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It is thought that the adaptive immune system of immature
organisms follows a more deterministic program of antibody
creation than is found in adults. We used high-throughput sequenc-
ing to characterize the diversifying antibody repertoire in zebrafish
over five developmental time points. We found that the immune
system begins in a highly stereotyped state with preferential use of
a small number of V (variable) D (diverse) J (joining) gene segment
combinations, but that this stereotypy decreases dramatically as the
zebrafish mature, with many of the top VDJ combinations observed
in 2-wk-old zebrafish virtually disappearing by 1 mo. However, we
discovered that, in the primary repertoire, there are strong correla-
tions in VDJ use that increase with zebrafish maturity, suggesting
that VDJ recombination involves a level of deterministic program-
ming that is unexpected. This stereotypy is masked by the complex
diversification processes of antibody maturation; the variation and
lack of correlation in full repertoires between individuals appears
to be derived from randomness in clonal expansion during the
affinity maturation process. These data provide a window into the
mechanisms of VDJ recombination and diversity creation and allow
us to better understand how the adaptive immune system
achieves diversity.
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It is well known that, in human infants, the adaptive immune
system is not fully functional: infants receive maternal antibodies

through their mother’s milk, and, in some cultures, infants and
their mothers are sequestered for the first month of life to prevent
inadvertent exposure to pathogens. Young children are at higher
risk from infectious disease (1) such as influenza and receive pri-
ority in vaccination policies (2). At the molecular level, it has been
observed that there are significant differences between infants and
adults in the constitution of the immune repertoire (3). Although it
is a common view that initial Ig diversity is primarily generated as
a randomprocess, there is evidence for deterministic, programmed
repertoire development in fetal repertoires: certain favored V
segments are vastly overrepresented in both the mouse and in
human beings (4–7). Early studies of segment use bias in murine
tissues concluded that the fetal repertoire is stereotyped relative to
adult repertoire (4, 5). Preferential segment use in adult reper-
toires were distinct from the fetal stereotypy (8). It has also been
shown that the newly generated repertoire is similarly biased in
both fetal liver and adult bonemarrowB lineage cells (9, 10). Little
progress has been made in our understanding of the early reper-
toire since these studies were published. The most prominent
mechanisms that have been implicated in the determinism versus
stochasticity debate are as follows: (i) the role of variation in
recombination signal sequences, which flank each of the V (vari-
able), D (diverse), and J (joining) gene segments and are recog-
nized by VDJ recombinase, thereby causing certain segments to be
favored (11); and (ii) the observation that expression of the ter-
minal deoxyribonucleotidyl transferase enzyme is suppressed in
infants, thus reducing the creation of diversity through N addition

(12, 13), i.e., nontemplated random nucleotide insertion between
VD and DJ junctions.
Despite the medical and biological importance of these issues,

there is still much to learn about how the adaptive immune system
diversifies in parallel with the development of the organism. How
is the immune repertoire created: Is it random, or is there a com-
mon program shared among individuals? Whether the VDJ rep-
ertoire of mature B cells in adults is constitutively biased, and, if
so, whether similarly or differently from the fetus is a key open
question. To address this, two mechanisms affecting immune
repertoire measurement must be separated. The first is the crea-
tion of the primary repertoire, which we define as the diversity that
is the product purely of VDJ recombination and associated junc-
tional diversity. Each such recombination creates a B cell clone
that can expand to form a lineage or die out. Each lineage can then
be diversified via somatic hypermutation, and some of the resulting
clonal populations expanded to varying degrees by antigen stim-
ulation. We call the resulting spectrum of clones the secondary
repertoire. The secondary repertoire thus reflects a diversified,
biased, and distorted view of the primary repertoire, caused by
somatic hypermutation and clonal expansion.
Previous studies of the development of immune repertoires

have been limited by sampling statistics; before the advent of rapid
and highly parallel sequencing technologies, it was not possible to
extensively characterize the immune repertoire (14). We used
high-throughput sequencing to study the evolving immune reper-
toire of zebrafish as a function of developmental state. The
zebrafish is a powerful immunological model system because it
shares essential elements of the adaptive immune system with the
mouse and human being, includingVDJ recombination, junctional
diversity, and somatic hypermutation (15). Even the antibody
heavy chain locus arrangement is similar to that in the mouse and
human being: V gene segments, shared between two heavy chains
μ and ζ, are followed by D and J gene segments for both μ and ζ
heavy chains (16). However, the number of B cells is many orders
of magnitude smaller, enabling far more complete studies than are
feasible in mice, let alone human beings. Wemeasured repertoires
at a depth that allowed us to analyze Pearson correlations between
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individuals’ VDJ usage and fuller measures of the repertoire, as
well as junctional diversity and somatic hypermutation. This
allowed us to analyze the repertoire on three levels—VDJ, pri-
mary, and secondary—at a level of specificity and completeness
far beyond previous measurements of preferential segment usage.
We characterized the specific recombinational biases, revealing
a much more highly stereotyped developmental repertoire than
has previously been suspected. Surprisingly, this conclusion is valid
not just for immature animals. Although correlations in VDJ
abundances between individual fish disappear in adult repertoires,
we discovered previously unknown correlations in their primary
repertoires. Our analysis suggests that themain process that causes
differentiation between adult repertoires is apparently random
clonal expansion, or more generally the increased transcription of
antibody mRNA, in the secondary repertoire. This is also reflected
in the specific antibody sequences in the repertoire; a key finding is
that in adult fish the most highly expressed sequences have mul-
tiple mutations, suggesting clonal selection, whereas in young fish
the repertoire is dominated by sequences with few mutations.

Results
Highly Stereotyped VDJ Usage in Young Animals. A total of 51 fish
were collected over five time points; about half of them were
from the same family (SI Appendix, Table S2). Each family
started with a single clutch of eggs of more than 60. Fish shared
development with their family until time of collection.
We have previously described the method used to generate and

sequence antibody heavy chain cDNA libraries for each fish (14).
A total of 19 sequencing runs of 51 libraries yielded an average of
82,000 useful reads for each fish (SI Appendix, Table S2). In
zebrafish, differential expression of the two antibody isotypes has
been documented, and there is some knowledge about their gross
developmental progression; IgZ expresses as early as 4 d post-
fertilization and IgM starts 2 d later (16). We focused our analysis
on IgM because its abundance grows quickly during maturation to
a large majority over IgZ (SI Appendix, Table S2), and class
switching has not been found between these two isotypes.
The number of V (39), D (5), and J (5) gene segments gives

rise to 975 possible VDJ combinations. The collection of all VDJ
combinations used is referred to as the VDJ repertoire. In-
dividual fish VDJ repertoires can be visualized in graphical form.

A few dominant combinations are apparent (Fig. 1); neverthe-
less, ∼200 (20%) of the possible VDJ combinations are ex-
pressed as IgM in an individual 2-wk-old fish at a sequencing
depth of 32,000 reads. This number rapidly increases over time
to ∼700 combinations, which is ∼70% of the total possible VDJ
repertoire (Fig. 2A). Interestingly, we observed decreased VDJ
usage in 1-y-old fish, which could be a sign of immune senes-
cence. A similar trend in VDJ repertoire usage was observed for
IgZ (SI Appendix, Fig. S4).
From the visualizations of the VDJ repertoires, it is apparent

that young fish (2 wk) have striking similarities in their VDJ use:
the same handful of combinations dominate the repertoire (Fig.
1, Top Three Panels). In adults, by contrast, this does not appear
to occur (Fig. 1, Bottom Three Panels), with broader VDJ occu-
pancy accompanying a fewer number of highly expressed VDJ
combinations. To quantify the biases in VDJ combination use,
we compared the set of fish in two ways: in terms of the most
abundant VDJ combinations, and in terms of overall usage. We
examined the most populated VDJ combinations in each age
group and measured the overlap between individuals. Consistent
with the notion that the antibody repertoire is stereotyped early
in age, among young fish there is strong overlap between the top
10 VDJ combinations in individuals; this overlap decreases
dramatically in mature fish (Fig. 2B). This preferential use can
also be quantified with the complete repertoire (beyond the
dominant combinations): Pearson correlations between VDJ
repertoires show that as early as 2 wk, there is a high degree of
correlation between VDJ usage by individuals (red line, Fig. 2D)
which is largely dictated by the most abundant VDJ combina-
tions (green and blue lines, Fig. 2D).
As the fish mature, the correlations decrease; distinct and less

correlated sets of VDJ combinations begin to dominate each in-
dividual (Figs. 1 and 2 B and C). The average correlation coef-
ficient calculated between fish pairs in each age group was much
higher for 2-wk samples (0.8) than for any other age groups (0.06–
0.08, Fig. 2D) or the average among all pairs of fish (0.09). Such
a structured VDJ repertoire in young organisms is surprising and
has not been demonstrated before, probably because of technical
limitations of cloning or hybridization methods (4–7). Consis-
tently, the VDJ combinations with the first, second, third, and fifth
most reads at 2 wk (V4.6-D1-J3, V2.1-D5-J1, V4.3-D5-J5, and

Fig. 1. 3D representations of VDJ repertoires for subsamples of 2-wk-old (Top three panels) and 1-y-old (Bottom three panels) samples from a single family.
[Sample name is ordered: family-age-(letter ID)]. Dot size scales logarithmically with bias-normalized abundance, whereas coloring scales linearly. Color bars
indicate fraction of total abundance. Stereotypy in abundance among a large number of VDJ combinations is found to disappear. More generally, although at
an early age multiple VDJ combinations are found to share high abundances, later ages display great abundance disparity, with a far smaller number of VDJ
combinations holding a greater amount of abundance.
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V5.4-D5-J4) are virtually nonexistent at 1 mo (Fig. 2C). The 3D
representation of the single highly correlated VDJ repertoire-pair
at 1 y (SI Appendix, Fig. S3) reveals a much lower degree of ste-
reotypy for all but the most abundant VDJ combination, sug-
gesting that the similarity itself is of a qualitatively different nature
than its early-development counterparts.

VDJ Usage of Antibody Primary Repertoire Is Also Stereotyped in
Mature Animals. Although a main focus in the literature has been
VDJ-segmental use, this neglects a crucial part of the primary rep-
ertoire: The junctional diversity that differs among the set of line-
ages created within the same VDJ combinations. To explore this,
we developed an informatic approach to characterize the primary
repertoire from our sequence data. Because of sequencing and
PCR errors and hypermutations, clustering sequences into lineages
is not trivial. We first took a liberal approach and used single link-
age clustering to allow sequences of the same VJ combination that
differed slightly at the VDJ-junction, by at most 20%, due to mu-
tation and error to be grouped together (SI Appendix). We mean-

while grouped sequences from the sameVJ combination that varied
outside the VDJ junction alone. This aimed to eliminate the effect
of differences in VDJ junction abundance. To place bounds on the
uncertainties in this clustering, we compared the results with
a conservative approach of assigning sequences to the same lineage
only if they were identical in their junction regions (as well as their
VJ combinations). The qualitative and semiquantitative results
were not strongly affected by the differences among these ap-
proaches (Fig. 3C andD andSIAppendix, Fig. S8), ensuring that the
conclusions are robust.
To separate the effects of varying probabilities of creation of

different VDJ combinations from differences in the subsequent
successes of the lineages produced, we need to ask whether large
numbers of reads of a given VDJ combination are associated
with a proportionally large number of distinct lineages. If there
were a very close correspondence, it might, on one hand, im-
plicate the rates of formation of the VDJ combinations in their
subsequent abundances. On the other hand, such an observation

Fig. 2. Characteristics of the VDJ use. (A) Time course of VDJ use for IgM heavy chains at a fixed sequencing depth of 32,000 reads among the 975 possible IgM
VDJ combinations. Black line represents bounds by themost- and least-representedfish in that age group; solid blue line representsmedian valuewithin that age
group; and dotted blue line represents sample SD away from that value. (B) Top 10 VDJ (ranked by bias-normalized abundance) from fish subsampled to 32,000
reads at 2 wk and 1 mo of age. Individual fish are represented by columns. Differently colored shapes represent VDJ combinations that occur more than once in
the diagram (the same symbol occurring anywhere in the two subplots represents the sameVDJ combination); black dots represent VDJ combinations that occur
only inone individual’s top10VDJs. (C) Top5VDJ combinations (rankedby readnumber) at 2wk trackedover subsequentages.Data fromfish that are sampled to
a depth of 32,000 reads are listed. (D) Average and sample SD of time course correlating the VDJ repertoires of pairs of individuals for different age groups. VDJ
abundances (red) are bias normalized. Correlations of the square roots of VDJ bias-normalized abundances (green) reduce the impact of themost abundant VDJ
combination. To the same end, correlations of VDJ presence (cyan) are performed by assigning each VDJ combination a 1 or 0 depending on its being observed.
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might also implicate sequencing artifact: The discovery of new
lineages within a VDJ combination could strongly depend on
sequencing depth.
To address these questions, we compared the number of raw

reads within each VDJ combination to the number of distinct
lineages discovered in them. Scatter plots of early and late de-
velopment VDJ read abundance and VDJ lineage diversity (Fig.
3A, subsampling done to 40,000 identifiable IgM reads for all
individuals with at least that many) point to both an increase with
age of the total lineage diversity and to a trend, with increasing age,
where the VDJ combinations with the most abundance are not in
general the VDJ combinations with the most lineage diversity. We
sought to further visualize this by plotting the correlations between
these two quantities within each individual (black line, Fig. 3B).
The decaying correlation demonstrates that in general, with in-
creasing age, a VDJ’s diversity becomes less predictive of its
abundance. This result recapitulates the loss of VDJ abundance
stereotypy observed earlier. However, it leaves open the question
of whether, although stereotypy in abundance (associated with the
secondary repertoire) decreases, the primary repertoire itself un-
dergoes a change in stereotypy.
To answer this, we compared the VDJ lineage diversities be-

tween individuals of the same age group. Surprisingly, stereotypy
in VDJ lineage diversities, measured by correlating pairs of
individuals within the same age group, undergoes an abrupt in-
crease after 3 mo (green line, Fig. 3B). To ascertain whether the
same VDJ lineage diversity stereotypy is conserved across older
age groups, we plotted correlations of VDJ read abundances and
VDJ lineage-diversities as color-maps (Figs. 3C and 3D) across
all fish subsampled to 40,000 reads. The color maps establish that
whereas the characteristic 2-wk abundance stereotypy disappears
immediately, the primary repertoire exhibits the very opposite
behavior, with individuals aged 3 mo and older retaining strong

stereotypy. This observation eliminates the possibility that dif-
ferences in observed lineage diversities are dominated by dif-
ferent VDJ sequencing depths.

Dynamics of Antibody Secondary Repertoire Development. Having
characterized aspects of the primary repertoire, we now turn to
the secondary repertoire: This is formed from the primary rep-
ertoire by the interplay between hypermutation and clonal ex-
pansion caused by selection for particular antibodies. We
characterized the secondary repertoire by computing the di-
versity in terms of amino acid use for the most highly represented
VJ combination in each fish (Fig. 4 A and B), the combinations
themselves subsampled to 5,000 reads each. The number of
amino acids used fluctuates at a constant level throughout the
entire sequence in the 2-wk samples. In other age groups, this
number has a spike close to the junction which gradually
increases in time. The fluctuation along the rest of the sequences
increases as well.
Early in development, we expect little correspondence between

the number of amino acid changes from hypermutation and the
abundance of clones. However, exposure to antigens is likely to
result in proliferation and more amino acid changes. This trend
emerges in plots of numbers of amino acid mutations as a function
of antibody abundance (Fig. 4 C and D). In 2-wk and 1-mo sam-
ples, the average number of amino acid mutations per sequence
decreases monotonically as the sequence abundance over which
the mutation average is taken increases. However, with increasing
age (up through 1 y), highly abundant sequences become in-
creasingly likely to harbor higher numbers of mutations.

Discussion
VDJ recombination creates the first level of antibody repertoire
diversity. Developmentally it has been shown that V gene segments

Fig. 3. Characteristics of primary repertoire. (A) Scatter plot of number of lineages and number of reads observed across the 2-wk and 1-mo age groups (a
small offset along the y axis allows both sets of data points to be seen), revealing more lineages in mature fish. (B) Average and sample SDs of correlations
between different members of the same age-group with VDJ repertoires weighted by raw reads (red), without bias-normalization, and lineages (green). For
each individual, read-weighted and lineage-weighted VDJ repertoires are further correlated (black). Color maps of read-weighted (C) and lineage-weighted
(D) VDJ correlations between fish sampled to 40,000 read depths. Age groups are delineated as 2 wk (2W), 1 mo (1M), 3 mo (3M), 6 mo (6M), and 1 y (1Y).
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that are close to the D and J gene segments are preferentially used
by young organisms (4–7). Using high-throughput sequencing, we
analyzed the antibody heavy chain repertoire for 51 zebrafish
spanning five developmental time points.Wenoticed that the same
handful of VDJ combinations dominate the young repertoire and
that this trend disappears as the fish mature. However, there is no
obvious connection between V gene segments in these early VDJ
combinations and their relative positions toD and J gene segments
on the heavy chain locus (16); perhaps this restriction is related
to chromatin structure that makes certain gene segments more
accessible than others (17). It also suggests that either there is
a common mechanism to constrain the ontogeny of B cell de-
velopment, or else possibly that the adaptive immune system first
trains on a common set of autoantigens (18), and the corresponding
autoreactiveB cells are eliminated later by selection processes (19).
Consistent with this early stereotypy is the narrower distribution of
N-nucleotide insertions observed in 2-wk samples compared to
amuchwider distribution in later age groups (SIAppendix, Fig. S6).
Using single linkage clustering, we were able to informatically

reconstruct the primary repertoire from the secondary repertoire,
thereby removing the effect of clonal expansion. Surprisingly, the
VDJ usage of the primary repertoire exhibits a unique type of
stereotypy with a smaller correlation at 2 wk followed by a decrease
at 1 mo then a high correlation from 3 mo onward. The emerging
new stereotypy for older animals is unexpected. This suggests that
VDJ recombination is an ordered process in generating antibody
repertoire throughout life, even though clonal expansion may
distort VDJ abundances. Simple differences in the recombination

signal sequences may not explain VDJ correlation dynamics we
have observed, as RSS sequences in fish do not change over de-
velopment. VDJ recombination must therefore be examined in
the context of other factors that do change during development.
The smaller correlation between the primary repertoires of

individuals at a young age does not necessarily mean that their
VDJ formation programs are less stereotyped than at older ages.
In fact, the significant early-age correlations between the read-
abundance and lineage-diversity in each individual’s VDJ com-
binations suggest a close correspondence between the primary
repertoire and the stereotyped secondary repertoire in young
individuals.
In this study we also implemented VDJ junction and mutation

analysis and compared junctional diversity and sequencemutations
as a function of sequence abundance among different age groups.
Our results suggest that most of the highly represented repertoire
in young fish comprises naive B cells with few mutations, and that
only a small fraction of the B cells have undergone somatic
hypermutation and antigen selection. On longer time scales, in-
teraction with a fish’s environment changes the composition of its
repertoire. As a result, mutated sequences dominate the part of the
repertoire that is highly expressed. Our analysis of the spread of
lineage diversities and gross amino acid usage suggests that di-
versification of the repertoire in older fishmay also involve a higher
rate of nucleotide deletions and insertions at the junctions during
VDJ recombination. The higher rates of nucleotide insertion may
correspond to an increase in terminal deoxyribonucleotidyl trans-
ferase expression, as previously noted (12, 13).

Fig. 4. Characteristics of the secondary repertoire. Amino acid diversification at 2 wk (A) and 1 y (B) for the most abundant VJ combination in each fish, the
combination itself subsampled, to 5,000 reads. Amino acids are counted at a particular position if they occur at least once in the data set. Observed D-gene
segment diversity across these two datasets averages 3.8 and 4.0, respectively. The 3-prime end of V gene segments (black) and the 5-prime end of J gene
segments (blue) are anchored to position zero. Dark colors denote the average over the amino acid use of individual fish (drawn in light colors). (C) Average
amino acidmutations as a function of sequence abundance at 2-wk and 1-y time points, using lineage analysis. Mutation is defined as the amino acid differences
between one sequence and the sequence within the same lineage that most closely resembles the reference genomic sequences. Sequencing depth is fixed
at 40,000 reads. Abundances are both bias normalized and divided by the most abundant sequence in the repertoire. Twenty log-spaced bins are spaced evenly
between 0.0001 and 1. (D) Using the 10 bins in the same interval, the distribution of amino acidmutations is plottedwith dot sizes that scale as the fraction of the
total unique sequences at a particular abundance across all fish in the color-coded age group.
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By combining high-throughput sequencing with informatic
analysis, we were able to deconvolve the primary repertoire from
the secondary repertoire without physically separating naïve B cells
from activated or memory B cells. We discovered that the first step
in somatic diversification of the antibody repertoire, VDJ re-
combination, has a deterministic component whose effects are
evident not only in the early development of the immune system
but also in the primary repertoire of mature adults. However, the
stereotypy is different between young and old fish, suggesting that
developmentally the B cell repertoire goes through a dramatic
restructuring before the organism reaches sexual maturity. We
observed that VDJ usage gradually saturates over time and the
drop of VDJ-abundance correlation coefficients at 1 mo coincides
with the disappearance of the most abundant VDJ families used at
2 wks. Finally, as the fish enter adulthood the mutation content of
the repertoire qualitatively shifts from one in which mutated
sequences are marginally expressed to one in which they are highly
expressed. Collectively, these results demonstrate how many
aspects of B cell repertoire development are balanced between
deterministic and stochastic processes.

Materials and Methods
Zebrafish. Fivewild-typeWIKzebrafish familieswere raisedat the same time in
separate tanks, and 51 zebrafish were collected from these families at five
developmental time points. Fish were sacrificed according to an animal pro-
tocol approved by the Stanford University administrative panel on laboratory
animal care, and were snap-frozen in liquid nitrogen and stored at −80 °C.

mRNA Preparation, cDNA Synthesis, and PCR. mRNA preparation, cDNA syn-
thesis, and PCR were performed as described previously (14). Briefly, total
RNA from each fish was purified using TRIzol Plus RNA Purification System
(Invitrogen). The mRNA was further purified using Oligotex mRNA Kit
(Qiagen). Manufacturers’ protocols were followed during these processes.
cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen).
PCRs were set up for each fish using 27 forward and two reverse primers. The
PCR program began with an initial denaturation at 94 °C for 2 min, followed
by 35 cycles of denaturation at 94 °C for 30 s, annealing of primer to DNA at
60 °C for 30 s, and extension by Platinum Taq DNA Polymerase High Fidelity
(Invitrogen) at 68 °C for 2 min. PCR products were cleaned using QIAquick
PCR Purification Kit (Qiagen) and followed by electrophoresis and gel ex-
traction (Qiagen).

454 Library Preparation and Sequencing. The standard Roche 454 GS Titanium
shotgun library protocol was followed. Multiplex Identifier (MID)–containing
oligonucleotides were synthesized by Integrated DNA Technologies and
were annealed to form 454 adaptor according to the Roche protocol. Li-
braries were quantified using a digital PCR method (20), which gave the
absolute count of DNA molecules in the library. This allowed us to eliminate
the manufacturer’s suggested titration run.

Computational Methods. Methods of VDJ alignment, classification, and cor-
relation analysis are detailed in SI Appendix.
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