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Abstract

Reproductive isolation drives the formation of new species, and many genes

contribute to this through Dobzhansky–Muller incompatibilities (DMIs). These

incompatibilities occur when gene divergence affects loci encoding interacting

products such as receptors and their ligands. We suggest here that the nature

of vertebrate immunoglobulin (IG) genes must make them prone to DMIs. The

genes of these complex loci form functional genes through the process of

recombination, giving rise to a repertoire of heterodimeric receptors of

incredible diversity. This repertoire, within individuals and within species, must

defend against pathogens but must also avoid pathogenic self-reactivity. We

suggest that this avoidance of autoimmunity is only achieved through a

coordination of evolution between heavy- and light-chain genes, and between

these genes and the rest of the genome. Without coordinated evolution, the

hybrid offspring of two diverging populations will carry a heavy burden of

DMIs, resulting in a loss of fitness. Critical incompatibilities could manifest as

incompatibilities between a mother and her divergent offspring. During fetal

development, biochemical differences between the parents of hybrid offspring

could make their offspring a target of the maternal immune system. This

hypothesis was conceived in the light of recent insights into the population

genetics of IG genes. This has suggested that antibody genes are probably as

susceptible to evolutionary forces as other parts of the genome. Further

repertoire studies in human and nonhuman species should now help determine

whether antibody genes have been part of the evolutionary forces that drive the

development of species.

INTRODUCTION

The principal function of immunoglobulin (IG) genes of

the vertebrate adaptive immune system is clear. The

antibodies that they encode are central to the immune

response to invading pathogens. However, we propose

here that IG genes have an additional role that is far

removed from the microbial world. We propose that they

help maintain the reproductive isolation that separates

one species from another.

The potential role of IG genes as drivers of speciation

can be explained by the Dobzhansky–Muller

incompatibility (DMI) model.1,2 This model suggests that

genes of loci encoding interacting products may

contribute to the reproductive isolation of different

populations if gene divergence leads to poor interactions

between the products of the genes in hybrid offspring.

Genes that contribute to reproductive isolation are

referred to as speciation genes if genetic divergence at the

loci occurred before speciation was complete.3 We believe

that IG genes may be particularly susceptible to DMIs,

and that they may be able to directly contribute to the

development of reproductive isolation. They should

therefore be considered candidate speciation genes.

IG genes encode the heavy- and light-chain

polypeptides that combine to function as heterodimeric
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IG molecules. Many genes work together to encode each

IG molecule, and the hybrid offspring of diverging

populations may carry heavy- and light-chain gene sets

that interact poorly. We refer here to incompatibilities

between paired heavy- and light-chain genes as specific

DMIs. As discussed below, in the hybrid offspring of

divergent populations, DMIs of this kind could lead to a

disruption of processes by which the immune system is

normally able to control its reactivity to “self” molecules,

with serious implications for the viability of the

individual, and for its reproductive fitness.

We believe there could also be “higher-order”

incompatibilities, in which sets of IG genes essentially

become incompatible with much of the surrounding

genome. We refer to these incompatibilities as generalized

DMIs, and they could particularly manifest via a

mechanism that has evolved to provide immunological

protection to the newborn. All mammalian offspring are

initially protected from infection by maternal antibodies

that are acquired either via placental transfer or via the

ingestion of colostrum. Generalized incompatibilities

between the maternal antibody repertoire and the

biochemistry of hybrid offspring could have profound

consequences during fetal development or in the perinatal

period. A detailed outline of this kind of incompatibility

is also provided below.

IG genes encode the highly variable receptor molecules

that cover the surface of all B cells, with each cell carrying

receptors that are essentially unique to that cell. It is via

these receptors that lymphocytes are able to target

microbial antigens. There are millions of variant genes

that encode the IG repertoire, and these variant genes are

generated by recombination processes involving large sets

of variable (V), diversity (D) and joining (J) genes. These

genes are unique in that they cannot function in their

germline configuration. Rather, functional gene products

are generated by processes that join multiple genes of

different types into a functional unit.4–6 In humans, there

are approximately 50 unique but similar heavy-chain V

genes, as well as 23 unique heavy-chain D gene sequences

and 6 unique heavy-chain J genes.7 Functional heavy-

chain VDJ rearrangements are produced by the

recombination of one gene from each of the three gene

sets, and the combinatorial diversity that is made possible

by the size of the gene sets is massively expanded by

additional processes that add to and remove nucleotides

from the joining gene ends.4–6 Functional human light-

chain VJ genes are similarly produced from large sets of V

and J genes from the kappa locus on chromosome 2, or

from genes of the lambda V and J loci on chromosome

22.8,9 The recombination process is illustrated in Figure 1.

Together, the IG gene sets encode a repertoire of tens

of millions of different antibodies with distinct

specificities. It was long thought that the powers of the

recombination process would ensure that everyone had

all necessary specificities within their IG repertoires. It

has recently become clear, however, that the presence or

absence of particular IG genes and allelic variants can

influence the ability of individuals to mount antigen-

specific responses, and this has been reported from

human studies10 and mouse studies.11 Critically, the IG

gene loci found within a given species are not necessarily

similar to those of even closely related sister taxa. Genetic

data from various species, including the house mouse

(discussed below), demonstrate that these loci are not

highly conserved across the tree of life, but are likely

subject to rapid evolution. Divergence of the IG loci in

separating populations must result from the changing

nature of the microbial challenges that are the targets of

the IG response, and this likely evolutionary drive

addresses a deficiency that has previously been noted for

the DMI model of speciation.12 The DMI model focuses

on gene incompatibilities without addressing possible

drivers of gene divergence that give rise to the

incompatibilities.12

Speciation genes can be present in regions of high

genomic differentiation,13,14 and the search for such

regions has therefore become a pathway to the

identification of candidate speciation genes. This

approach, however, has not previously pointed to any

involvement of the IG loci in speciation. We believe that

this is a consequence of the fact that the genomic

differentiation of the IG loci has been hidden by the

complexity of these regions. Complex loci such as these

are unsuited to investigation using short-read sequencing,

and are poorly represented in all but the highest quality

genome assemblies.15–17 Almost no data have been

available until recently on the population genetics of IG

genes in any species.18 This has allowed these complex

loci of the vertebrate adaptive immune system to escape

scrutiny by evolutionary biologists and even by

immunologists.

Our understanding of the population genetics of IG

genes is now progressing, with the development of

inferential approaches to gene identification,19–22 and

more recently from genomic studies using long-read

sequencing.16,17,23 The magnitude of IG gene variation

that these approaches have identified within the human

population and in other species has transformed our

understanding of antibody gene evolution. This in turn

led to our belief that IG genes are outstanding candidate

speciation genes. Many genes may participate in the

speciation process, varying in their relative contributions

or “effect sizes,” but we believe that the combination of

general and specific DMIs outlined here could give IG

genes a high epistatic “effect size.”
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COEVOLUTION OF GENES IS REQUIRED
FOR SELF-TOLERANCE

For over 70 years, our understanding of the adaptive

immune systems of vertebrate species has been guided by

the metaphor of “self and nonself.”24 Although the

metaphor has sometimes been challenged,25,26 and

although the concept of self is not a precise scientific

term,27 the immune system generally responds to

molecules of the external world (nonself), and vigorous

responses to molecules of the immune system’s host (self)

are usually associated with autoimmune disease or the

response to neoantigens of cancerous tissues (altered self).

Critical to our belief that IG genes have a role as speciation

genes is our belief that a failure of an individual to mount a

vigorous response to “self” is, in effect, a failure of the

individual to make vigorous responses to “self” molecules

that might characterize its species. The biochemical self is

not easily distinguishable from the chemistry of a species,

because the biochemical make-up of any individual is

mostly shared with other individuals of their species. The

immune system’s “awareness” of self can therefore be

looked at as an awareness of the species.

In any individual, each lymphocyte of the adaptive

immune system carries antigen receptors on its surface

that are more or less unique to that lymphocyte. These

receptors are encoded by genes that are utilized through

a unique process known as V(D)J gene recombination,

which is influenced by both heritable and stochastic

components (Figure 1). A consequence of the generation

of millions of recombined IG genes is that the resulting

B-cell repertoire will include many self-reactive cells.28,29

Despite the generation of these autoreactive B and T

cells, a state of self-tolerance is usually maintained.

Central, peripheral and systemic processes act to delete,

silence or suppress any self-reactive B cells,30,31 and to

ensure that clonal activation is focused upon non-self-

pathogens.32,33

One process that limits the generation of self-reactive

cells is a central selection process that is critical to the

present hypothesis (Figure 2). V(D)J recombination is

usually said to involve a single heavy-chain VDJ

rearrangement and a single light-chain VJ rearrangement.

In fact, if this initial process leads to self-reactivity,

developing B cells can be selected for further rounds of

rearrangement of their light-chain genes. This process is

called receptor editing,34,35 and it leads to new heavy-

chain/light-chain pairs that may be less self-reactive

(Figure 2). The nature and organization of the light-

chain genes is such that multiple rounds of light-chain

rearrangement are possible,36 while the genes of the

heavy-chain locus can only rearrange once. Some heavy-

Figure 1. An overview of key elements contributing to the diversity of the B-cell and immunoglobulin (IG) repertoires. A basic schematic of the

germline IGH locus is shown, consisting of clusters of tandemly arrayed heavy-chain V, D and J and light-chain V and J genes. Only a handful of

the genes of each cluster are shown and the figure is not to scale. Constant region genes are located downstream from the J genes of each

locus, and are not shown. During the initial formation of the na€ıve repertoire, single IGH V, D and J gene segments on one of two chromosomes

in a given B-cell are somatically recombined; at each of these steps, varying numbers of nucleotides are removed from the joining gene ends, and

random nucleotides are added at the D–J and V–D junctions. Light-chain V-J rearrangements then takes place in a similar manner. Random

additions are labeled “N.” The variable regions of the IG molecules that are encoded by the V(D)J gene rearrangements are indicated, and are

expressed in association with products of constant region genes. Two identical heavy chains and two identical light chains are ultimately paired

through disulfide bonds to form a functional antibody.
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and light-chain pairings are not autoreactive and are

therefore “permitted.” Others are self-reactive, and such

pairings may trigger receptor editing. Genes that give rise

to “forbidden” pairs may be tolerated within the genome

as long as many suitable pairings exist for each gene, and

as long as receptor editing offers a means by which

suitable pairings can usually be found.

The danger of self-reactive pairs is revealed if the

capacity of an individual to edit light-chain

rearrangements is compromised. Reduced receptor

editing is associated with several autoimmune conditions

in the human and the mouse.37,38 When the system of

gene recombination and editing is fully functional,

occurring independently in billions of developing

lymphocytes, an individual can generate a diverse

antibody repertoire that targets the external world

without overloading the systems that normally control

any residual self-reactivity.

SPECIFIC DMIS BECAUSE OF HEAVY- AND
LIGHT-CHAIN GENE INTERACTIONS

IG genes must evolve in response to the changing

microbial world. In fact, as IG genes encode

(a)

(b)

(c)

Figure 2. The outcome of kappa chain gene rearrangement after successful heavy-chain gene rearrangement in the offspring of parents with

varying amounts of genetic divergence. Recombination of a rearranging locus may be terminated by activity of the kappa deleting element (KDE).

This will drive recombination to the j locus on the alternate chromosome, or from the second j locus to the k gene loci. Differing outcomes are

shown where heavy- and light-chain genes have coevolved, and where they are mismatched. Even in the offspring of highly divergent parents,

some antibodies will form from heavy- and light-chain genes that have coevolved, and some that are mismatched. Where there is little

divergence between parents (a) multiple rounds of kappa chain rearrangement lead to a repertoire with little self-reactivity that is easily

controlled. As genetic divergence between the parents increases (b), there is increasing uncontrollable self-reactivity in the expressed repertoire.

Genetic divergence reaches a point (c) where self-reactivity is potentially lethal. The lethality of the expressed repertoire, in an individual, is

paralleled by the increasing lethality of the placental transfer of antibodies from mother to fetal offspring. Only kappa light-chain rearrangements

are shown. If kappa chain rearrangements are unproductive, VJ recombination begins at the lambda loci. IG, immunoglobulin.
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heterodimeric molecules, the heavy- and light-chain gene

loci must coevolve to ensure that a repertoire of

antibodies suited to the pathogens of the moment can be

generated, while still maintaining antibody structure and

effector functions. Importantly, they must also coevolve

to limit the extent of self-reactive heavy- and light-chain

pairings. When divergent populations reconnect, and sets

of IG genes that have not coevolved in this way are

brought together, specific DMIs could result. The

consequences of this may be illustrated by the laboratory

mouse. Inbred mouse strains are composites of different

mouse subspecies, and they appear to be burdened by

incompatibilities in their IG loci. We believe this partly

explains the susceptibility of particular strains to

autoimmune disease.36

To understand the IG genes of laboratory mice and the

divergence of their gene sets, we must consider the loci of

the three Mus musculus subspecies from which laboratory

mice are largely derived. The subspecies are believed to

have diverged only 350 000 years ago,14 yet the

divergence of the heavy-chain gene loci of the three

subspecies is extreme. In a study of wild-derived inbred

strains of mice, we identified 87 IG heavy-chain V gene

sequences in the CAST/EiJ strain that is derived from the

Mus musculus castaneus subspecies.39 Exact matches to

the CAST/EiJ sequences were only seen in 5 of 92 V gene

sequences from the M. m. musculus–derived PWD/PhJ

strain, and in 2 of 78 V gene sequences from the

M. m. domesticus–derived LEWES/EiJ strain.39 Some

divergence was also seen in the heavy-chain D and J gene

sets, while single-nucleotide polymorphism analysis and

our unpublished data suggest that the sets of light-chain

genes of the three subspecies are also highly

divergent.36,40

The loci of common inbred mouse strains are also

highly divergent both from one another and from the

loci of the wild-derived inbred strains, for as a

consequence of their early breeding histories, the heavy

and light chain loci of classical inbred mouse strains seem

to be mosaics of genes derived from each of the different

mouse sub-species.39,41 For example, just 4 of the 109

expressed IG heavy-chain V genes of the C57BL/6 mouse

are found among the 162 expressed V gene sequences

identified in the BALB/c mouse.41,42 The mixing of

heavy- and light-chain genes through human

management has been so extreme that many of the self-

tolerant heavy- and light-chain pairings of wild mice may

have been lost.

In the course of just a century, the breeding of these

animals, in the absence of purifying selection, has created

numerous strains that are so susceptible to self-reactivity

that they have become widely used models for the study

of human autoimmune disease. Importantly, these strains

were not bred for this purpose; their autoimmunity is

accidental. We have noted that most mouse strains that

suffer from a susceptibility to autoimmune disease have

glaring mismatches in the likely origins of their heavy-

and light-chain loci.36 That is, single-nucleotide

polymorphism analysis suggests that their heavy-chain

genes are predominantly derived from one subspecies,

while their light-chain genes are predominantly derived

from another (Figure 3). Incompatible sets of heavy- and

light-chain genes will increase the likelihood that any

lymphocyte will produce self-reactive antibodies, and

beyond a certain level of incompatibility, measures for

the control of self-reactive antibodies may well be

overwhelmed (Figure 2).

As an illustrative example, heavy- and light-chain loci

appear to be mismatched in the non-obese diabetic/ShiLtJ

mouse that is an important model of type 1 diabetes.43

Single-nucleotide polymorphism analysis (Figure 3)

suggests that non-obese diabetic/ShiLtJ mice carry a

heavy-chain locus that is M. m. musculus–like, but they

seem to carry a kappa light-chain locus that is generally

M. m. castaneus–derived.36,39 Similar mispairings are seen

in the (NZB 9 NZW)F1, MRL (129 9 C57BL/6)F1 and

BXSB strains that provide models of systemic lupus

erythematosis44–46 (Figure 3).

Not all inbred mice that seem prone to autoimmunity

harbor obviously mismatched loci, and we do not suggest

that IG genes provide the only pathway to autoimmune

disease. However, it is possible that mismatched loci in

some of these susceptible strains are not yet detectable.

We lack a detailed knowledge of the IG loci in any

inbred mouse strains other than a few wild-derived

strains and the BALB/c and C57BL/6 strains.39,42,47,48 If

the identification of the subspecies origins of IG genes is

based on single-nucleotide polymorphism data (Figure 3),

these data may presently fail to capture some important

variation within the loci. It is also true that not all strains

that carry apparently mismatched loci have been reported

to be susceptible to autoimmunity. It is nevertheless

striking that most of the key strains used in research of

autoimmunity carry these kinds of mismatches, and as a

consequence, they would have little reproductive fitness

outside the confines of an animal breeding facility.

COEVOLUTION IS REQUIRED TO AVOID
GENERALIZED DMIS BETWEEN IG GENES

The divergence between the IG loci of the different

subspecies of the house mouse and the reduced fitness of

inbred mouse strains that carry apparently mismatched

heavy- and light-chain loci suggests to us that the genes

of these loci are candidate speciation genes.

Unfortunately, the limited available data make it difficult
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at present to investigate our general hypothesis in other

closely related species or subspecies. It is possible,

however, to explore the likely consequences of gene flow

between reconnecting vicariant populations by reference

to a well-described human condition, as well as to recent

studies of hominid evolution.

If a population of a species migrates into new

territories, with a new microbiota, the IG loci will be

under novel selection pressures. Both the heavy- and

light-chain loci will evolve to directly engage with new

microbial challenges, and to minimize the self-reactivity

of new heavy- and light-chain pairings. Later

reconnection of vicariant populations would be difficult if

incompatibilities had emerged between the heavy-chain

genes of one population, and the light-chain genes of

another. In hybrid offspring of the two populations,

heavy chains encoded by genes from one parent, through

association with light chains encoded by genes from the

other parent, could increase the burden of autoreactivity

for the offspring. If many incompatibilities had developed

between the heavy- and light-chain sets of the two

populations, they could be on an immunological pathway

to reproductive isolation and speciation (Figure 4).

Additional incompatibilities would strengthen this

drive to isolation, for evolution of the genome of the

migrating population would not be confined to the IG

genes. Other changes in the genome would require

coevolution of the IG genes to maintain self-tolerance

(i.e. the ability of products of the IG loci to avoid

recognition of self-proteins across the genome). Gradual

genome-wide changes would ultimately lead to a new

biochemical “self” in the migrating population.

Reconnection of these two populations would now be

compromised if differences between the “selves” of the

two populations had become too great. The immune

system of hybrid offspring of the two populations would

face specific DMIs arising from the lack of coevolution of

the heavy-chain genes of one population with the light-

chain genes from the other. They would also suffer from

incompatibilities between each parentally derived

antibody repertoire and “changed self.” This would occur

because the chromosomal organization of the IG genes

would ensure that essentially 50% of the antibody

repertoire of hybrid offspring would match antibodies of

the maternal or paternal repertoire. These specific and

general incompatibilities would reduce fitness via

Figure 3. Single-nucleotide polymorphism–based predictions of the Mus musculus subspecies origins of germline haplotypes found in the

immunoglobulin (IG) (a) IGHV and (b) IGKV loci among selected classical inbred and wild-derived mouse strains, including strains that are

particularly susceptible to autoimmunity. The MRL/MpJ strain is the parental strain of the MRL/lpr strain, and although MRL/MpJ mice carry a

normal Fas gene, they are also prone to autoimmunity. The lowest three strains shown are wild derived, with genomes that are representative of

the three major subspecies of Mus musculus. M. m. domesticus–derived sequences are shown in blue, M. m. musculus–derived sequences are

shown in red and M. m. castaneus–derived sequences are shown in green. Data from Yang and colleagues.74 Graphics by Mouse Phylogeny

Viewer.75
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pathological processes akin to those seen in chronic

antibody-mediated autoimmune diseases.

An additional antibody-mediated process resulting

from generalized DMIs could also present a potentially

lethal acute autoimmune-like challenge to a hybrid fetus.

Maternally derived antibodies of all eutherian species

function to protect the fetus and/or newborn.49 In

humans and many other species, maternal antibodies are

delivered across the placenta during early fetal

development.50 In others, colostrum-derived maternal

antibodies are taken up from the gastrointestinal tract in

the first days after birth.51 However they are acquired,

these maternal antibodies act to protect the newborn, and

they persist while the immune defenses of the newborn

develop. But these antibodies are not always protective, as

is shown by the human condition hemolytic disease of

the fetus and newborn (HDFN).52

HDFN arises from differences between the blood group

antigens of a mother, and the blood group antigens of

her offspring.53 Although the maternal antibody

repertoire should not be reactive with cells of the mother,

the maternal immune system may come to target the

“foreign” cells of the developing fetus, with potentially

fatal consequences. HDFN, as well as rare pathology

associated with intravenous IG therapy,54,55 reminds us

that despite the biochemical similarities of all members of

a species, some biologically critical differences between

individuals remain. Although the usual pathway to the

development of HDFN is different to the processes we

suggest are involved in speciation, HDFN highlights the

potentially fatal consequences of the transplacental

passage of maternal antibodies. During the evolution of

eutherian species, biochemical differences within a

breeding population will grow. The likelihood and the

severity of deleterious consequences of maternally derived

antibodies could also grow. It is therefore reasonable to

propose that matings of individuals from distinct groups

within a breeding population could result in the placental

transfer of a deadly suite of antibodies.

The immunological consequences of the reconnection of

populations would not all be negative. A radiating

population that had responded genetically to the pathogens

of new territories could be a beneficial source of genes if

somehow individuals from a “founder” population

reconnected with these adapted individuals in those new

territories. If the benefits of the introgression of pathogen-

specific genes outweighed the reproductive consequences

of autoreactivity, such genes could become fixed in the

evolving founder population. Eventually, further genetic

modification could help resolve any resulting autoreactivity

while maintaining the beneficial specificities in the

antibody repertoire. Introgressions that seem to have

benefited the immune system are certainly known.

Many recent studies have presented evidence that

admixtures with Neanderthals and Denisovans have made

valuable contributions to the modern human genome,

including important contributions to the way modern

humans respond to pathogens.56–58 Such studies have

generally focused on receptors of the innate immune

system59,60 and on some molecules (e.g. complement

proteins) that straddle the innate/adaptive divide.61,62 The

introgression of a Denisovan HLA-B allele has also been

identified,63 and the human leukocyte antigen system is

central to the operation of T-cell–mediated adaptive

defenses. We believe that the lack of reports of

introgressions involving IG genes may simply be a

consequence of our lack of understanding of the

population genetics of human IG genes, and of our

inability, at present, to determine the IG genes of our

hominin ancestors. As our understanding improves, it

Figure 4. Genomic changes and antibody repertoire changes in diverging populations. In response to their changing environments and changing

pathogens, migrating populations are subject to major changes in the genome, including major changes in the expressed antibody repertoire.

Over time, a founder population is subject to minor changes in the genome and minor changes in the expressed antibody repertoire.

Compatibility between heavy and light chains, and between the immunoglobulin (IG) repertoire and the biochemical “self” are indicated by color

coding. If the two populations reconnect, the hybrid offspring (at right) show IG Dobzhansky–Muller incompatibilities of four different kinds:

founder IG heavy chains with migrating light chains; migrating heavy chains with founder light chains; founder heavy- and light-chain pairs with

migrating neoantigens and migrating heavy- and light-chain pairs with founder antigens.
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will be important to consider both the positive and the

negative outcomes of any introgressions that may be

identified.

CHALLENGES

Our hypothesis that IG genes are important speciation

genes is not the first proposal that genes of the immune

system could serve this role. For example, the genes of

the vertebrate major histocompatibility complex have

been a focus of speciation studies in teleost fish.64

Neither is it the first time that it has been proposed that

pathogens could be significant drivers of reproductive

isolation between diverging populations. Karvonen and

Seehausen65 proposed that parasites, rather than habitat,

trophic specialization or resource competition, have been

important drivers of divergence and reproductive

isolation within and between populations. Our hypothesis

extends these proposals, and provides an explanation for

why IG genes could play a special role in speciation.

The nature of the IG loci will make the investigation of

the hypothesis challenging. It will not be a simple matter

to explore genetic variation in the IG loci of the

vertebrate species that are so often used for evolutionary

studies, for we lack the necessary baseline studies. A

handful of IG genes have been reported from many

teleost fish species, but the loci have only been well

documented in catfish,66 zebrafish67 and salmonid

species.68,69 Despite decades of research, we are only now

appreciating the extent of individual genetic variation in

the human IG loci,17,18,20 while the study of intraspecies

genetic variation in teleost species is confined to a single

study of the rainbow trout.69

Mouse models may offer a better way forward.

Hybridization zones where mouse subspecies interact

have already been targets for the investigation of

speciation.70 A better understanding of the population

genetics of the IG loci in mouse subspecies should be

pursued. The IG loci of available inbred mouse strains

also need to be properly documented, and will then offer

special opportunities for the study of such things as the

relationships between maternal antibody repertoires and

hybrid fetal viability. The development of congenic

mouse strains with altered IG loci will also allow the

more direct testing of the hypothesis. This will also allow

a more general question to be addressed: can evolution

act upon germline IG genes to reduce the likelihood of

self-reactivity? Antibody repertoire studies, in the mouse,

human and other species, should also offer important

insights—particularly studies that seek to identify whether

or not processes that maintain central tolerance create

“holes” in the antibody repertoire.71 The existence of

such holes is critical to our hypothesis, for it is these

holes that we suggest would be “plugged” in hybrid

offspring, to their detriment.

Our discussions here have been confined to the

possible role of genes of the immune system in vertebrate

speciation, but it is possible that genes of the immune

system have played important roles in speciation in other

groups of organisms. Interestingly, the immune system of

plants has been implicated in speciation, and hybrid

necrosis in plants has been described as an autoimmune-

like response resulting from DMIs.72,73 This raises the

intriguing possibility that throughout evolutionary

history, defense systems that allow the discrimination of

self from nonself may have been driving the formation of

reproductive isolates within the living world.
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