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Abstract

The basal chordate, Botryllus schlosseri, undergoes a natural transplantation reaction that is controlled by a single, highly
polymorphic locus called the fuhc. The fuhc is one of the most polymorphic loci ever described, with most populations
having hundreds of alleles, and up to a thousand found worldwide. Two individuals are compatible if they share one or
both alleles, while those with no shared alleles are incompatible; thus, Botryllus uses a missing-self recognition strategy to
discriminate between up to a thousand histocompatibility ligands. Remarkably, this discriminatory capability, which rivals
that of vertebrate adaptive immunity, is carried out by germline-encoded receptors; thus, the mechanisms that establish and
maintain this remarkable specificity are not understood. Multiple complete haplotypes of the fuhc locus have recently been
sequenced, and at least seven genes with characteristics that suggest a role in allorecognition have been identified, including
ligands, receptors, and intracellular proteins that likely organize and tune signal transduction complexes. This includes a new
receptor family called the fester co-receptors (FcoRs) that encode ITIM and hemITAM domains, linking allorecognition in
Botryllus to canonical immune transduction pathways. This review will summarize our current understanding and working
hypotheses on the cellular and molecular mechanisms that control this innate, highly polymorphic allorecognition response,

and how those may have been co-opted during the evolution of adaptive immunity.
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cccintroduction

Highly polymorphic allorecognition systems are found
throughout the metazoan phyla, from sponges to humans
(Rosengarten and Nicotra 2011; Grice and Degnan 2015;
Grice et al. 2017). While allorecognition responses in ver-
tebrates are well understood, the mechanisms underlying
invertebrate allorecognition are a complete mystery. First,
in the three major models of invertebrate allorecognition
(sponges, cnidarians, and ascidians), there is no conservation
of the candidate allorecognition proteins identified, nor are
they related to any mammalian immune proteins (Grice and
Degnan 2015). The universal presence of allorecognition
suggests that a common selective pressure exists that would
require a multicellular organism to be able to discriminate
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self from non-self. Yet the histocompatibility systems are not
conserved, and have evolved via convergent evolution. How-
ever, they all share three characteristics. First, they show
extraordinary specificity, and can discriminate between hun-
dreds and up to a thousand histocompatibility types. Second,
while recombination and mutation are the basis of discrimi-
natory ability in the adaptive immune system, invertebrates
do not have the genes (e.g., RAG or AID) that promote
somatic diversification, nor are there any data suggesting
that alternative mechanisms exist or are required for dis-
crimination in these species. Third, they all share a common
genomic organization: candidate allorecognition genes are
multigene families encoded in haplotypes. In both cnidarians
and ascidians, these are polymorphic haplotypes with gene
content variation, and include both putative activating and
inhibitory members (Huene et al. 2022; Rodriguez-Valbuena
et al. 2024, 2022).

The structural basis of this recognition specificity and
early appearance in evolution is fascinating. The ability of a
T-cell to discriminate between a single amino acid substitu-
tion in a pMHC complex is only found in adaptive immunity,
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and based on the combination of somatic recombination and
thymic selection. These processes randomly create then dis-
cover only those TCRs with the correct structural chemistry
at the TCR/pMHC interface that make them competent to
bind differentially (Sibener et al. 2018). And while there are
innate allorecognition systems in the vertebrates (e.g., KIRs/
Ly49 s and classical MHC I), the invertebrate allorecogni-
tion systems have orders of magnitude more discriminatory
ability. Thus, from a functional standpoint, allorecognition
in invertebrates is more reminiscent to adaptive immunity,
yet novel systems have evolved independently, repeatedly,
and rapidly throughout metazoan evolution, without the ben-
efit of somatic recombination or a thymus.

As allorecognition ligands and receptors are unique to
each model, we hypothesize that convergent evolution of
polymorphic discrimination systems throughout the animal
kingdom is founded on conserved intracellular processes
that interpret binding information, and are likely the precur-
sors to thymic education in T-cells, and the rheostat model
of education in NK cells, which have also been referred to as
quality control processes (Boehm 2006, 2011; De Tomaso
2009). Both thymic and NK education are cell autonomous
processes which take receptor diversity, created either by
recombination (T-cells) or stochastic expression of activat-
ing and inhibitory receptors (NK cells), and create speci-
ficity (Brodin et al. 2009; Joncker et al. 2009; Ashby and
Hogquist 2024). These education processes set activation
thresholds which allow each cell to be tolerant, but able to
respond to changes in their cell surface ligands and are the
foundation on which mammalian polymorphic discrimina-
tion is based. If these quality control processes appeared
early in evolution, they could help explain the “big bang”
appearance of two independent adaptive immune systems
occurred during early vertebrate evolution—one in the jaw-
less fish and one in the jawed fish (discussed below (Fla-
jnik 2014)). This could also explain the even more rapid
convergent evolution of NK receptors in mouse and human,
whereby equivalent functions (binding to classical MHC I)
are carried out by completely divergent receptors—Ly49 and
KIRs, respectively (Gumperz and Parham 1995).

Conservation of intracellular decision-making processes
would allow immune receptors to maintain specificity with
their rapidly evolving, highly polymorphic ligands. In sup-
port of this hypothesis, we have recently found a new Ig-
superfamily receptor family in the fuhc locus that encodes
canonical ITIM and hemITAM motifs, linking allorecogni-
tion in Botryllus to canonical mammalian signal transduc-
tion pathways (discussed below; Rodriguez-Valbuena et al.
2024). These motifs were also found on candidate allorecog-
nition genes in the cnidarian, Hydractinia allorecognition
(alr) locus (Huene et al. 2022, Rodriguez-Valbuena et al.
2022). This means that allorecognition systems from cnidari-
ans to mammals (a divergence time of ca. 700 million years),
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each of which utilize unrelated receptors, all converge on
the same signal transduction pathways. Thus, the mecha-
nisms which utilize these pathways to translate binding to
outcome—and hence specificity—are also likely conserved.
Our long-range goal is to understand how this occurs.

An excellent model of invertebrate allorecognition is the
basal chordate, Botryllus schlosseri. Allorecognition in Bot-
ryllus occurs when two individuals grow into each other,
and terminal projections of the vasculature, called ampul-
lae, come into contact (Fig. 1A). This interaction results in
one of two outcomes. Either the two ampullae fuse together,
uniting the circulation of the two individuals, or a rejec-
tion response occurs, which is an inflammatory reaction
that blocks vascular fusion (Fig. 1B, C). The decision to
fuse or reject is controlled by a single, highly polymorphic
genetic locus, called the fuhc (for fusion/histocompatibil-
ity Oka and Watanabe 1957; Sabbadin 1962; Scofield et al.
1982b). Two colonies fuse if they share one or both fuhc
alleles, and reject if they share neither allele. The rules of
fusibility demonstrate that compatibility is due to the rec-
ognition of a single self-allele on the other genotype, and
there is no difference in any aspect of the fusion reaction if
the two individuals share one or both alleles (Scofield et al.
1982b). The polymorphism of the fuhc locus is extremely
high—most populations have > 300 alleles, and there are
likely over 1000 alleles worldwide (Grosberg and Quinn
1986; Rinkevich et al. 1995; Nydam et al. 2013c); thus, the
recognition system can pinpoint a self-allele from a multi-
tude of competing specificities. In summary, Botryllus uses
a missing-self recognition strategy to discriminate between
up to a thousand histocompatibility ligands.

Functionally, the allorecognition reaction is only initiated
when two B. schlosseri individuals come into contact, as
ampullae do not reject other organisms or physical objects
when they touch (Fig. 1). Thus, allorecognition consists of
two separate events; one is species-specific and initiates
the response, while the other is individual-specific, deter-
mining the fusion or rejection phenotype. Our findings are
consistent with these observations—fusion and rejection are
due to the integration of two independent inputs, although
the exact mechanisms are not well understood (discussed
below (Nyholm et al. 2006; McKitrick et al. 2011)). In addi-
tion, allelic discrimination is spatially segregated and takes
place at the contact zone between ampullae, as a colony
can simultaneously fuse to a compatible individual on one
side, and reject on another (McKitrick et al 2011). Finally,
while the rules of histocompatibility are that individuals that
share one or both fuhc alleles are compatible and fuse, it is
worth emphasizing that every ampulla in a fuhc heterozygote
can recognize both fuhc alleles—an fuhc®® individual can
simultaneously fuse with a fuhc”® colony on one side, and
a fuhcb® colony on the other. Thus, a Botryllus individual
can make two independent, highly specific allorecognition
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Fig. 1 Allorecognition in Botryllus schlosseri. When two individuals
grow into contact, the first tissues to touch are the ampullae. Panel
A shows the initial contact between a blue (bottom) and orange (top)
colony. This induces migration of a blood cell type called a morula
cell to the tips of the ampullae that have come into contact. A con-
centration of these opaque morula cells can be seen in the ampullae
(white arrow) that are not seen in ampullae distal from the contact
zone (yellow arrows). The orange arrow points to an ampullae from
the blue colony that has formed an immune synapse with two ampul-

receptors, begging the question as to why the rules are that
only a single match is required for fusion (De Tomaso 2006).

The life history characteristics of B. schlosseri also allow
us to study the other fascinating question in histocompat-
ibility: why it exists in the first place. Allorecognition in
Botryllus mediates the natural transplantation of stem cells
(Sabbadin and Zaniolo 1979). Following fusion of two
compatible individuals, mobile germline stem cells (GSCs)
migrate via the parabiotic linkage from one genotype to the
other. When GSCs from two individuals co-exist in a single
body, they can both contribute to germline development;
thus, an individual can be a single somatic genotype, but be
transmitting the gametes from another individual. This ger-
mline parasitism is under genetic control, with winners and
losers found in natural populations, and given that from an
evolutionary perspective loss of the germline is tantamount
to death, this interaction is a strong selective pressure to
maintain individual integrity (Stoner et al. 1999; Fentress
and De Tomaso 2023), and is responsible for creating and
maintaining the extraordinary diversity of the fuhc-based
allorecognition system. Competition between cell lineages
is likely the driving force for allorecognition throughout the
metazoa (Buss 1982).

Besides the phylogenetic relationship to vertebrates, one
advantage of B. schlosseri as a model is the simple genet-
ics that control fusibility. Analysis of over 100 independ-
ent crosses done in multiple populations from independent
groups throughout the world all clearly demonstrates that
the fuhc is a single locus: fusibility segregates in a simple
Mendelian fashion, even in wild-type crosses—there are
no modifying loci or other genetic processes at play (Oka

lae from the orange colony. Morula inflammation occurs during the
beginning of both fusion and rejection response. B If individuals do
not share one or both fuhc alleles, the ampullae become leaky, and
the morula cells discharge, releasing the precursors of the proph-
enoloxidase pathway, resulting in the local deposition of melanin,
forming a structure called a point of rejection (POR, white arrow). C
If two individuals are compatible, the ampullae fuse together, forming
a parabiosis (white arrows). The ampullae then transdifferentiate into
a vessel

and Watanabe 1957; Sabbadin 1962; Scofield et al. 1982a,
b). In contrast, both sponges and cnidarians appear to have
more complex genetic systems (Grice et al. 2017; Rodriguez-
Valbuena et al. 2022). More importantly, the fuhc locus is
turning out to be remarkably informative. Encoded within
the ca. 800 Kb locus are ligands, receptors, and intracel-
lular molecules that likely play a role in specificity (Fig. 2).
Polymorphism is a key characteristic of proteins involved in
allorecognition, and is found in seven proteins in the locus,
named:fester, the fester co-receptor (FcoR), a HECT fam-
ily E3-ubiqutin ligase (HE3L), Botryllus histocompatibility
factor (BHF), fuhc-sec, fuhc-tm, and HSP40L. Four of these
genes (BHF/fuhc-sec/fuhc-tm/HSP40L) are encoded in an
ca. 110 Kb region of the genome (Fig. 2; De Tomaso et al.
2005; Voskoboynik et al. 2013; Rodriguez-Valbuena et al.
2024; Thier et al. 2024)). Thus far, polymorphism of all four
genes segregates with fusibility outcomes, suggesting that
one or a combination of the genes is the ligand or required
for specificity; thus, we are calling this region the fuhc-L
(Fig. 2). The genomic organization of the fuhc-L is highly
conserved both between B. schlosseri individuals, and also
throughout the botryllid ascidians, which all have equiva-
lent single locus allorecognition systems (Saito et al. 1994;
Rodriguez Valbuena, in preparation). In contrast, the region
of the fuhc encoding the allorecognition receptors fester,
FcoR, and HE3L is highly polymorphic—the three genes
are encoded in diverse clustered haplotypes that are rapidly
evolving, with gene content variation that differs greatly
between B. schlosseri individuals, and also at the species
level. The fuhc region is bounded by conserved housekeep-
ing genes (Fig. 2), and these genes are conserved in the fuhc
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fester/FcoR haplotype A2 (900 Kb)

Fig.2 Genomic organization of the fuhc locus. An illustration of the
fuhc A2 haplotype as described in the text. Conserved framework
genes are shown in light blue, and these genes are conserved and
demarcate the fuhc locus in all botryllid ascidians. The fuhc-L (BHF
to HSP40L) is shown in red and in this haplotype spans a distance
of 109 Kb. The distance between BHF and uncle fester (FF3) is ca.
150 Kb, and this haplotype contains three fester family (FF)/fester co-

of all related species examined thus far, and similar to the
housekeeping genes of the Class III region of the vertebrate
MHC, are conserved even in distantly related species that do
not encode any fuhc effector genes (Rodriguez-Valbuena, in
preparation; Rodriguez-Valbuena et al. 2024).

In summary, the fuhc locus of B. schlosseri appears to be
analogous to the concept of the ancestral, ur-MHC super-
gene: both ligands and receptors are encoded side by side
(Flajnik and Kasahara 2010; Flajnik 2014), although as
described below we have recently uncovered another level
of complexity in the effector arm. Importantly, this locus
also encodes three surprisingly polymorphic cytoplasmic
proteins that could help us understand the basis of specific-
ity: BHF, HSP40L, and HE3L. As discussed below, our data
suggest that these proteins could be involved in establishing
and/or maintaining specificity (Taketa et al 2015).

Positional cloning of the fuhc locus—the
fuhc ligand (fuhc-L)

Botryllus schlosseri colonies can be reared and crossed
entirely in the laboratory, and partially inbred lines of B.
schlosseri with known fusibility types have been created (De
Tomaso et al. 1998). Using these resources, the fuhc locus
was genetically and physically mapped, and candidate genes
from the genomic sequence were isolated and studied (De
Tomaso et al. 2005). The genetic map delineated the fuhc
to a 1.3 cM region, and physical mapping of this region
resulted in several contigs that could not be assembled, but
represented over 1.0 Mb of DNA. A new genome assembly
confirms this, giving a conservative estimate of genetic to
physical distance of 1 cM =1 Mbp, as well as providing the
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fuhc-L (109 Kb)

receptor (FcoR) pairs, each of which is encoded next to a HECT fam-
ily E3-ubiquitin ligase gene (HE3L). The fester/FcoR region is highly
diverse between haplotypes, and gene content variation is of pairs
of FF/FcoR genes (Rodriguez-Valbuena et al. 2024). The signaling
domain of each FcoR is show; the core motif is the sequence (Y-x-x-
I/L/V). Drawing not to scale. FF fester family, FcoR fester co-receptor

complete genome sequence of two fuhc haplotypes from an
individual from the Mediterranean coast of France (Rodri-
guez-Valbuena et al. 2024; Thier et al. 2024). Genes within
the physically mapped fuhc were predicted computationally,
and candidates for further studies were chosen based on their
predicted properties, e.g., known protein domains (e.g., Ig or
LRRys), predicted architecture for a histocompatibility ligand
(signal sequence and transmembrane domain), or anything
else that looked vaguely immune-like. These were next iso-
lated from cDNA made from two rejecting genotypes and
tested for polymorphism, and if so, were studied further.

Fuhc-sec and fuhc-tm One gene had most of the charac-
teristics expected for a histocompatibility ligand which we
named the candidate fuhc (cfuhc): it was a highly polymor-
phic transmembrane protein, the polymorphisms segre-
gated with fusibility in wild-type pairings, the protein was
expressed in the blood and ampullae, and it was an immu-
noglobulin superfamily member (De Tomaso et al. 2005).
In our first assessment, we found that this was a single gene
that could be alternatively spliced into a secreted form, and
a transmembrane form. Later we found that candidate fuhc
was not a single, alternatively spliced gene, but actually two
genes encoded side by side, a secreted protein (fuhc-sec),
and a transmembrane protein (fuhc-tm) separated by 227 bp
(Figs. 2 and 3) (Nydam et al. 2013a, b, ¢). fuhc-sec is a ca.
550 residue protein with a signal sequence, Ig domain and
two EGF domains, and significantly more polymorphic than
any other gene in the fuhc locus, with 21 codons showing
evidence of balancing selection (Nydam et al., 2011). The
distribution of polymorphism is interesting—each allele dif-
fers by ca. 25 residues spread throughout the protein, and
there are no hypervariable or other regions that provide
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Fig.3 Predicted structure and distribution of polymorphism in the
four fuhc-L genes. Top: DIVAA analysis of the distribution of poly-
morphism among 20 + allotypes of the four fuhc-L proteins is shown.
Each amino acid is a dot, and plotted using the DIVAA metric,
whereby a value of 0.05 means complete conservation of the amino
acid at that position among all allotypes, while a value of 1.0 means
that every allotype has an equal probability of encoding any of the 20
amino acids at that site (Rodi et al. 2004). Note change in scale for
BHF and HSP40L vs fuhc-sec and fuhc-tm (red lines). The black line
at 0.05 for BHF and HSP40L is composed of hundreds of black dots,
as the vast majority of each protein is completely conserved. Only
polymorphic residues in the ectodomain are shown for fuhc-sec and
fuhc-tm. No hypervariable regions found in any gene; however, the

insight into allelic discrimination (Fig. 3). Importantly,
there are no transmembrane or other predicted domains that
would target the protein to the cell surface, and it is secreted
when expressed in mammalian cells (Nydam et al. 2013b).
Nevertheless, both functional and molecular evolutionary
studies suggest that fuhc-sec is the ligand (discussed below).

Sfuhc-tm is a ca. 535 residue type I transmembrane pro-
tein with a signal sequence, three tandem Ig domains, a tm
domain, and short intracellular tail (Fig. 3). Each allele of
fuhc-tm differs by about 10—15 amino acids which are also
scattered throughout the ectodomain, and only 5 codons
show evidence of balancing selection (Fig. 3; Nydam et al.,
2011). fuhc-tm is targeted to the plasma membrane when
expressed in mammalian cells (Nydam et al. 2013b), and the
tight linkage and polymorphism of the two proteins might
indicate that the fuhc ligand is a fuhc-sec/fuhc-tm heterodi-
mer. However, this would require exclusive assembly of the
genes from each haplotype in a fuhc heterozygous individ-
ual. In turn, this would necessitate co-evolution of the two
alleles to maintain specificity, which seems unlikely given

O
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y

majority of substitutions of the HSP40L allotypes are concentrated
in the client binding domain at the COOH tail of the protein, which
interacts with target proteins (Kampinga and Craig 2010). Middle: A
2D model of protein domain structure for each locus is shown (not to
scale). Domains are as follows: IDR, intrinsically disordered region;
SP, signal peptide; EGF, epidermal growth factor; Ig, immunoglob-
ulin; TM, transmembrane, Zn-F, zinc finger domain; CB HSP 40,
client binding domain. Bottom: Alphafold models of each gene are
shown. Polymorphic residues with <80% (HSP40L) or <89% (fuhc-
Tm and fuhc-Sec) identity in alignments of the HSP40L, fuhc-tm,
and fuhc-sec proteins are highlighted in blue. The proteins are ori-
ented with the N-terminal regions to the left side

the number of histocompatibility types in natural popula-
tions. In addition, while both genes are co-expressed in the
ampullae, scRNA seq of circulatory cells has revealed that
the two genes are expressed on different populations—fuhc-
sec is on a population of blood cells, which was also seen
in an independent study (Rosental et al. 2018). However,
fuhc-tm is found on a subpopulation of germline stem cells
(in preparation). This is interesting given that there are no
promoter or enhancer elements in the 227 bp region that
separates the two genes. Co-expression studies demonstrate
that fuhc-tm and fuhc-sec can form a heterodimer at the cell
surface (Nydam et al 2013b); however, other role(s) of fuhc-
tm, and more importantly, the polymorphism of the protein,
are not understood at this time.

HSP40L These studies also identified a polymorphic HSP40/
chaperone protein encoded 8 Kb away from the fuhc-
tm locus and also expressed in the ampullae (Fig. 2 and
3 (Nydam et al. 2013a). HSP40L is closely related to the
DNAjC21 protein. It is nearly the exact same length and has
identical protein domain architecture, consisting of an NH
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terminal HSP40 domain, two zinc fingers interspersed with
coil/coil domains, and a COOH tail “client binding” domain
which interacts with target proteins (Kampinga and Craig
2010). The fuhc-encoded gene is polymorphic, and these
polymorphisms are concentrated in the client binding region
at the COOH tail of the protein, and multiple codons show
evidence of selection (Fig. 3). When expressed in mam-
malian cells, HSP40L was found in the cytoplasm (Taketa
et al. 2015). To our knowledge, there is no other example
of a polymorphic DNAj family member, and these charac-
teristics suggest a role in assembling allele-specific protein
complexes, and/or signal transduction (Lang et al. 2022).

Botryllus histocompatibility factor (BHF) An unbiased bio-
informatics screen designed to identify all the polymorphic
genes in transcriptomes from multiple fuhc-defined geno-
types and assess their correlation with fusibility identified
a gene called Botryllus histocompatibility factor (BHF)
(Voskoboynik et al. 2013). Polymorphisms of BHF corre-
lated with fusibility outcomes, and the gene was found to
be encoded in the fuhc locus, 67 Kb away from fuhc-sec
(Fig. 2), confirming previous genetic studies. BHF is a pro-
tein with multiple intrinsically disordered regions (IDR) that
is also polymorphic—and similar to HSP40L, to our knowl-
edge, this has not been previously described. That said, it
is not clear what role polymorphism would play in an IDR,
although newer modeling techniques suggest that most of
the polymorphisms are found in a-helices between the IDR
regions (Fig. 3).

Knockdown of BHF blocked both fusion and rejection
responses, resulting in a “no-reaction” phenotype, equiva-
lent to the knockdown phenotypes of the inhibitory receptor,
fester (discussed below, Nyholm, et al. 2006). While it was
initially suggested that BHF is a histocompatibility ligand, a
subsequent study found that BHF is neither highly polymor-
phic, nor is there strong evidence of positive or balancing
selection on the protein (Fig. 3; Taketa et al. 2015), with the
caveat described above. In addition, multiple tagged versions
of BHF were expressed in mammalian cells and the protein
was targeted directly underneath the plasma membrane.
Interestingly, BHF also remained associated with the plasma
membrane following subcellular fractionation, and using a
series of truncation and point mutation constructs, we found
that three cysteines in the first 50 amino acids had a signifi-
cant role in BHF localization, likely due to palmitoylation
of those residues (Taketa et al. 2015). IDPs can play a criti-
cal role in signal transduction, including signal tuning and
integration, often based on their role in phase transitions or
the ability to act as promiscuous signaling hubs (Bondos
et al. 2022). The combination of polymorphism and loss-
of-function phenotypes suggests that BHF is involved in
assembling and maintaining membrane protein complexes
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that include fester, and these complexes are responsible for
signal transduction and specificity (discussed below). This is
consistent with the targeting of BHF to the intracellular side
of the plasma membrane, as we hypothesize that clustering
and/or spatial coordination of proximal signaling is critical
for polymorphic discrimination. BHF may provide a novel
tool to dissect the molecular interactions that underlie poly-
morphic discrimination in B. schlosseri.

The fuhc effector system

The fester family The first highly polymorphic gene identi-
fied in the fuhc locus was fester, which was a 350 amino
acid type I transmembrane protein with a signal sequence,
an extracellular Ig domain, a Sushi domain, followed by
three transmembrane domains, and a short intracellular tail
(Nyholm et al. 2006; Rodriguez-Valbuena et al. 2024). Fes-
ter is both polymorphic, there are ca. 100 allotypes in the
US, and polygenic, as two haplotypes were found in our
lab-reared strains, one with a single fester locus, and another
with two loci. However, fester is not as polymorphic as fuhc-
sec, nor did the polymorphisms correlate exactly with fusi-
bility outcomes. In addition, it appeared that multiple exons
of fester can be alternatively spliced, with each individual
analyzed expressing a full-length form of fester, along with a
unique repertoire of alternative splice variants. Importantly,
genotype-specific alternative splice repertoires were main-
tained for the life of the individual—the ampullae can be
ablated and will regenerate with no loss of specificity, and
the fester splice repertoire was maintained, even following
multiple ablation/regeneration cycles (Nyholm, et al. 2006).
Together, these genotype-specific characteristics suggested
that fester was an allorecognition receptor responsible for
discrimination of fuhc ligands, and we speculated that avid-
ity from binding of different splice variants could be respon-
sible for specificity. As described below, this is turning out
to be a much more complex story (Rodriguez-Valbuena et al.
2024).

Fester is expressed on the ampullae as well a subset of
blood cells, and its role in allorecognition was assessed
using two methods—monoclonal antibody (mAb) interfer-
ence and siRNA knockdown. When a monoclonal antibody
raised to an allele (fester”) carried in our lab-reared lines
was injected into individuals in a compatible pairing—
both fester* homozygotes, there was no effect, and fusion
occurred normally. However, when injected into individuals
that were incompatible, but both expressed the fester” allele,
a rejection could be turned into a fusion, suggesting that the
antibody was stimulating fester, which could override the
rejection response. This result was allele-specific, but more
importantly we found that one of the two individuals in the
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preceding experiment had to be a fester™* homozygote—if
the antibody was injected into two incompatible fester/®
heterozygotes, the rejection response was not blocked. This
indicated a dose-dependent response to mAb binding was
required to override the rejection response, and that ampul-
lae from both individuals had to be stimulated for fusion
to occur. In contrast, siRNA knockdown of fester gave an
unexpected phenotype. Given the mAb-blocking results, we
expected that knockdown of fester would cause compatible
pairings to reject, as there would be no recognition of the
fuhc ligand. However, we found that knockdown of fester
blocked both fusion and rejection responses—when ampul-
lae of either compatible or incompatible pairings came into
contact, there was no reaction, equivalent to that seen for
BHF (discussed above). As the siRNA was complementary
to non-spliced exons of fester and should have ablated all
splice variants, we hypothesized that while the spliced rep-
ertoire provided specificity, either the full-length form com-
mon to all individuals or a subset of splice variants could be
partitioned into a receptor controlling rejection and another
controlling fusion.

Subsequently, we identified another genomic locus that
appeared to be a duplication of the region encoding fester
exons 6—11, but with no homology to the 5’ end of the gene,
and discovered it encoded a related protein, uncle fester.
The NH2 terminal half of uncle fester had no DNA or amino
acid homology with fester, but an equivalent architecture,
including a signal sequence, Ig and sushi domain, followed
by three TM domains, and an intracellular tail. In contrast to
fester, uncle fester was monomorphic, and we only identified
two alleles that differed by a single amino acid in popula-
tions from the USA and Europe. In addition, uncle fester did
not show extensive alternative splicing; however, we found
that there were genotype-specific expression levels that dif-
fered by over tenfold between individuals, and were stable
over time (Taketa et al. 2024).

Uncle fester was also expressed in the ampullae and a
subset of blood cells, and we carried out equivalent func-
tional studies as described above. First, siRNA knock-
down of uncle fester in incompatible pairings resulted in
a no-reaction phenotype, blocking the rejection response,
equivalent to fester. In contrast, knockdown of uncle fester
in compatible pairings had no effect, and the ampullae fused
normally, indicating that uncle fester is solely involved in
the rejection pathway, and that fusion and rejection are not
mutually exclusive. In addition, these studies also revealed
that uncle fester expression level correlated with the rejec-
tion phenotype. For example, partial knockdowns resulted
in a slower, less intense rejection response vs control pair-
ings, and genotypes with higher expression would have
robust rejection responses (McKitrick et al. 2011; Taketa
et al. 2024). We also carried out mAb interference experi-
ments and found that the presence of an anti-uncle fester

mADb had no effect on incompatible pairings, which rejected
normally. In contrast, in compatible colonies the presence of
the antibody would override a fusion in process, resulting
in a rejection. Finally, by conjugating the mAb to magnetic
beads we could manipulate an individual ampullae, which
initiated a rejection response, but had no effect on adjacent
ampullae, consistent with the spatial segregation of the reac-
tion, described above. In summary, uncle fester is necessary
and sufficient to activate the rejection response.

Together, these studies revealed that allorecognition
outcomes are not mutually exclusive, rather a quantitative
response due to the integration of signals from two inde-
pendent pathways, each of which is tunable. When juxta-
posed ampullae come into contact and form a synapse, a
rejection response is initiated at the immune synapse via a
receptor that includes uncle fester (Fig. 1A). This recruits a
blood cell type called a morula cell to the tips of the ampul-
lae in contact, and recent scRNA seq data suggests this
inflammatory signal is mediated by IL-17 (in preparation).
If no other signal is received, the ampullae lose barrier
function, and the morula cells leak into the periphery and
lyse, discharging the precursors of the prophenoloxidase
pathway, which form melanin scars in situ, called points of
rejection (POR; Fig. 1B). This reaction also produces ROS
that can kill the nearby the ampulla (Ballarin et al. 1998,
2002). As described below, there are a range of rejection
responses that can be classified by the number, size, and
time of formation of the POR, as well as the integrity of
the interacting ampullae. However, if a self fuhc allele is
recognized by fester, this overrides the rejection response
and triggers fusion of the ampullae, which transdifferentiate
into a vessel (Fig. 1C).

Functionally, this is equivalent to responses by mam-
malian NK cells, which integrate signals from activating
and inhibitory receptors via integration of ITIM and ITAM
signaling; however, neither fester nor uncle fester encodes
any known signaling domains. Nonetheless, we had already
found that proteins encoding cytoplasmic ITIM and ITAM
domains—as well as nearly all associated signal transduc-
tion molecules used in mammals—were present in ascidian
and other invertebrate genomes (Azumi et al. 2003; Nicotra
2019), and are expressed in the ampullae (see below), so
hypothesized that signaling was transmitted via promiscu-
ous adaptor molecules encoded activating (e.g., a DAP12
homolog) and inhibitory motifs. In addition, while the
knockdown phenotypes were robust and consistent in differ-
ent genotypes, it was not clear if other receptors contributed
to specificity. As described below, we have now found the
signal transduction partner, which has revealed another level
of complexity to the effector system.

HECT family E3-ubuiqutin ligase (HE3L) Finally, in our ini-
tial studies, two haplotypes from our mapping populations
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were physically mapped (Nyholm et al. 2006). Haplotype
A had a single fester and single uncle fester locus, while
haplotype B had two fester loci and one uncle fester locus.
We found that a unique HE3L locus was encoded next to
each fester and uncle fester locus in both haplotypes. The
amino acid sequences were ca. 95% identical, revealing
another unexpectedly polymorphic protein encoded in the
fuhc locus (Rodriguez-Valbuena et al. 2024; Nath and Isa-
kov 2024). Multiple E3-ligases, such as c-cbl, cbl-b, and
NEDDA4, play critical roles in tuning of both T-cell and NK
signaling pathways, regulating signal strength and setting
activation thresholds for both cells (O’Leary et al. 2015;
Nath and Isakov 2024). For example, in naive peripheral
T-cells, ablation of cbl-b allows naive T-cells to be activated
without co-stimulation (Chiang et al. 2000), while in NK
cells, c-cbl sets a threshold that can only be overcome by two
independent activation signals (Kim et al. 2010). Moreover,
in peripheral T-cells, the HECT family member NEDD4
positively regulates signal strength by interacting with both
cbl-b and PTEN (O’Leary et al. 2015). The genomic redun-
dancy, polymorphism, and linkage of the HE3L genes within
the fuhc locus of Botryllus suggest a role in allele-specific
tuning and discrimination.

Expanded fester and the fester co-receptor (FcoR) fami-
lies We have recently found that the fester family is much
more diverse than previously described, and have identi-
fied over 37 new loci. These are encoded in polymorphic
haplotypes with gene content variation, and each individual
expresses an average of 10 loci (Rodriguez-Valbuena et al.
2024). Similar to fester and uncle fester, the new loci share
little amino acid homology but equivalent domain architec-
ture, and we are renaming these genes the fester family—
fester is now FF1, and uncle fester is FF3. We have also
identified the signal transduction partners, which are another
large multigene family thus far consisting of 53 loci, that we
are calling the fester co-receptors (FcoRs). The FcoRs are
type I TM proteins related to fester and encoded in the fuhc
locus (Fig. 2). They range in size from 520 to 610 aa, and
encode a signal sequence, a variable type Ig domain, sushi
domain, two C2-type Ig domains, a transmembrane domain,
and a long intracellular tail which can encode canonical
ITIMs, hemITAMs, and a core tyrosine motif (Y-x-x-I/L/V)
of unknown function (Bauer and Steinle 2017). The core
motif can be found alone or in combination with the ITIM
or hemITAM domains, and many loci also encode SH2
domains. Each FF family member is encoded next to and
expressed with a cognate FcoR family member. For example,
fester (FF1) is paired with FcoR7, while uncle fester (FF3)
is paired with FcoRI (Fig. 2). There is also a link between
polymorphism of each gene in a pair, and the putative func-
tional role of the FcoR partner. For example, FcoR7 is as
polymorphic as fester, and also encodes an ITIM domain,
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consistent with its role as an inhibitory receptor. By con-
trast, uncle fester (FF3) is paired with FcoR1, which is also
monomorphic and encodes a tyrosine core motif domain,
matching its role as an activating receptor.

These studies have also revealed several other surpris-
ing results. First, while only several haplotypes have been
sequenced, the FF/FcoR are encoded as pairs in two poly-
morphic haplotypes—one is in the fuhc locus on chromo-
some 11 (Fig. 2), and another is on chromosome 5—and
gene content variation in both haplotypes is of the gene
pairs. These pairs are also co-expressed in transcriptomes
from multiple individuals (n= 25), suggesting they assem-
ble into specific heterodimers. To our knowledge, haplotype
variation of gene pairs has never been described before, and
if these genes do heterodimerize, the binding site will consist
of two IgV-like domains. Finally, there is a third polymor-
phic haplotype found on chromosome 9 that encodes only
FcoR loci.

In addition, there is only one highly polymorphic locus of
both genes—FF1 and FcoR7, and these are paired. There are
also two oligomorphic pairs, with four alleles discovered of
each partner thus far, and a number of monomorphic pairs
that were identical in > 5 individuals were also found. How-
ever, about 40% of the loci have only been identified in a
single individual, so this is likely an underestimate. Neverthe-
less, given their role in allelic discrimination, we would have
predicted that there would be more polymorphic, inhibitory
gene pairs. The presence of multiple monomorphic pairs is
intriguing, as the FcoR partner always encodes a hemITAM
or core motif, but never an ITIM. The oligomorphic pairs are
particularly interesting, as the polymorphisms in the FF part-
ner are concentrated in the ectodomain, but the FcoR partner
alleles differ in both the ectodomain and signaling motifs,
and encode either an ITIM or a hemITAM. In addition, each
oligomorphic FcoR locus can undergo alternative splicing
that swaps one motif for the other, suggesting that the link
between binding and signal output (activation or inhibition) is
plastic, and required for allelic discrimination. However, the
big surprise was that the uncle fester pair (FF3/FcoR1), which
we thought was the sole activating receptor, is not ubiquitous.
In summary, our previous hypotheses that allorecognition is
due to the integration of activating and inhibitory pathways
initiated by two receptors was oversimplified; this is a much
more complicated interaction (discussed below).

Analysis of individual transcriptomes reveals that nearly
all FF and FcoR genes show evidence of genotype-specific
expression and alternative splicing that can differ by orders
of magnitude, as we had found previously (Nyholm et al.
2006; Taketa et al. 2024). However, similar to the original
results for cfuhc (described above; Nydam et al. 2013b),
the extent of alternative splicing of fester (FF1) assessed by
PCR does not match that found by either short read or long
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read bulk transcriptome sequencing from multiple individu-
als. This is intriguing, because all of the 64 splice variants
of fester originally identified by PCR were in frame, while
exons randomly mixed and analyzed computationally were
not. Moreover, we had done several qPCR studies on indi-
vidual splice variants that were entirely consistent, but the
same variants are not found in bulk sequence data. Finally,
several of these either extremely rare or non-existent splice
variants were expressed in mammalian cells and targeted to
the plasma membrane, indicating they fold correctly (Taketa
and De Tomaso 2015). This is the second time that splice
variants identified by PCR—and found at the plasma mem-
brane when expressed ectopically—were not found in bulk
transcriptome studies, and it is interesting that these are the
two most highly polymorphic proteins in the fuhc locus. By
contrast, this is not the case in the other 30 + genes encoded
in the fuhc locus which were initially characterized using
old-school RACE and PCR techniques, including uncle fes-
ter, which has two splice variants that were equivalent using
both techniques. Finally, one consistent finding between all
studies is that the vast majority of genotype-specific alterna-
tive splicing in all FF and FcoR is of the exons between the
TM domain and the Ig/Sushi region, which would reposition
the NH2 half of the protein relative to the plasma membrane.

ITAM and ITIM signal transduction As described above, ITAM
and ITIM domains were identified on candidate allorecog-
nition genes in the cnidarian, Hydractinia, and the genome
encodes associated signal transduction molecules (Rodriguez-
Valbuena et al. 2022). In Botryllus, all fuhc-encoded proteins,
as well as a homolog of nearly every protein in the ITAM
and ITIM signaling pathway used by mammalian T- and NK
cells, are expressed in the Botryllus ampullae. This includes
receptor tyrosine phosphatases with homology to CD45, Src
and syk family kinases, shp-1, SHIP, VAV, PI(3)K, PLC-,
ITK, GADS Grb2, Crk, RasGRP, PKC-, the MAPK path-
way, CARMAI, calcineurin, calmodulin, NFAT, and NFkB.
However, there are two notable exceptions: homologs of LAT
and slp-76 are not found in either Botryllus or other ascidian
genomes (Rodriguez-Valbuena et al. 2024; Azumi et al. 2003).

Potential mechanisms of polymorphic
discrimination

Evidence that fuhc-sec is the histocompatibility (inhibitory)
ligand As described above, mAb crosslinking studies of
either fester or uncle fester revealed that fusion or rejection
is not mutually exclusive, but due to a balance of the two
signals each of which could override the other. The role of
signal integration in outcome was also demonstrated in a
previous genetic study focused on understanding phenotypic

differences in the rejection response, and indicates that fuhc-
sec is the ligand (Scofield and Nagashima 1983). It has been
shown that rejection responses can be binned into four dis-
tinct phenotypes (severe, moderate, mild, minimal) based
on the number and size of rejection scars (Fig. 1B), as well
as the timing of their appearance, which can range from 12
h (severe) to > 60 h (minimal). These rejection phenotypes
are robust—independent pairings of the same incompatible
genotypes result in equivalent rejection phenotypes. Genetic
analysis revealed that the severity of rejection mapped back
to the fuhc locus, suggesting that the strength of the rejec-
tion response could be due to differences between alleles
of the self-ligand (Scofield and Nagashima 1983). The
integration between rejection and fusion pathways would
predict that pairings of incompatible individuals expressing
closely related histocompatibility allotypes would partially
recognize each other, moderately stimulating the inhibitory
(fusion) pathway, in turn lowering the severity of the rejec-
tion response.

We have been using natural polymorphism to test this
directly, by correlating the severity of rejection to the num-
ber and distribution of polymorphisms on candidate fuhc
genes. In our original genetic mapping, a pair of individu-
als were identified that had a minimal rejection response,
and we found that the two genotypes had closely related
fuhc-sec alleles, but normal differences between the other
candidate genes (Nydam et al. 2013b). Specifically, while
the average difference between any two fuhc-sec alleles is
ca. 25 amino acids, the two most closely related alleles in
this pair differed by only 6, indicating that fuhc-sec is the
ligand, and that the Botryllus allorecognition system can
discriminate between two 550 aa allotypes that differ by
only 1% of their protein sequence. We have now extended
this study, identifying multiple genotypes with different
phenotypes. This natural variation is a powerful tool to
dissect allorecognition, as we can correlate any genetic
or biochemical results with fusion and a range of rejec-
tion phenotypes. This is analogous to mammalian studies
which used the OT-1 TCR and altered peptide ligands to
probe the quantitative characteristics of positive selection
(Hogquist et al. 1994) and kinetic proofreading in ligand
discrimination (Voisinne et al. 2022).

Speculations on the mechanics of polymorphic discrimina-
tion The invertebrate allorecognition systems have dis-
criminatory ability that is orders of magnitude higher than
anything found in the innate branch of vertebrate immunity,
so there is nothing obvious on which to base our predictions.
However, any working hypotheses must be consistent with
previous results, and importantly, explain how new specifici-
ties could evolve.

@ Springer



22 Page 10 of 17

Immunogenetics (2025) 77:22

Since the Botryllus effector system can discriminate
between up to a thousand histocompatibility types (Nydam
2020), and a heterozygous individual can make two spe-
cific receptors using germline encoded genes, it is not likely
that specificity is determined based only on affinity, such as
a lock and key interaction between cognate ligand/recep-
tor pairs, or homotypic interactions, as has been suggested
for Hydractinia (Karadge et al. 2015). First, only a single
gene with characteristics expected of a histocompatibility
ligand, such as high diversity between allotypes with strong
evidence of natural selection, is found in the fuhc locus—
fuhc-sec (Nydam et al. 2013c). In addition, allotypes of the
polymorphic FF and FcoR genes do not correlate absolutely
with fusibility, and both genes are organized and evolving by
birth and death mechanisms similar to those in the mamma-
lian NKC and LRC—exactly as would be expected for innate
receptors co-evolving with a highly polymorphic ligand
(Kelley et al. 2005). Furthermore, the unique complexity
of the fester and FcoR genomic organization, including the
presence of both linked and unlinked FF/FcoR haplotypes,
gene content variation of FF/FcoR gene pairs, and a third
FcoR haplotype, together make the receptors highly evolv-
able, and are not surprising given the required discrimina-
tory capability of this system. These characteristics are not
consistent with a simple lock and key or homotypic interac-
tion model.

Second, the real problem with a lock and key or homo-
typic binding strategy is explaining how new specificities
arise, which would require either complementary mutations
in two genes or mutations in one gene that maintain homo-
typic binding. It is difficult to understand how this require-
ment could create the diversity seen in natural populations,
as each new histocompatibility type would require ever
higher specificity to develop. There are well-studied lock and
key recognition systems; for example, the self-incompatibil-
ity (SI) interaction between pollen and flower that prevents
inbreeding in several families of plants (Nasrallah 2005;
Murase et al. 2024). However, individual populations have
on the order of 10-30 SI specificities (Mable et al. 2003;
Maenosono et al. 2024), not the >?200 histocompatibility
types seen in Botryllus populations. And even in context
of lower diversity, understanding how a new SI specificity
could arise is not easy to grasp—the complementary muta-
tions on the lock and key genes must occur on the exact
same haplotype to be functional, and any intermediate forms
would have a lower fitness and should be selected against
(Charlesworth 2000). Similar arguments can be made for
studies in Hydractinia, and it is extremely unlikely this
mechanism could account for the level of diversity seen in
Botryllus. So how might this work?

As described above, loss-of-function assays demonstrated
that fester and uncle fester were necessary and sufficient for
fusion and rejection responses. Knockdown of each resulted
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in a no-reaction phenotype, during which the ampullae
touched, but there was no subsequent morula cell infiltration
or downstream responses (Fig. 1A). Our recent findings that
the fester genes are significantly more complex than origi-
nally thought indicate that the allorecognition receptors bind
or signal as oligomers, and that both activating and inhibi-
tory signaling is due to changes in cooperative binding, and
each event is counted. This is no surprise; oligomerization is
a requirement for signal initiation in many receptors (Duke
and Graham 2009), but how would this be extended to allelic
discrimination? NK cells discriminate the fate of a target cell
by quantifying the expression of health and stress ligands
using activating and inhibitory receptors. The differences
between activating and inhibitory signals are integrated via
both physical changes in activating and inhibitory receptor
clustering as well as downstream signaling, and a decision
to kill the target or not is made. For the former, two groups
have shown that inhibitory receptor engagement blocked
the formation of activating receptor microclusters, and this
was consistent despite the fact that different activating and
inhibitory receptors were being assessed (Abeyweera et al.
2011; Liu et al. 2012). Both studies also found that receptor
microclusters accumulate at the immune synapse, and here
there may be differences depending on the receptors; for
example, the activating receptor CD16 accumulated at the
immune synapse following ligand engagement despite inhib-
itory signals from the inhibitory receptor CD94/NKG2 A
(Liu et al. 2012), while in a separate study, inhibitory sign-
aling from KIR2DL1 blocked accumulation of the ligand
bound activating receptor NKG2D (Endt et al. 2007). How-
ever, both reports showed that inhibitory signaling caused
dephosphorylation of VAV and other downstream changes.
Two important findings for our working hypotheses came
from these studies. First was that activating signals could
be initiated from dispersed microclusters (Abeyweera et al.
2011), and second was that inhibitory receptors can block
signaling of activation receptors even if both accumulate at
the synapse (Liu et al. 2012).

We envision that allelic discrimination in Botryllus is an
extension of these processes. Specifically, each FF/FcoR
pairing binds either polymorphic or conserved epitopes of
fuhc-sec, providing a number of independent activating and
inhibitory signals that are integrated—exactly as described
for NK cells, but focused on a single ligand (Fig. 4). Two
observations support this hypothesis: first, the fact that uncle
fester is not ubiquitous means that our results using recep-
tor crosslinking were genotype-specific, and there is not
a single species level activating ligand or pathway as we
had concluded previously (McKitrick et al. 2011). Second,
the number of monomorphic FcoRs with hemITAMs and
core motifs, but not ITIMs, as well as the two oligomorphic
FcoRs that can switch between putative activating and inhib-
itory roles indicates that multiple activation signals are part
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Fig.4 Working model of allorecognition specificity. A We hypoth-
esize that under normal conditions, FF/FcoR heterodimers and
fuhc-sec interact in cis. Shown are four different FF/FcoR heterodi-
mers (blue) binding to four epitopes (outlined as colored shapes) on
a single fuhc-sec allotype (gray box). The IgV regions of the FF/
FcoR receptor heterodimers form a binding site for different ligand
epitopes, and each FcoR encodes one or more tyrosine motifs (green
=ITIM; blue =core motif; red =hemITAM). The cis interactions
organize the signaling motifs into a structure that is required for
allelic discrimination, affecting downstream competition between
kinases and phosphatases. In turn, the FF/FcoR repertoire and signal-

of allelic discrimination. This also implies that fuhc-sec is
both the activating and inhibitory ligand, consistent with the
presence of a species level activation step (McKitrick et al
2011). This would require that fuhc-sec is at the PM, likely
heterodimerizing with fuhc-tm or another membrane protein.

Our hypotheses on specificity are based on the fact that
ampullae can be ablated and regenerate with no loss of
specificity, and that genotype-specific expression levels and
splice variants of both the FF and FcoR loci are maintained
in the regenerated cells, even following multiple ablation/
regeneration cycles (Nyholm et al. 2006; Taketa et al. 2024;
Rodriguez-Valbuena et al. 2024). We propose that at the tips
of individual ampullae, both activating and inhibitory FF/
FcoR pairs bind epitopes of fuhc-sec in cis (Fig. 4A), and
when two ampullae come together and form an immune
synapse, this initiates competition between cis and trans
binding, which would change the balance of ITAM/ITIM
signals in both individuals (Fig. 4B, C). If the two fuhc-
sec genes match at all epitopes, trans binding would initi-
ate assembly into a higher order oligomeric structure that is
required for strong inhibitory signal propagation and fusion
(Boni et al. 2022). While the model in Fig. 4 shows four
epitopes for clarity, population genetic studies of fuhc-sec
reveal that more than 24 residues have strong evidence of
positive selection (Fig. 3; Nydam et al. 2013c), suggesting
a diversity of potential epitopes on each allotype.

In contrast, if epitopes are not completely shared, partial
binding would initiate a rejection response (Fig. 4C), the
intensity of which would be due to the number of activating
and inhibitory epitopes which were shared between the two

ing motifs are mixed and matched via an education process that also
goes on in cis (described in text). B, C When ampullae from another
individual comes into contact at the immune synapse, there is com-
petition between cis and trans binding which will change the balance
of signaling. If the two fuhc-sec allotypes match (as shown in B), the
receptors from each individual switch form cis to trans binding (only
one side shown here for clarity), causing coalescence and creation of
a signaling platform that transmits a signal for fusion. C If only a few
epitopes match (outlined as colored shapes), this would limit coales-
cence, in turn slowing inhibitory signaling and transmitting a signal
initiating rejection

allotypes. We envision that there are a number of common
epitopes shared between fuhc-sec allotypes that are species-
specific and initiate rejection responses. This may explain
why there are more monomorphic, non-ITIM FcoR loci.
Finally, if no epitopes were shared, colonies would neither
fuse nor reject, and this is consistent with studies on xeno-
recognition between botryllid species, all of which have a
similar fuhc locus organization and express the same candi-
date proteins described here (Hirose et al. 2002; Rodriguez-
Valbuena et al. in preparation). In summary, we speculate
that fusion requires coalescence of a large receptor cluster,
while rejection can be initiated from smaller clusters and is
due to disruption of cis interactions.

As described above, we hypothesize that specificity is
due to an education process that occurs during development.
This includes genotype-specific expression and alternative
splicing of the ectodomain of each FF and FcoR gene to
allow the cell to match physical properties of the receptors
to the allelic diversity of the self fuhc-sec epitopes, inte-
grating multiple activating and inhibitory signals, and this
would occur in cis (Fig. 4A). The cell can tune signaling by
changing the activating and inhibitory functions of the oligo-
meric FF/FcoR receptor pairs by alternative splicing, as well
as modifying other components of the signal transduction
pathway, which could be the role of the polymorphic cyto-
plasmic proteins expressed in the fuhc-L: HE3L, HSP40L,
and BHF. Similar to the rheostat model of NK cell edu-
cation (Brodin et al. 2009), the cell somehow knows what
the balance of inputs should be to set the correct activation
threshold, with one major difference. Whereas education in
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mammalian NK cells balances signal strength with the sto-
chastically expressed receptors to maintain tolerance, it does
not affect the receptor repertoire itself, as manifested by the
number of NK cells that are rendered hyporesponsive due to
a lack of inhibitory ligands for self (Fernandez et al. 2005;
Kim et al. 2005). In Botryllus, education would necessarily
include feedback and modification of FF/FcoR expression,
splicing and tuning—analogous to the tuning mechanisms
that induce receptor editing during lymphocyte development
(Nemazee 2006; Prak et al. 2011). This education process
could either occur during embryogenesis and is epigeneti-
cally locked, similar to NK receptor repertoires (Santourlidis
et al. 2002), or is a dynamic process that recurs in cis dur-
ing regeneration. Both explain maintenance of specificity
over time; however, we favor the latter, as one interpretation
of the fester loss-of-function data is that tonic signaling is
required to maintain alloreactivity (discussed below). How-
ever, the result in either case is a nanocluster consisting of
both ligand and the FF/FcoR receptor repertoire interacting
in cis (Fig. 4A).

If allelic discrimination depends on the degree of assem-
bly of signaling competent higher order structures induced by
trans binding, then the nanoscale organization of FcoR signal
transduction motifs maintained by cis interactions with fuhc-
sec is likely a critical component (Fig. 4A). This hypothesis
is based on studies of receptor/ligand interactions where cis
assembly of both the ligand and receptor has been shown to
be critical for initiating receptor signaling following cell—cell
contact. For example, structural studies on the interaction
between the poliovirus receptor (PVR) and its inhibitory
ligand TIGIT have revealed that self-assembly of TIGIT in
cis is a critical component of PVR signaling following their
interaction in trans. Specifically, it was found that TIGIT
assembles in cis, but the homodimers are very weakly asso-
ciated. When cells expressing two structure-guided TIGIT
mutants that disrupted cis homodimerization were tested
for binding to PVR-Fc in trans, each was equivalent to cells
expressing wild-type TIGIT, demonstrating that these muta-
tions had no effect on binding of the ectodomains. However,
when the same control and mutant cell lines were paired with
dendritic cells expressing PVR, tyrosine phosphorylation of
PVR was significantly reduced when stimulated with cells
expressing the mutated TIGIT vs those expressing wild-type
TIGIT, as well as control stimulation with TIGIT-Fc (Sten-
gel et al. 2012). In summary, despite the fact that the TIGIT
and PVR ectodomains bound normally, and further that the
TIGIT interactions in cis are very low affinity, PVR signaling
following cell—cell contact was affected by the cis assembly
of TIGIT, demonstrating that assembly on one side of the
interaction affected trans-based oligomerization and signal-
ing on the other, even though they are different binding inter-
faces. A role for cis assembly in trans binding strength has
also been shown in studies on nectin-1, synCAM]1, and both
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the cadherins and clustered protocadherins. In cadherins, cis
and trans interactions are mutually cooperative, and in pro-
tocadherins, the coordination between cis and trans assembly
is obligatory for binding and self/non-self recognition (Yap
et al. 1997; Fogel et al. 2011; Narita et al. 2011; Thompson
et al. 2021; Goodman et al. 2022).

If organization of the intracellular signal transduction
platform can affect signaling, this is another place to dis-
criminate between alleles. In T-cells, it has been shown that
phosphorylation of CD3 ITAMs is dependent on TCR nano-
cluster density, which positively correlates with the affin-
ity of the TCR/pMHC interaction (Pageon et al. 2016). A
role of coalescence in allelic discrimination is also seen in
the next step of TCR signaling, where it was found that the
dwell time of an individual pMHC/TCR correlated with the
probability of formation of a LAT condensate. Each phase
transition is a quantum of information, as the number of
LAT condensates correlates with the probability of NFAT
translocation to the nucleus, and hence T-cell activation
(McAftee et al. 2022). In addition, the spatial organization
of activating and inhibitory motifs and their role in signal
integration have been described in both T-cells (Yokosuka
et al. 2012) and NK cells (Pageon et al. 2013). An analo-
gous process could occur in Botryllus, as the proximity of
hemITAM and ITIM and the other tyrosine core motifs of
FF/FcoR pairs that are held in place by their interactions in
cis could affect how initial phosphorylation events of those
domains are controlled during binding in trans, and affect
downstream interactions between kinases and phosphatases
(Fig. 4A). This would explain why two of the FcoR loci
would use alternative splicing to switch between activating
and inhibitory function.

In addition, while the function of the tyrosine core motif
on the FcoR proteins is not known, the residues upstream
are equivalent to several of the phosphorylation sites on LAT
and SLP-76; the two vertebrate signal transduction adap-
tors conspicuously absent in ascidians. This includes the
presence of an acidic amino acid upstream of the tyrosine
on half of them, a modification which has been shown to
change the speed of phosphorylation, and plays a critical
role in polymorphic discrimination by the TCR (Lo et al.
2023). If allelic discrimination is due to changes in oli-
gomerization, some of the FcoR proteins may function as
adaptors, and their positioning may be critical to proximal
signal transduction. Our data also suggests this assembly
may be dependent on BHF. We have found that when a fluo-
rescently tagged version of BHF is co-expressed with uncle
fester also expressing a cytoplasmic fluorescent tag, the two
co-localize. The disordered nature of BHF could also be
responsible for phase transitions that change the density
upon trans interactions, and explain BHF loss-of-function
results, which blocked both fusion and rejection responses
(Voskoboynik et al. 2013) It is also intriguing to note that
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with the exception of a TM domain, the IDR regions of BHF
are reminiscent of LAT, including the presence of several
core tyrosine motifs (Y-x-x-I/L) equivalent to those of the
FcoR, and targets of syk family phosphorylation (Lo et al.
2023).

Since the FF/FcoR are germline encoded, the specificity
that can be generated will necessarily be diverse and geno-
type-specific—some individuals may have multiple FF/FcoR
pairs that bind polymorphic epitopes tightly, others may have
a several high affinity and several low affinity interactions,
and some will only have lower affinity interactions. These
differences would result in some genotypes having high
binding specificity to one or both self fuhc-sec allotypes,
while others produce intermediate, or low. Since education
sets activation thresholds, those genotypes that can bind
polymorphic epitopes strongly will necessarily have higher
activating potential, likely reflected in changes in expression
of monomorphic activating pairs such as uncle fester/FcoR1,
and explain the phenotypic variation in rejection responses
(described above; Taketa et al. 2024). This would be analo-
gous to NK cells, where it has been shown that the activa-
tion potential positively correlates with the inhibitory inputs
during education, due to the number of expressed inhibitory
receptor/cognate ligand pairs (Joncker et al. 2009).

As described above, fusion can lead to stem cell parasit-
ism, which equals death from an evolutionary perspective,
so if a mistake is to be made, it is better to reject or not react
to self, versus fusing with non-self. This suggests that edu-
cation in Botryllus would set an activation threshold that is
opposite that of NK cells—the potential for rejection would
be slightly higher than fusion, which would require strong
inhibitory signaling to overcome. From a spatial perspec-
tive, rejection could be initiated from scattered ligand/recep-
tor clusters, similar to NK cells (Abeyweera et al. 2011),
but fusion would require the coalescence and assembly of
a larger structure. So how would genotype pairings with
low specificity and thus low activation potential maintain
specificity? As described above, mAb crosslinking studies
of fester showed that both ampullae must be stimulated for
fusion to occur, so each must discriminate self from non-
self independently, no matter how weak the rejection barrier
(Nyholm et al. 2006). Finally, what would the outcome be
when two low affinity genotypes come together, each with
little allelic discriminatory capabilities? They would likely
be either non-reactive, or fuse and be potential casualties of
stem cell parasitism. Some genotypes have to pay the price
for fuhc diversity.

Finally, new specificities would arise as point mutations
and intragenic combinations created new epitopes in fuhc-
sec (Nydam et al. 2013c). As described above, the unique
genomic redundancy of both FF and FcoR make these pairs
highly evolvable, allowing them to adapt to these changes.
Besides genomic diversification due to clustering, some of

the pairs are linked to the fuhc-L, allowing maintenance of
haplotype specific interactions. The presence of an unlinked
haplotype allows the paired receptors to diversify, without
affecting the other locus. In addition, the 3rd FcoR haplo-
type would allow for further diversification of that gene,
and potentially experiment with and create new pairings,
while others would become obsolete, resulting in the gene
content variation of each haplotype. The creation of new
epitopes and receptor interactions would be analogous to the
evolutionary steps that resulted in the HLA-C2/KIR2DL1
interaction in the primates (Guethlein et al. 2015).

Education and tonic signaling

For both T- and NK cells, effector specificity is not encoded
in the genome, rather due to a cell autonomous quality con-
trol process during development that takes randomly gen-
erated binding specificities due to somatic recombination
(TCR) or stochastic expression (NK receptors) and sets
activation thresholds that allow a cell to be self-tolerant but
functional, a process called education (Brodin et al. 2009;
Joncker et al. 2009; Ashby and Hogquist 2024). Cells which
do not pass this test are either ablated or rendered hypore-
sponsive, but how a T-cell knows the range between a posi-
tive and negative selection threshold, or NK cells balance
activating and inhibitory inputs, is not understood.

In mammals, an equivalent education process is required
for effector function in five unrelated innate receptor/ligand
pairs: KIR-MHC Class 1; Ly49-MHC Class I; CD94/NKG2-
HLA E (Qa-1); Nkrp1-Clr-b; and Sirpa-CD47. Each uses
a missing-self strategy to determine the health of target
cells, and in each knockout of the inhibitory ligand (MHC
Class I; Clr-b; or CD47), which would predict an autoim-
mune phenotype, does exactly the opposite—resulting in
tolerance (Liao et al. 1991; Vitale et al. 2002; Jaiswal et al.
2009; Chen et al. 2015). In addition, in NK cells, it has been
demonstrated that this tolerance is reversible—NK cells that
develop in an MHC deficient background are anergic, but
regain functionality after being transplanted into a wild-
type background, and wild-type NK cells can acquire toler-
ance when transplanted into an MHC deficient background
(Elliott et al. 2010; Joncker et al. 2010). Similarly, we had
found that knockout of the inhibitory receptor fester blocked
both fusion and rejection responses from occurring. As dis-
cussed above, we had originally hypothesized that fester
might be a subunit of both activating and inhibitory recep-
tors (Nyholm et al. 2006). However, in retrospect, this could
also be revealing an evolutionarily conserved characteris-
tic of ITIM/ITAM signal integration—constant inhibitory
signaling is required for maintenance of effector function
in mature cells, and in Botryllus, this would occur in cis
(Fig. 4). This dynamic tuning, or tonic signaling, is also
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required to maintain T-cell function in the periphery, sug-
gesting that effector function in all these systems is depend-
ent on a constant interaction with self-ligands. It is also
interesting to note that in T-cells, NK cells, and most likely
Botryllus, the rheostat concept is germane: the stronger the
interaction with self, the higher the immune reactivity of
the cells (Hogquist and Jameson 2014; Brodin et al. 2009).
While in NK cells and Botryllus the interaction with self
is via inhibitory receptors, in T-cells, it is due to the TCR
quantitating binding to self pMHC (Azzam et al. 1998).
Consequently, a single TCR can set an activation threshold
by itself, a process that requires two receptors in a NK cell.
In that context, the TCR could also be thought of as using a
missing-self recognition strategy.

Conclusions

Studies of histocompatibility in both Botryllus and Hydrac-
tinia indicate that the mechanisms that underlie polymorphic
discrimination rely on the dynamic range provided by the
interaction between ITAM and ITIM signaling pathways,
and had an early evolutionary origin. Both NK and T-cells
assess the health of a target cell by detecting changes in self-
ligands. To make that comparison, both cells must be “edu-
cated” to what normal self is during development, and both
require constant input from self in the periphery to maintain
tolerance. The conservation of the mechanisms which allows
cells to compare two states also permits the receptor ecto-
domains to evolve freely, and explains the rapid, recurrent,
and convergent evolution of missing-self recognition sys-
tems throughout the vertebrates (Kelley et al. 2005; Carlyle
et al. 2008; Guethlein et al. 2015), as well as the emergence
of the cellular branch of adaptive immunity (Flajnik and
Kasahara 2010).

For the latter, it has been hypothesized that the critical
moment in the evolution of adaptive immunity was the
invasion of an antigen receptor by the RAG transposon in a
precursor to the jawed vertebrates, which initiated the diver-
sification of antigen receptors that is the basis of anticipa-
tory immunity (Flajnik and Kasahara 2010). For the TCR,
creating immune diversity using random somatic recombi-
nation requires both positive and negative selection. How
could a transposon insertion initiate the evolution of a sys-
tem that has a 98% failure rate, and require the evolution of
the thymus, if immune cells did not already know how take
diversity and create specificity, and hence tolerance? We and
others have hypothesized that RAG had to have invaded a
missing-self receptor that was already involved in polymor-
phic discrimination (Pasquier 2000; Flajnik and Kasahara
2001). This could have been the same interaction as occurs
today with NK cells—downregulation of a health ligand,
such as MHC Class I or clr-b, is a sign of infection, and the
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inhibitory receptors used to detect stress would be compet-
ing with pathogen decoy molecules to maintain specificity
(Orange et al. 2002; Aguilar et al. 2017). This is a strong
selective pressure that would result in the evolution of a
polymorphic recognition strategy (Carlyle et al. 2008). It
is also possible that an allorecognition system analogous
to those in Botryllus or Hydractinia was present in the pla-
coderm lineage, and a receptor in that region was targeted.
In either case, polymorphic discrimination is dependent on
cell autonomous education processes that likely existed long
before the emergence of vertebrates, and would have been
co-opted for thymic selection following the acquisition of
somatic diversification. The unique characteristics of Botryl-
lus allorecognition make it an excellent model to dissect the
fundamental mechanisms which underly specificity.
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