not been amplified and found a moderate correlation (R2 = 0.5815,

0.5855, p<0.0001, Rettig et al., In Revision). While some of the differences arose from expected

depth-of-sequencing issues, we unexpectedly found that discrepancies also resulted from gene

segments being detected in the unamplified data set not detected in the amplified data sets

(Rettig et al., In Revision). It is also important to note that the number of immunoglobulin

reads detected in our RNASeq library equaled or exceeded those in other HTS studies [55].

Therefore, we are aware of the tradeoffs and benefits of the HTS strategy we have used.

Another issue which may affect the data presented stems from the use of whole spleen tissue

rather than isolated B-cell populations [34]. Although our approach was necessary to accom-

modate requirements of a separate investigation [35], we are aware that the inclusion of extra-

neous cells as result of using whole tissue could reduce the recovery of rare B-cell clones. In

addition, some bias might be introduced because of cell subpopulation stability and frequency

in whole spleen tissue [56, 57]. Nevertheless, in spite of the limitations of our methodology, it

appears that the repertoire we detected correlated with mouse studies that have used selection

and amplification methods of various kinds. For example, Collins et al. detected five of the

same VH genes that we detected among our highest 10 used VH-gene segments. JH2 was also

the most frequently detected in both of our studies [33]. Yang and Kaplinski detected V-gene
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segment use that paralleled our findings with V1-26 identified by them as the most frequently

used [11, 42].

Few studies have explored the light chain repertoire; however, more characterization will be

possible with increasing use of single cell amplification [58–60]. While strain specificity has

been reported [33, 36], many Vκ-gene segments that were represented over one-percent of the

time in unimmunized BALB/c mice were also identified in our study [26]. Aoki-Ota et al. also

noted Vκ-gene segment skewing in their assessment of unimmunized C57BL/6 mice [45].

These similarities also suggest that the lack of amplification did not dramatically affect our

assessment of the B-cell repertoire, and the differences seen are likely due to mouse-to-mouse

variation that still manifests in our pooled samples.

In conclusion, we have presented an unamplified view of the conventionally housed, unim-

munized, antibody repertoire. It appears that an RNASeq approach without amplification can

provide an accurate assessment of V-gene use as well as a snapshot of the CDR3 present in the

population; and helps validate this as a reasonable scientific approach. In addition, we lay the

foundation for future work in our lab to characterize the unamplified whole tissue repertoire

of the immunized C57BL/6 mouse.
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S1 Fig. V gene segment rankings among the three mouse pools for both IgH (A) and Igκ
(B). The most abundant gene segment is ranked as one. Dark red indicates higher rank mov-

ing to blue, of lower rank.
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S2 Fig. CDR3 length for IgH (A) and Igκ (B) by pool. The percent of repertoire CDR3

lengths from each mouse pools are displayed.

(TIF)

S3 Fig. Rankings of CDR3 sequences shared by all three mouse pools were uniform in

both IgH (A) and Igκ (B). The most abundant CDR3 sequence is ranked as one. Dark red

indicates higher rank moving to blue, of lower rank.

(PDF)

S4 Fig. Full CDR3 nucleotide alignment of IgH gene combination examined in Fig 7

(IGHV1-26, IGHD1-1, IGHJ1).

(TIF)
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