
Giorgetti et al., Sci. Adv. 2021; 7 : eabd8180     1 January 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 15

I M M U N O L O G Y

Antigen receptor repertoires of one of the smallest 
known vertebrates
Orlando B. Giorgetti1*, Prashant Shingate2*†, Connor P. O’Meara1, Vydianathan Ravi2,  
Nisha E. Pillai2‡, Boon-Hui Tay2, Aravind Prasad2§, Norimasa Iwanami1||, Heok Hui Tan3, 
Michael Schorpp1, Byrappa Venkatesh2¶, Thomas Boehm1¶

The rules underlying the structure of antigen receptor repertoires are not yet fully defined, despite their enormous 
importance for the understanding of adaptive immunity. With current technology, the large antigen receptor 
repertoires of mice and humans cannot be comprehensively studied. To circumvent the problems associated with 
incomplete sampling, we have studied the immunogenetic features of one of the smallest known vertebrates, the 
cyprinid fish Paedocypris sp. “Singkep” (“minifish”). Despite its small size, minifish has the key genetic facilities 
characterizing the principal vertebrate lymphocyte lineages. As described for mammals, the frequency distribu-
tions of immunoglobulin and T cell receptor clonotypes exhibit the features of fractal systems, demonstrating 
that self-similarity is a fundamental property of antigen receptor repertoires of vertebrates, irrespective of body 
size. Hence, minifish achieve immunocompetence via a few thousand lymphocytes organized in robust scale-free 
networks, thereby ensuring immune reactivity even when cells are lost or clone sizes fluctuate during immune 
responses.

INTRODUCTION
During the early stages of vertebrate evolution, the emergence of 
lymphocytes as a new cell type in adaptive immune systems was 
followed by the invention of somatic diversification of antigen re-
ceptors and their clonal expression (1, 2). Somatic diversification 
has the potential to generate an enormous number of structurally 
distinct receptors from a small set of germline-encoded building 
blocks and is a defining and essential characteristic of vertebrate 
immunity (3). Because effective immunity depends on large and di-
verse repertoires of antibodies [immunoglobulin (Ig)] (4) and T cell 
receptors (TCRs) (5), numerous studies have examined the diversi-
ty of antigen receptor repertoires under physiological and patholog-
ical conditions. However, the rules underlying the structure of 
antigen receptor repertoires are not yet fully defined (6, 7), despite their 
enormous importance for the understanding of adaptive immunity 
in general and the natural history of clinically relevant immune 
disorders in particular (8). Recently, the development of powerful 
sequencing technologies has led to renewed interest in this bio-
logical problem (6, 7), although the sheer magnitude of the 
repertoires (9–15), and the complex anatomy pose a considerable 
challenge to defining their size and structure (16), particularly for 

animals with billions of lymphocytes distributed throughout the 
whole body.

Notwithstanding the inevitable sampling problems, studies of 
human, mouse, and zebrafish immune systems have revealed that 
despite their extraordinary diversity, the repertoires of different 
individuals partially overlap and that the frequency distributions of 
clonotypes contained in the sampled repertoires follow a power law 
(9–15, 17, 18). Moreover, these studies have uncovered intriguing 
aspects of immune system maturation, heritable contributions, 
and the effects of immune responses on sequence compositions 
(9–15, 17–20). However, because it is unclear whether the samples 
subjected to analysis are representative of the total lymphocyte pop-
ulations of the entire animal, a considerable degree of uncertainty 
remains about the generality of these properties. For instance, if the 
observed power-law distributions of clonotype frequency were in-
deed representative properties, then it would suggest that antigen 
receptor repertoires are organized as self-similar or fractal systems 
(21). Fractal systems exhibit similar topological patterns at increas-
ingly small scales and thus have a series of desirable properties 
for immune systems, the most important of which is their robust-
ness to changes in the frequencies or even total loss of individual 
components (22).

To circumvent the inevitable sampling problems encountered 
with large vertebrates, such as humans, and the enormous size of 
their antigen receptor repertoires (9–15, 17–20), we have studied 
the immunogenetic features of one of the smallest known verte-
brates. The cyprinid fish Paedocypris sp. “Singkep” (“minifish”) 
(22, 23) is known to mature at approximately 8 mm in standard 
length. So far, minifish were examined for adaptations of genome 
structure and developmental trajectories associated with miniatur-
ization (22, 23); by contrast, its immune system has not yet been studied. 
We reasoned that owing to its small body size and the correspond-
ingly small number of lymphocytes, it should be possible to achieve 
near-complete coverage of clonotype sequences, a previously unat-
tainable goal. Here, we show that self-similarity is a fundamental 
property of antigen receptor repertoires of vertebrates, irrespective 
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of their body size, and illustrate that scale-free networks of antigen 
receptor specificities allow minifish to achieve immunocompetence 
with a few thousand lymphocytes.

RESULTS
Genome assembly of minifish
Our initial analysis of the immunogenome of minifish focused on 
the structure of antigen receptor gene loci. Because studies in mini-
fish are limited to small numbers of preserved specimens of this 
uncommon species, we relied on DNA and RNA sequence informa-
tion. To this end, we first assembled comprehensive transcriptomes 
and then established high-quality genome assemblies to be able to 
determine the numbers, positions, and order of individual genetic 
of immune-related genes. We sequenced genomic DNAs extracted 
from two individuals, a male and a female minifish. The assemblies 
indicated identical overall genome sizes of 403 Mb (contig N50, 
42.8 kb; scaffold N50, 7.3 Mb) and 404 Mb (contig N50, 36.3 kb; 
scaffold N50, 11.0 Mb), respectively, with an estimated complete-
ness of about 95% (table S1), similar to other species of Paedocypris 
(24); approximately 27% of both genomes were found to contain 
repetitive sequences (table S2). The transcriptomes of a further pair 
of animals were established to support the gene annotation efforts. 
A total of 20,013 and 18,003 protein-coding genes were predicted in 
the male and female minifish genome assemblies, respectively, in 
line with other cyprinids (24).

Immune-related organs and lymphocyte numbers
The presence of immune-related organs has not yet been investigat-
ed in minifish. However, with respect to the thymus, a primary 
lymphoid organ, it is known from studies of other teleosts that two 
paralogous transcription factor genes, foxn1 and foxn4, both con-
tribute to thymopoiesis (25); both genes are found in the minifish 
(see the Supplementary Materials). We conclude that minifish have 
a functional thymic microenvironment that is known to be required 
for T cell development. With respect to secondary lymphoid tissues, 
we focused our attention on the spleen, since teleosts do not have 
lymph node structures (26). Studies in mammals and zebrafish have 
shown that the formation of the splenic primordium requires the 
activity of the tlx1 transcription factor gene (27, 28), which sets the 
stage for subsequent organ formation. We found that the minifish 
genome contains an intact tlx1 gene (see the Supplementary 
Materials), suggesting that the spleen is formed normally in minifish. 
Likewise, no information is available on the number of lymphocytes 
in minifish. Under the assumption that the cyprinid body plan 
and the general structure of the hematopoietic tissues are conserved 
between zebrafish and minifish, we measured the number of T lym-
phocytes in zebrafish of about 3 weeks of age; at this time point, 
zebrafish are similar in size and body weight to minifish. To specif-
ically mark T lineage cells, we constructed an lck:GFP reporter 
strain and found that the number of T cells in 3-week-old zebrafish 
corresponds to about 37,000 cells (see Materials and Methods). In 
zebrafish, the number of B cells is approximately twice that of T cells 
(29), indicating that minifish may have in the order of 75,000 B cells.

The genes encoding antigen receptors and their signaling 
components
Although we had considered the possibility that minifish may not 
require all lymphocyte lineages that constitute the canonical adap-

tive immune system in larger animals, we found that minifish has 
the complete genetic machinery to generate antibodies and the two 
principal TCRs. The igh locus has a structure similar to that of other 
teleost genomes (30) but lacks exons encoding the constant region of igz 
(Figs. 1A and 2); six translocon elements each for two families of igl 
genes (Fig. 1A) complete the components of the canonical antibody 
generating system of minifish, in line with the presence of genes 
encoding key elements of the B cell receptor (BCR) signaling complex 
(cd79a and cd79b) (see the Supplementary Materials). With respect to the 
TCR genes, we found that the tcra/d locus conforms to the typical 
teleost structure (Figs. 1A and 2) (31). The same is true (32) for 
the tcrb locus (Figs. 1A and 2). As for the phylogenetically closely 
related cyprinid Danio rerio (zebrafish) (see www.ensembl.org/
Danio_rerio), the tcrg locus is closely linked to the tcra/d locus. 
Collectively, our analysis suggests that all known somatically diver-
sifying antigen receptor gene loci are present in minifish. However, 
in contrast to the situation of protein-coding genes (24), it appears 
that the miniaturization of body size is associated with a marked 
reduction of the numbers of V, D, and J elements, substantially con-
straining the magnitude of combinatorial diversity during somatic 
diversification of antigen receptors; this reduction occurs in all 
antigen receptor loci when compared to zebrafish (Fig. 1B). The 
reduction of elements is essentially random, as exemplified by the 
52 variable genes in the tcra/d locus in comparison to their counter-
parts in zebrafish (fig. S1A). As expected, minifish has genes encod-
ing key elements of the TCR signaling complex (cd3e, cd3gd, and 
two paralogs of cd3z) (see the Supplementary Materials).

The diversity of antigen receptor repertoires
The small body size of minifish offered the unprecedented opportu-
nity to examine the diversity of expressed antigen receptor genes in 
much greater depth than would be possible with larger species, in-
cluding zebrafish (17, 18). To this end, we extracted total RNA from 
whole bodies of four fish and used the equivalent of ~1/3 of total 
RNA each to establish an unbiased representation of igm and tcr 
clonotypes after complementary DNA (cDNA) synthesis and mul-
tiplex amplification; the read statistics are presented in table S3. Our 
sequencing strategy not only minimizes the sampling problem but 
also includes the repertoires expressed by all lymphocytes, irrespec-
tive of whether they are situated in primary lymphopoietic organs 
or peripheral tissue sites, hence comprising receptors before and 
after selection. In this work, clonotypes are primarily defined as 
unique nucleotide sequences across the entire V, D (if appropriate), 
and J segments, rather than just CDR3 sequences. However, in the 
subsequent network analysis, which is carried out using conceptu-
ally translated protein sequences, a clonotype may be derived from 
one to many nucleotide sequences that all have the same CDR3 
protein sequence irrespective of variations in V and J segments; to 
distinguish them from the primary clonotypes, we refer to them as 
CDR3 clonotypes. We have chosen to use Shannon’s entropy theo-
rem to examine diversity of both nucleotide and protein sequences; 
moreover, it can be used to estimate a minimum number of different 
sequences that a system of entropy H can generate (see Materials 
and Methods).

Characteristics of igm gene assemblies
As shown in Fig. 1C, we detected up to about 5000 different igm 
sequences in minifish individuals. Considering the fraction of RNA 
sequenced in this experiment, igh clonotypes may reach a total of 
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about 15,000 per fish. Under the assumption that minifish harbor 
about 75,000 B cells, this would correspond to an average clone size 
of approximately 5 cells per clonotype. In addition to contributions 
by palindromic (P) nucleotides, the nucleotide sequences of CDR3 
regions provided clear evidence of nontemplated (N) nucleotide 
additions at the junctions (fig. S2A), in line with the presence of a 
functional terminal deoxynucleotidyl transferase ortholog (see 
the Supplementary Materials); the length distribution of CDR3 

sequences assumed a Gaussian shape with a mean value of 12.4 ± 1.5 
(means ± SD) amino acid residues (fig. S2B). Entropy analysis based 
on amino acid sequences indicated that the contributions of the V 
and J regions amount to 3.03 and 1.78 bits, respectively, with the 
internal segment of the CDR3 regions (comprising of P, N nucleo-
tides, and Dh element sequences) additionally contributing 14.92 bits 
(~76% of the total). These results indicate that the igm locus can 
generate a minimum of (219.73~) 860,000 different igm heavy chains. 
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Fig. 1. Characteristics of germline and rearranged antigen receptors of Paedocypris sp. Singkep. (A) Germline structure of immune antigen receptor genes. The 
numbers of elements are indicated in parentheses; the spacer lengths of recombination signal sequences are indicated by numbers inside the cartoons. (B) General 
reduction of genetic elements in minifish compared to zebrafish. (C) Numbers of antigen receptor clonotypes (left table) and corresponding complementary DNA (cDNA) 
molecules (right table) in four unrelated individuals; these numbers were determined by subjecting one-third of total RNA to sequencing (cf., Materials and Methods). 
(D) Clonal distributions of TCR chains from a single individual (fish no. 5) represented in quintiles; these distributions follow a power-law indicative of the fractal nature of 
the repertoires.
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The repertoire of igm clonotypes is characterized by a small fraction 
of prevalent clones, whereas most of clonotypes are of low frequency 
(fig. S2C). Although we have detected an intact aicda gene in the 
genome and transcriptome sequences (see the Supplementary 
Materials), the comparatively small number of sequences available 
for analysis precluded a definitive conclusion about the presence of 
substoichiometric (that is somatically mutated) variants of germ-
line V sequences in the transcriptome. Although the igl light chain 
gene repertoires were not studied here, it is possible that the anti-
body specificities may go beyond the 15,000 clonotypes estimated 
from the analysis of the heavy chain assemblies at the igm locus, 
which would further reduce the average clone size.

The two T cell lineages exhibit diverse antigen 
receptor repertoires
We estimated the relative proportion of the two principal T cell 
lineages based on the number of clonotypes. We found that the 
numbers of different clonotypes of tcrg and tcrd are much smaller 
than those of tcra and tcrb (Fig.  1C), suggesting that only about 
13.6 ± 6.7% of T cells belong to the  T cell lineage; this finding is 
in line with recent work using tcrg- and tcrd-specific antisera in 
adult zebrafish (33), further emphasizing the similar immune sys-
tem structures of zebrafish and minifish. On the basis of the clono-
type numbers of tcrb and tcrd assemblies in fish no. 5 (Fig. 1C), a 
minifish individual may have at least about 8000  T cells and 1100  
T cells; given that trca and tcrg assemblies also contribute to diver-
sification of antigen specificities in the TCR heterodimers, these 
numbers must be considered a lower bound. On the basis of tcrb 
and tcrd clonotype numbers alone, the average clone size is in the 
order of ~4, a number consistent with the estimated number of 
T cells in zebrafish of the same body size. Despite the small overall 
number of cells in the T cell compartment, we found that minifish 
has a complete set of expressed co-receptor genes cd8a, cd8b, cd4-1, 
and cd4-2 (see the Supplementary Materials). Although it was not 
possible to determine the relative proportions of presumptive cyto-
toxic and helper lineages, these findings suggest that the two canon-
ical sublineages of  T cells are maintained in this small vertebrate; 
moreover, the presence of foxp3a- and foxp3b-related genes (see the 
Supplementary Materials) suggests further functional subdivisions 
among helper subsets. Collectively, these results indicate that the 
canonical diversity of teleost T cell lineages is maintained in mini-
fish and suggest that immune homeostasis can be established 
even if each of the functional sublineages comprises at most a few 
thousand cells.

Characteristics of tcr gene assemblies
Detailed inspection of tcrg and tcrd sequences exhibits P nucleo-
tides and N-region additions at the coding joints (fig. S3), substan-
tially increasing the limited combinatorial diversity (Figs. 1A and 2) 
of these chains. The length distributions of CDR3 regions of both 
chains are heavily skewed, particularly when the number of 
molecules is taken into consideration (fig. S4). A total of 4 of 52 V 
elements in the V/ gene cluster were exclusively found in func-
tionally assembled tcrd transcripts, in addition to an additional 4 
elements that were predominantly (ratio of tcrd/tcra usage, >10) 
associated with this chain (fig. S1B). This indicates that ~(8/52=) 
15% of V/ elements are associated with tcrd assemblies, similar to 
the estimated proportion of  T cells. The low numbers of tcrg and 
tcrd clonotypes precluded a meaningful entropy analysis.

The length distribution of the CDR3 regions in tcrb assemblies 
assumes a Gaussian shape, with a mean value of 13.3  ±  1.3 
(means ± SD) amino acid residues (fig. S4). Entropy analysis based 
on amino acid sequences indicated that the contributions of the V 
and J regions amount to 2.87 and 2.66 bits, respectively, with the 
internal segment of the CDR3 regions (two regions of P and N nu-
cleotides and one D region; see fig. S3) contributing an additional 
12.5 bits (~70% of total entropy). The total entropy H of tcrb se-
quences amounts to 18.05 bits and is similar to that estimated for 
the igm repertoire; in analogy, this figure suggests that minifish can 
generate a minimum of (218.05~) 270,000 different tcrb clonotypes; 
since this number likely exceeds the number of  T cells in these 
animals, the full tcrb repertoire can only be realized on a population 
basis.

The frequencies with which individual V and J elements are 
used in tcra assemblies were found to consistently vary across the 
locus (fig. S5A), as observed for tcrb assemblies (fig. S5B). A total of 
44 V/ elements that are exclusively or predominantly used in tcra 
assemblies (fig. S1) combine with 61 J elements (Figs. 1A and 2), 
generating a total of 2684 possible VJ combinations. Among the 
tcra assemblies of the four fish analyzed here, approximately 55% of 
these combinations were found. Despite variable degrees of usage of 
the two elements (fig. S5A), the V-J combinations are essentially 
random; this can be deduced from the low value of their mutual 
information (0.39 bits) in comparison to their joint entropy 
(9.93 bits) (fig. S5C). The overall length of the CDR3 region of tcra 
assemblies was found to be 13.1 ± 1.2 (means ± SD) amino acid res-
idues (fig. S4), identical in size to that of tcrb chains. Since ~75% of 
tcra chains exhibited neither P nor N nucleotides at the junctions 
(fig. S3), combinatorial diversity is the dominant mechanism of 
diversity generation, with additional contributions to diversity by 
nucleotide deletions at the V-J junctions. Accordingly, entropy 
analysis based on amino acid sequence indicated that the CDR3 re-
gion contributed only 3.4 bits (~25% of total entropy) to the 4.8 and 
5.8 bits of entropy furnished by V and J segments, respectively. The 
total entropy H of 14 bits for tcra chains suggests that minifish can 
generate a minimum diversity of (214~) 16,000 different tcra clono-
types, close to the number of  T cells in this animal. This result 
indicates that in contrast to the situation of tcrb clonotypes, the 
T cells in each minifish fish express a large fraction of the entire tcra 
repertoire that can be generated in this species’ immune system.

High degree of publicity in the tcr repertoire
To gain insight into the composition of the tcr repertoires, we 
determined—at the nucleotide level—the frequencies with which 
individual clonotypes were recovered by sequencing. The tcr reper-
toires of minifish are dominated by a small number of frequent clono-
types, whereas most other clonotypes are of low frequency, a typical 
feature of a power-law distribution (Fig. 1D). Hence, we expect that 
additional clonotypes that were not recovered by our sequencing 
strategy likely will belong to the low-frequency class. Next, we de-
termined the degree of overlap in the tcr repertoires among the four 
individuals analyzed here. Sequences found in at least two individ-
uals of a population are commonly defined as public clonotypes 
(34). Pairwise comparisons of nucleotide sequences indicated that, 
on average, about 100 clonotypes (range, 70 to 145) of the 500 most 
frequent tcra clonotypes and about 25 clonotypes (range, 7 to 50) of 
the 500 most frequent tcrb clonotypes are shared (Fig. 3A). For the 
tcrg and tcrd repertoires, we found that 16 (range, 5 to 26) and 8 
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(range, 5 to 14) of the 80 most frequent clonotypes, respectively, are 
shared by any two individuals (Fig. 3B).

The extents of shared clonotypes for tcra and tcrb in two-way 
comparisons between different pairs of individuals are highly cor-
related (Fig. 3, A and C); moreover, the usage of V and J elements of 
the two chains is nearly identical among all individuals (fig. S5, A 
and B). Since the CDR3 regions of tcra sequences exhibit few ran-
dom nucleotide additions, a substantial degree of overlap of clono-
types between individuals is observed; the same is true for the CDR3 
regions of tcrb, despite the presence of a D element (Fig. 3, A and C). 
Hence, the degree of publicity of both tcra and tcrb clonotypes is 
likely determined by the respective constellation of mhc genes (fig. 
S6) of each individual. The strong correlation (r2 = 0.82) of shared 
clonotypes in the six two-way comparisons of tcra and tcrb assemblies 
(Fig. 3C) illustrates the strong impact of peptide–major histocom-
patibility complex (MHC) complexes on the composition of the  
TCR repertoire (35, 36). As expected for the lack of MHC restric-
tion in the  T cell lineage, a weak, if any, correlation for shared 
clonotypes of tcrg and tcrd assemblies was found (Fig. 3, B and D).

A comparison of nucleotide sequences of overlapping clono-
types among the four fish indicates that the patterns of publicity fall 
into two groups; tcra and tcrg sequences both have high publicity, 
whereas tcrb and tcrd sequences exhibit lower degrees of publicity 
(Fig. 3E). This finding suggests that two different sets of rules gov-
ern the generation of the repertoires of tcra and tcrg and tcrb and 
tcrd, respectively. These characteristics are best represented by the 
corresponding fractal dimensions, expressed in similar slopes of the 
log-transformed rank/frequency distributions for tcra and tcrg and 
tcrb and tcrd, respectively (Fig. 3E, insets). Collectively, these results 
suggest that  and  heterodimers exhibit a similar overall struc-
tural design. In the assemblies of all antigen receptor genes, public 
sequences tend to be associated with higher molecule counts 
than private clonotypes (Fig. 3F). However, the two types of TCR 
heterodimers differ by the frequencies with which individual 
clonotypes are represented in the repertoires of individual fish; the 
frequencies of fully public clonotypes of tcrg and tcrd are almost 
always higher than those of private clonotypes (Fig. 3F and table 
S4). Although we cannot distinguish whether this is due to prefer-
ential generation of certain assemblies or their subsequent selec-
tion, this result demonstrates that the  TCR lineage is dominated 
by a small number of prevalent clones that are identical for all 
fish (fig. S4).

Structure of the CD3 signaling complex
Our analysis of tcr assemblies suggests that  and  heterodimers are 
both composed of one chain with restricted diversity (encoded by tcra 
and tcrg), whereas the other chain is much more variable (encoded by 
tcrb and tcrd). In analogy to the situation of semi-invariant TCRs described 
in mammals, such as those characterizing invariant natural killer 
T (iNKT) cells (37), we considered the possibility that the unusual 
properties of the T cell repertoire of minifish may be associated with 
the recognition of restricted sets of antigens. In this scenario, one 
would expect a substantial degree of receptor cross-reactivity, pos-
sibly necessitating further adaptations, for instance, in the compo-
nents of the signal transduction pathway(s) to fine-tune the antigen 
response. To this end, we focused on the CD3 signaling apparatus 
of the TCR (38). The minifish cd3 chain exhibits the characteristic 
single immunoreceptor tyrosine-based activation motif (ITAM), 
whereas the two paralogs encoding the cd3 component both 

encode only two ITAMs (Fig. 3, G and H, and see the Supplementary 
Materials), instead of the more common three ITAM/two ITAM 
constellation in the closely related cyprinid D. rerio (39). In addi-
tion to this hard wired modification, further studies led to the 
discovery of an unusual splicing event in the cd3gd gene (Fig. 3G), 
which represents the evolutionary ancestor of the distinct CD3G 
and CD3D genes in mammals. In addition to the canonical tran-
script, we recovered an alternatively spliced version, incorporating 
a cryptic “poison” exon (Fig. 3G). The conceptual translation of this 
variant transcript reveals an in-frame stop codon and predicts a 
variant cd3gd protein that retains the transmembrane domain but 
lacks the characteristic ITAM motif (Fig. 3I). As a result, instead of 
10 ITAMs per typical cyprinid CD3/TCR complex (Fig. 3H), condi-
tional splicing events make it possible to adjust the number of 
ITAMs to between six and eight (Fig. 3, I and J), a constellation that 
would allow the titration of the strength of downstream signal 
transmission after TCR engagement (40).

Structure of the antigen receptor repertoires
The small numbers of minifish antigen receptor clonotypes offer an 
unprecedented opportunity to achieve a near complete description 
of their network structure. Following previous studies, we focused 
on the CDR3 regions of individual clonotypes. To this end, the 
conceptually translated sequences of individual clonotypes were 
collapsed into one node, when their CDR3 sequences were identical, 
to which we refer as a CDR3 clonotype. Pairs of nodes were then 
connected by an edge, when they were separated by one amino acid 
difference [Levenshtein distance of 1 (41)], that is, by replacement, 
deletion, or addition of one amino acid. The networks of all five 
antigen receptor chains thus constructed formed clusters of nodes 
typically containing many V segments (Fig. 4A) but only one or two 
J segments (Fig. 4B); the insets in Fig. 4 (A and B) illustrate this 
phenomenon for the largest cluster of tcrb CDR3 clonotypes. This 
structure emerges as a result of the fact that the sequence diversity 
of the CDR3 region is dominated (but not exclusively determined) 
by the distinct sequences found in the 5′ ends of each J segment as 
opposed to the relatively uniform amino acid sequences that are 
present at the 3′ ends of V elements. This phenomenon was previ-
ously also described for mouse and human networks (42), suggest-
ing that it represents a fundamental design principle of the immune 
system. However, since antigen receptor genes differ in the number 
of V and J segments, the number of individual clonotypes, and the 
overall structure of the CDR3 region [particularly the presence or 
absence of D segment(s) and the extent of addition of P and non-
templated N nucleotides], the resulting network architectures differ 
among the antigen receptor genes (Fig. 4, C to F, and table S5). In all 
four fish, the igh network is dominated by one giant component that 
contains three of the four J elements and connects 63.51 ± 13.47% 
(n = 4 fish; means ± SEM) of all nodes (range, 43.3 to 71.2%) 
(Fig. 4C); accordingly, the cluster sizes for the igm network show a 
marked bimodal distribution (Fig. 4D and table S5). Overall, this 
results in a situation very similar to what has been described in 
mouse networks (7). The average degree of connectivity, that is, the 
number of edges connected to a node, varies between 1.9 and 4.6 
across the four fish, whereas the corresponding maximum degree of 
connectivity in the network varies between 18 and 44 (table S5).

Owing to the low sequence diversity of tcrg CDR3 clonotypes, 
only a minority remains unconnected in the network; individual 
nodes are connected by one of the two J segments and organized in 
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several distinct clusters that do not coalesce (Fig. 4, E and F). This 
peculiar archipelago-like structure is not seen with tcrd CDR3 
clonotypes; here, the network comprises mostly unconnected nodes 
as a result of the vast potential diversity of trcd assemblies 
(Fig. 4, E and F). The network of tcra CDR3 clonotypes is again 
composed of distinct clusters, mostly determined by one J element. 
However, as a consequence of a general lack of P and N nucleotides 
at the junctions and the dominance of particular V-J recombina-
tions, these clusters rarely coalesce (Fig. 4, E and F). In this regard, 
the network structures of tcra and tcrg are similar, reinforcing the 
conclusion that they are built according to similar rules. Moreover, 
the comparable network organization suggests that in their respec-
tive heterodimeric constellation, they are expected to make a small-
er contribution to the capacity of antigen discrimination than 
their partner chains. The network of tcrb CDR3 clonotypes exhibits 
the most complex structure, combining features seen in other 
networks. Cluster sizes follow a bimodal distribution, with a sub-
stantial fraction of unconnected nodes and contributions of sev-
eral large clusters that are dominated by a single J element each 
(Fig. 4, E and F).

The central position of public clonotypes in networks
Next, we considered the position of public CDR3 clonotypes in the 
networks of the antigen receptor assemblies. Irrespective of the 

variable distributions of cluster sizes observed for the five genes, 
in the respective networks, public CDR3 clonotypes are universally 
associated with the larger clusters (Fig. 5A). This apparent centrali-
ty of public sequences was previously observed for mammalian 
antigen receptor gene repertoires (7, 42) and may thus represent 
a general design principle of antigen receptor repertoires. The in-
crease in node connectivity associated with publicity was most pro-
nounced for tcrb and igh assemblies (Fig. 5B). This trend is further 
illustrated by the observation that, for fish no. 5, all 118 nodes that are 
present in all fish (publicity degree 4; red dots in Fig. 5A) are found 
in networks clusters, identifiable as the large circles in the networks 
shown in Fig. 3 (C and E); for the other three fish, a maximum of 
four of these 118 nodes are unconnected.

The stability of networks
Next, we addressed the stability of the networks. In a first set of 
simulations, we removed all public CDR3 clonotypes from the net-
works of all five antigen receptor genes and examined the changes 
in the distributions of the degrees of connectivity. For instance, in 
the case of the igm network of fish no. 5, this led to the removal of 596 
of 3440 nodes (~17%) (Fig. 6A). As expected from the highly con-
nected network structure of igm CDR3 clonotypes, the maximum 
degree of connectivity was reduced by about 55% (Fig. 6B). By con-
trast, randomly removing the same number of private clones had 
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correspondingly little impact (~14%; Fig. 6, A and B). This notably 
different outcome is reproducible across different fish and highly 
significant (fig. S7), even when only two-thirds of public clones 
(and a similar number of nonpublic clones) are removed. These 
results echo the observations of Miho et al. (7) in Igh networks of 
mouse and human after removal of public clones.

A similarly marked reconfiguration of the connectivity of network 
structures of tcra, tcrb and, to a lesser extent, of tcrg was observed 
after the removal of all public CDR3 clonotypes (Fig. 6, A and B), 
whereas the network connectivity remained largely unchanged after 
removal of an equivalent number of nonpublic CDR3 clonotypes. 
By contrast, removal of public and nonpublic CDR3 clonotypes had 
an equally minor effect in the tcrd network (Fig. 6, A and B), as ex-
pected from its largely unconnected configuration (Fig. 4, E and F). 
Collectively, our studies reaffirm the centrality of public CDR3 clo-
notypes in the networks of igm and tcra, tcrb, and tcrg clonotypes as 
a general design principle.

Impact of J element numbers on network structure
As shown in Fig. 1B, the antigen receptor loci of minifish are char-
acterized by a much reduced number of J elements when compared 
to zebrafish, yet the CDR3 clonotype clusters in the networks are 
often dominated by one or few J elements (Fig. 4). State-of-the-art 

prediction algorithms of antigen specificity (43–45) have assigned a 
prominent role to CDR3 regions of TCR  chains, although the 
TCRdist algorithm (45) also takes CDR1 and CDR2 regions into 
account. Since clusters of related tcrb sequences typically contain 
only one or two J elements, loss or gain of J elements can have a 
substantial effect on the functional capacity and structure of the 
antigen receptor repertoire. Whereas a reduction of J  elements 
would result in greater connectivity (perhaps more akin the igh net-
work) and, hence, a much more focused repertoire, a larger number 
of J elements would lead to a more fragmented structure, with much 
reduced cluster sizes, approaching the structure of the tcra network. 
We therefore propose that the number and kind of genetic elements 
available for tcra and tcrb assemblies are linked to the number of 
T cells in a species, to optimally achieve antigen discrimination and 
hence recognition in the context of MHC peptide presentation. 
Interspecific comparisons will be required to determine the scaling 
factors underlying this relationship.

DISCUSSION
Our study uncovers a number of unexpected features of the im-
mune system of one of the smallest known vertebrates. Despite 
its miniature body size and the correspondingly small numbers of 
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lymphocytes, the compact minifish genome encodes the key elements 
of a canonical vertebrate adaptive immune system. In line with the 
small size of the lymphocyte compartment, the numbers of individ-
ual elements in the antigen receptor loci are substantially reduced. 
The two T cell lineages of minifish both express receptors composed 
of one chain with limited diversity (tcra and tcrg) and a second 
chain with considerably greater diversity (tcrb and tcrd). However, 
the reduction of diversity is achieved differently, by reciprocal 
contributions of combinatorial and junctional diversity. For tcra, 
few instances of random nucleotide addition are found in CDR3 
regions, and diversity is mainly driven by combinatorial pairing of 
V-J elements; by contrast, few combinatorial choices exist for tcrg 
sequences that, instead, rely primarily on junctional diversity. Given 
that large fractions of the repertoires of the less diverse antigen receptor 
chains are expressed in each fish, it is likely that minifish antigen 
receptors have evolved to function as dual-purpose devices, with 
the structurally limited receptor functioning as a kind of pattern 
recognition receptor tuned to a restricted set of antigens and with 
the more diverse receptor chains modulating the strengths of these 
interactions. This recognition mode may mitigate the risk of self-
reactivity in the repertoire, especially when operating in concert with 
additional adaptations, such as the reduced signaling capacity of the 
CD3 complex.

The unique design of the antigen receptor repertoire described 
here appears to be an efficient solution for a miniaturized immune 
system, which must ensure immune protection with a relatively 
small number of lymphocytes. This strategy appears to have been 
deployed also in other situations; the dominant role of (semi-) 
invariant lymphocytes in minifish is reminiscent of the structure of 
the T cell compartment in amphibian tadpoles that confers strong 
antiviral immunity despite its small size (46). Therefore, the immuno-
genetic features described here may also be found in the microhylid 
frog Paedophryne amauensis, which rivals minifish in miniature 
body size (47). However, even in humans, a certain degree of pub-
licity of TCR clonotypes is not uncommon (7, 36, 48), with T cells 
expressing semi-invariant receptors, such as iNKT (37) and mucosa 
associated invariant T (MAIT) (49) cells representing extreme ex-
amples of evolutionary exploitation of the same general principle.

Last, our analysis of the minifish immune system lends strong 
support to the notion that the self-similar (fractal) nature of the 
antigen receptor repertoire is a general property of the vertebrate 
immune system. This finding has important functional implications. 
First, a fractal design provides the flexibility required to accommo-
date immune systems with small or large number of lymphocytes 
(50); the body mass (and likely also lymphocyte numbers) of human 
and minifish differs by seven orders of magnitude. Second, a fractal 
organization confers robustness to the system when cells are lost 
(51) or clonally fluctuate, which are the functional equivalents of 
transient relative expansion and corresponding diminutions of in-
dividual clones that are typically associated with immune responses. 
No information is available about the characteristics of the im-
mune response in minifish; however, our simulations suggest that 
network structures are stable even when a considerable fraction of 
clonotypes is lost. These unique features ensure the maintenance of 
overall immune reactivity even in the face of significant perturba-
tions (physiological transient expansion/contraction of clonotypes; 
loss of lymphocytes as a consequence of cytopathic insults), helping 
to explain the remarkable success of adaptive immunity in verte-
brates of vastly different body sizes.

MATERIALS AND METHODS
Animals
All fish work followed the Guidelines on the Care and Use of 
Animals for Scientific Purposes of the National Advisory Committee 
for Laboratory Animal Research in Singapore. Work with minifish 
was approved under permit number 065/06. Minifish specimens 
were collected from the Sumatran Singkep Island, supplied by a local 
dealer, and kept in the laboratory (23) before they were flash-frozen 
in liquid nitrogen and used for DNA and RNA extraction.

Genome sequencing
Genomic DNA was extracted from a male and a female individual 
each using the phenol/chloroform extraction method, followed by 
ethanol precipitation. One microgram of DNA was used to prepare 
a polymerase chain reaction (PCR)–free library using the KAPA 
HyperPrep Kit (Kapa Biosystems, Wilmington, MA). The DNA was 
sheared using M220 Focused-ultrasonicator (Covaris, Woburn, 
MA), followed by double-sided size selection with Agencourt 
AMPure XP (Beckman Coulter, Brea, CA) to obtain 500–base pair (bp) 
inserts. For the male minifish, a total of 140 million paired-end 
reads of 250-bp length were generated on an Illumina HiSeq 2500 
platform. These reads were quality filtered for low-complexity 
sequences resulting in ~138 million paired-end reads. For the female 
minifish, the same pipeline resulted in ~175 million good-quality 
paired-end reads. Details on the estimation of genome size and 
heterozygosity levels, genome assembly (scaffolding, gap-filling, 
evaluation of completeness, repeat content prediction, and annotation), 
and RNA sequencing (RNA-seq) are reported in Supplementary 
Materials and Methods.

cDNA synthesis and barcoding of RNA samples
Total RNA from four minifish individuals were extracted separately 
using the TRIzol reagent (Life Technologies, Carlsbad, CA, USA) 
according to the manufacturer’s protocol. The RNA was treated 
with deoxyribonuclease I (New England Biolabs, Ipswich, MA, 
USA) before cDNA synthesis. Fifty percent of the total RNA extracted 
from each fish (~3 to 8 g) was used for cDNA synthesis in reac-
tions containing no more than 0.5 g of total RNA. cDNA synthesis 
was performed using the SMARTScribe Reverse Transcriptase 
(Clontech, Mountain View, CA, USA) with an oligo-dT primer 
(5′-AAGCAGTGGTATCAACGCAGAGTTTTTTTTTTTTT
TTTTTTTTTTTVN) and SMARTer_Oligo_UMI primer (5′-AAG
CAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNN-
NUCTT[rGrGrGrGrG]) according to the SMARTer RACE 5’RACE 
protocol (Clontech, Mountain View, CA, USA). The SMARTer_
Oligo_UMI is a hybrid primer with riboguanosines representing 
the last five bases and the remainder representing deoxyribonucle-
otides, including the U (deoxyuracil); the Ns represent the bar code. 
The cDNA synthesized was treated with uracil-DNA glycosylase 
before all reactions from the same individual were combined to-
gether. The combined cDNA was purified using the QIAquick PCR 
Purification Kit (QIAGEN, Hilden, Germany), eluted with 70 l of 
diethyl pyrocarbonate (DEPC)–treated water, and vacuum-dried.

Library preparation
The cDNA samples were reconstituted in 100 l of DEPC water, 
and 64 l each was used in 32 amplifications of antigen receptor gene 
transcripts, essentially according to the protocol of Turchaninova et al. 
(52), except that Illumina multiplexing primer sequences p5 
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(5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT) and p7 
(5′-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT) were 
appended to the 5′ ends of their second reaction primers. In this 
way, a total of approximately one-third of the original total RNA 
material per fish was subjected to analysis. The first round of PCR 
amplification was carried out in multiplex manner: 1× Q5 buffer, 
0.5 mM deoxynucleoside triphosphate (dNTP), 0.2 M UPM_S 
primer (5′-CTAATACGACTCACTATAGGGC), 0.04 M UPM_L 
primer (5′-CTAATACGACTCACTATAGGGCAAGCAGTGGTAT-
CAACGCAGAGT), and 0.2 M of each gene-specific primer (GSP), 
2 l of cDNA, water to 49.5 l, 0.5 l of Q5 Hot Start High-Fidelity 
DNA Polymerase (New England Biolabs); 98°C for 90 s followed by 
23 cycles of 98°C for 10 s, 65°C for 20 s, and 72°C for 45 s, followed 
by 8-min final extension at 72°C. GSPs used in the first round were 
Mf_a_R_1 (tcra, 5′-CCAAAAAGCCGCCGTGCTGCTTAACGC), 
Mf_b_R_1 {tcrb1 [in cyprinids, few transcripts contain Cb2 se-
quences (32)], 5′-CTGAAGCCACACATGTGAGTGTCCGGTG}, 
Mf_g_R_1 (tcrg, 5′-CCAGCTGCATCTTTCCATTCTCCCGTGCTG), 
Mf_d_R_1 (tcrd, 5′-CAGTTCTCAATGGGGGAATCGTTGAAG-
CCAGC), and OBG_101(igm, 5′-CTCAGTGAGCTGATTCTG-
GTG). Amplicons were size-separated on agarose gels, the region 
between 500- and 1000-bp excised, and the DNA was extracted 
using the QIAquick Gel Extraction Kit (QIAGEN) following the 
protocol provided by the manufacturer (with two PE washes) and 
lastly eluted in 50 l of water. For the second round of PCR ampli-
fication, each target locus was amplified separately. For each locus, 
2% of the first-round amplicon material (1 l) was used for 50 l 
of reactions, using 0.2 M (combined final concentration) of an 
equimolar mix of P7 + UPM_S_4N (5′-gtgactggagttcagacgtgt-
gctcttccgatctNNNNCTAATACGACTCACTATAGGGC), P7, 
UPM_S_5N (5′-gtgactggagttcagacgtgtgctcttccgatctNNNNNCTA-
ATACGACTCACTATAGGGC), and P7 + UPM_S_6N (5′-gtgact-
ggagttcagacgtgtgctcttccgatctNNNNNNCTAATACGACTCAC-
TATAGGGC) primers together with 0.2 M GSPs; other conditions 
were as for the first round except that amplification was performed 
for only 20 cycles at an annealing temperature of 55°C. GSPs used 
in the second round were Mf_a_R_2 + P5 + 4 N (tcra, 5′-acactctttc-
cctacacgacgctcttccgatctNNNNCCATTGTCAACCTTGTA-
AATAGC), Mf_b_R_2 + P5 + 4 N (tcrb, 5′-acactctttccctacacgac-
gctcttccgatctNNNNNTCTTACAACTCTCCTTAACATGGG), 
Mf_g_R_2 + P5 + 4 N (tcrg, 5′-acactctttccctacacgacgctcttccgatctN-
N N N N N C T T G T C T T C T G A C T G G T A C A C C G A C ) , 
Mf_d_R_2 + P5 + 4 N (tcrd, 5′-acactctttccctacacgacgctcttccgatctN-
NNNCTTGGCAAGACTGACAGAACAGG), and OBG100 + P5 + 6 N 
(igm, 5′-acactctttccctacacgacgctcttccgatctNNNNNNGACGATG-
GTCCAGATGGTG). The resulting material was purified with 
AMPure XP beads (0.65×) and barcoded with NEBNext multiplex 
oligonucleotides for Illumina. Last, gel purification was used to 
avoid sequencing fragments shorter than 500 bp in the sequencer. 
Paired-end sequencing was performed in an Illumina MiSeq instrument 
at a read length of 300 bp.

Minifish MHC sequences were amplified from cDNA and sequenced 
on an Illumina MiSeq platform, after barcoding using the NEBNext 
multiplex oligos for Illumina (New England Biolabs).

Analysis of antigen receptor assemblies
For the extraction of the sequences, an R pipeline was developed 
that is available at GitHub (https://github.com/obgiorgetti/minifish). 
Briefly, unique molecular identifier (UMI) barcodes were used to 

account for the numbers of cDNA molecules by matching the sequences 
of UMI, CDR3 region (including the entire J sequence), and a V gene 
sequence identified from the dictionary search. Each unique com-
bination of UMI, V, and CDR3 (including the J) was considered to 
represent a single cDNA molecule but was kept for analysis only if 
read at least three times and was otherwise discarded. Sequences 
with UMIs at a distance of one nucleotide and CDR3 sequences at 
a distance of two nucleotides or less were considered errors; in these 
instances, only the variant with highest numbers of reads was 
retained (note, however, that reads not considered after this cutoff 
are nonetheless contained in the deposited sequence collections 
to be found at www.ncbi.nlm.nih.gov/sra/PRJNA612865).

For repertoire analysis, the paired 5′- and 3′- ends of the mole-
cules were not joined but mapped to the V segments separately. The 
CDR3 region of igm sequences was operationally defined as the 
sequences occurring between and including the characteristic 
C-terminal cysteine of V elements and the characteristic tryptophan 
residue in J region sequences; for tcr sequences, the CDR3 region 
was operationally defined as the sequences occurring between and 
including the characteristic C-terminal cysteine of V elements and 
the characteristic phenylalanine residue in J region sequences.

Entropy analysis for ig and tcr assemblies
Given the random variables [S, complete Ig or TCR sequence; CDR3, 
defined as a sequence from and including cysteine to tryptophan (Ig) or 
phenylalanine (TCR) residues; V, V gene; J, J gene;

L = CDR3 length (where sequence elements and their lengths are 
either amino acid or nucleotide residues)], we estimate the entropy 
H that a given Ig or TCR system S can generate as follows

	​​   H(S) = H(CDR3, V, J) ​  
= H(CDR3 ∣  V, J ) + H(V, J)

​​	

For each l in L

	​​  
H(S ∣ L  =  l) = H(CDR3 ∣ V, J, L  =  l ) + H (V, J ∣ L  =  l) =

​     
H(CDR3 ∣ L  =  l ) –I(CDR3; V, J ∣ L  =  l ) + H (V, J ∣ L  =  l)

​​	

however, instead of calculating

	​ I(CDR3; V, J ∣ L  =  l)​	

which would require a large number of clones for each V-J pair, we 
take the maximum value of

	​ I( CDR ​3​ n​​; V ∣ L  =  l) or I(CDR ​3​ n​​; J ∣ L  =  l)​	

for each position n of CDR3. This substitution is justified, because 
V and J have low mutual information content, as observed in our 
data (fig. S5).

The sum over all l in L gives

	​​  ​ 
l∈L

​​p(l ) H(S∣L  =  l)​	

and lastly

	​ H(S ) = H(L ) + H(S∣L ) – H(L∣S )​	

where the H(L|S) is 0, because if the sequence is known, then its 
length is also known.

Network analysis
To generate a network of sequence similarity, clones where collapsed 
into one node when their amino acid CDR3 sequences were identical 
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(irrespective of the particular V or J segments used in the assembly). 
Nodes representing CDR3 sequences at a Levenshtein distance of 
1 were connected by edges, resulting in an undirected graph. Se-
quences containing stop codons and out-of-frame rearrangements 
were excluded from the analysis. For the network construction and 
analysis, the igraph package (53) was used. The code for the analysis 
is available at https://github.com/obgiorgetti/minifish.

Estimation of the number of lymphocytes in minifish
Because no live specimens of this species were available for cytolog-
ical and histological analyses, we instead measured the number of 
T lymphocytes in zebrafish of about 3 weeks of age, which are similar 
in size and body weight to minifish, assuming that the cyprinid 
body plan and the general structure of the hematopoietic tissues are 
conserved between these two species. In lck:CFP zebrafish [Tg(lck:CFP)/
fr104Tg], the fluorescent reporter marks T lineage cells; on average, 
36,885 ± 14,794 (means ± SD; n = 7) cells were found, providing 
a numerical benchmark for the present analysis of the antigen 
receptor repertoires. The lck:CFP transgene was constructed by 
cloning a 5.8-kb fragment (54) upstream of the ATG initiation 
codon situated in exon 2 of the zebrafish lck gene into the pCS2:CFP 
vector (55).

Genetic relatedness of specimens
To avoid erroneous conclusions when analyzing a possible overlap 
of clonotypes between individuals, we assessed the degree of genetic 
relatedness by determining partial sequences of their mhc genes 
using the primers listed below. Reverse transcription PCR reactions 
were carried out under the following conditions: 1× Q5 buffer, 
0.2 mM dNTP, 0.25 M of each GSP, 0.2 l of cDNA (equivalent 
to 1/1500 of total RNA), water to 49.5 l, 0.5 l of Q5 Hot Start 
High-Fidelity DNA Polymerase (New England Biolabs); 98°C for 
90 s followed by 32 cycles of 98°C for 10 s, 55°C for 20 s, 72°C for 
40 s, followed by 8-min final extension at 72°C. mhc1 sequences 
were amplified using primers MHC1a.5_F (5′-CACGGCCTCGT-
CAGGAATC) and OBG 28 (5′-CAAGAGACACGTCCTCGTGAAC); 
mhc2a  sequences were amplif ied using primers OBG33 
(5′-GTTACTCTGCCTGACTTCTCAG) and OBG38 (5′-GTCGG-
TACTGACTCAGACTG); mhc2b sequences were amplified using 
primers OBG40 (5′-TAGATGCCTCCACAGCGCTC) and 
OBG42 (5′-GATTGTTGACGCTGGCGTGTTC), OBG40 and 
OBG43 (5′-GAGTGGATCTGATAGTACCAGTC), OBG41 
(5′-CGATCTGAGTGACATGGTGTTC) and OBG42, and OBG41 
and OBG43, respectively. Although the primers do not capture all 
mhc-related sequences, the results indicated the presence of dis-
tinct sets of partially overlapping sequences (fig. S6), suggesting 
that the four fish included in the present analysis are outbred indi-
viduals, rather than clonally related.

Statistical analysis
The sample size for animal experiments was limited by the avail-
ability of wild-caught specimens of this uncommon species. The 
code underlying the antigen receptor analyses is available at 
https://github.com/obgiorgetti/minifish.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/1/eabd8180/DC1

View/request a protocol for this paper from Bio-protocol.
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