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ABSTRACT A colonial protochordate, Botryllus schlosseri,
undergoes a natural transplantation reaction in the wild that
results alternatively in colony fusion (chimera formation) or
inf lammatory rejection. A single, highly polymorphic histo-
compatibility locus (called FuyHC) is responsible for rejection
versus fusion. Gonads are seeded and gametogenesis can
occur in colonies well after fusion, and involves circulating
germ-line progenitors. Buss proposed that colonial organisms
might develop selfynon-self histocompatibility systems to
limit the possibility of interindividual germ cell ‘‘parasitism’’
(GCP) to histocompatible kin [Buss, L. W. (1982) Proc. Natl.
Acad. Sci. USA 79, 5337–5341 and Buss, L. W. (1987) The
Evolution of Individuality (Princeton Univ. Press, Princeton].
Here we demonstrate in laboratory and field experiments that
both somatic cell and (more importantly) germ-line parasit-
ism are a common occurrence in fused chimeras. These
experiments support the tenet in Buss’s hypothesis that germ
cell and somatic cell parasitism can occur in fused chimeras
and that a somatic appearance may mask the winner of a
gametic war. They also provide an interesting challenge to
develop formulas that describe the inheritance of competing
germ lines rather than competing individuals. The fact that
fused B. schlosseri have higher rates of GCP than unfused
colonies additionally provides a rational explanation for the
generation and maintenance of a high degree of FuyHC
polymorphism, largely limiting GCP to sibling offspring.

With the exception of pregnancy, vertebrates do not undergo
natural transplantation, and therefore do not become chime-
ras. However, many marine invertebrates naturally undergo
transplantation interactions, which can result in chimeras with
fused vascular systems (1, 2). One such invertebrate, the
colonial tunicate Botryllus schlosseri, is a protochordate that
has a dispersal stage known as a tadpole larvae, which, like
vertebrates, possess a notochord, neural tube, and segmented
musculature (3). When its tadpole larvae disperse from a
mother colony, they rapidly settle and metamorphose into a
founder individual (oozooid) that loses its chordate charac-
teristics and, like other clonal invertebrates, through asexual
reproduction grow into a multi-individual colony composed of
genetically identical clonemates that are interconnected by
extracorporeal blood vessels (4). If two oozooids settle next to
each other or two adult colonies meet as they spread over a
marine surface, one of two things occurs: vascular fusion
leading to blood chimerism (Fig. 1), or an inflammatory
rejection reaction, which maintains the physical boundaries of
the contacting individuals (5–7). As demonstrated by Oka and
Watanabe (6) and confirmed by Scofield et al. (8), whether
fusion or rejection occurs in this species is determined by the
genotypes of the contacting individuals at a single allorecog-
nition locus, called FuyHC (fusibilityyhistocompatibility). This
locus is highly polymorphic within natural populations (9, 10)

and, thus, the principal locus for natural allorecognition in
these colonial tunicates, like the major allorecognition locus in
vertebrates (the major histocompatibility complex or MHC),
essentially allows allele matching only with close relatives (8).
While MHC polymorphism in vertebrates is believed to be
maintained by the role of MHC products in presenting foreign
(largely infectious agent) peptides, the nature of the genes for
FuyHC allorecognition, and the selective forces for their allelic
polymorphism are undetermined. Here we provide evidence
supporting the hypothesis that allorecognition in colonial
tunicates serves to prevent parasitism of their gonads by
circulating germ-line stem cells of FuyHC disparate individ-
uals (1).
During embryonic vertebrate development germ-line stem

cells pass from the inner cell mass to the extraembryonic
mesoderm, and from there back to the body proper (upon
vascular connection between yolk sac and embryo), where they
colonize the gametogenic microenvironments provided by the
genital ridges (11). In colonial tunicates gonadal development
occurs in the asexual phase of their life history and, like
vertebrates, their gametogenic gonadal microenvironments
receive blood-borne germ-line stem cell progenitors (12). In a
remarkable set of experiments Sabbadin and Zaniolo (13)
demonstrated that within chimeras of the colonial tunicate B.
schlosseri, where the blood supplies of all the component
individuals are interconnected, it is possible for the germ-line
cells of one member of a chimera to migrate and establish
themselves within the gonads of its chimeric partners. Intrigu-
ingly, they also found that the germ-line cells of one individual
were oftenmore effective than the germ-line cells of its partner
in gaining access to germ-line positions, suggesting that chi-
merism can often result in either germ cell or somatic cell
parasitism (abbreviated hereafter as GySCP) depending on
what cell lines are involved. In their experiments, genetically
defined pigment markers were used to type the progeny of
crosses involving laboratory colonies that were experimentally
fused and then later separated. Recently, Pancer et al. (14) and
independently ourselves (see below) confirmed these results
for laboratory B. schlosseri in experiments that used microsat-
ellites as genetic markers. Whether GySCP also occurs natu-
rally in the field was not addressed by these experiments.
Buss (1) and others (15, 16) proposed that chimerism may

result in demographic benefits such as increased size, growth
rates, reproduction, and survivorship. However, Chadwick-
Furman andWeissman (17) have shown both in the laboratory
and the field that chimerism actually reduces fitness by causing
a decrease in growth, reproduction, and survivorship. Buss (1)
and others (15, 16) alternatively suggested that fusion could be
beneficial if it were limited to close relatives because fitness
losses due to GySCP might be compensated by an increase in
inclusive fitness (that is, a heritable advantage to the germ lines
of relatives). They further proposed that because the allorecog-
nition systems of clonal invertebrates limits fusion to close
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relatives, they may have evolved as a mechanism to minimize
the fitness costs of GySCP. We show here that GySCP occurs
extensively within the laboratory, and more importantly, field
chimeras of B. schlosseri and as Buss (1) hypothesized unfused
adjacent colonies largely lack GySCP. Our finding that fused
colonies will often contain germ-line contributions from more
than one genotype within a chimera, suggests that not only is
the individual no longer the unit of inheritance [as is assumed
in most evolutionary theory (18)], but germ cell lineage
competition may be the principal force for selection.

METHODS

Fused chimeras of B. schlosseri were produced by identifying
fusible pairs of colonies (see ref. 19 for methods), cutting these
colonies into four equal-sized subclones, and placing one
subclone from each compatible colony adjacent to each other
on a glass slide. Colonies generally fused with each other
within 2–3 days after being placed on the slide. The four pairs
of colonies were randomly assigned to one of four treatments.
They were either allowed to fuse and harvested after (i) 1 week,
(ii) 4 weeks, (iii) 8 weeks, or (iv) the pairs were separated 1
week after fusion and harvested 7 weeks later (Fig. 2).
Harvesting involved collecting tissue samples at several sites
along a linear transect that bisected the plane of fusion. At
each collection site, samples were taken of a single bud (to test
somatic chimerism) and sperm liberated from the testes of an
adjacent adult zooid (to test gametic chimerism). Harvesting
also involved taking blood samples with a glass capillary tube
from either the entire chimera or from both separated colonies
in the case of treatment 4. Although care was taken to exclude
blood cells from bud collections, contamination at low levels
was possible. Genetic typing of the tissues from all colonies
before and after fusion was performed by extracting the DNA
from the tissues and using PCR to amplify several microsat-
ellite loci [D.S.S., J. M. Quattro, and I.L.W., unpublished
work) and Pancer et al. (20)].

RESULTS

Laboratory Colony Fusions: Somatic Chimerism. Nine
fused chimeras of B. schlosseri were experimentally produced
in the laboratory and the temporal and spatial patterns of
genetic admixture within these chimeras were followed using
microsatellite loci. Upon fusion a second, heritable allorecog-
nition event known as resorption can occur, which results in the
death of all zooids within one colony and their resorption by
the viable partner (21). Because patterns of genetic admixture
varied according to whether resorption occurred (4 of 9
chimera), in Table 1 and in our discussion of results we
distinguish chimeras that underwent resorption from those
that remained stable. Within 8 weeks sampled blood andyor
tissues showed the genotypes of both partners in all nine
chimeric pairs, but there was considerable variation in both the
rate and spatial pattern of admixture (Table 1, Fig. 3a). At
week 1, three of four chimeras that later showed resorption
were chimeric in one partner’s buds, whereas none of five
partners that had remained fused (in this observation period)
had a detectable amount of partner DNA in buds, although in
all distinguishable pairs the blood was chimeric (Fig. 3a). By 4
weeks, and sustained through week 8, the still-fused partners
contained buds that were mixes of both genotypes. By week 8
the genetic material of one of the four ‘‘losers’’ in the resorbed
chimera could no longer be detected. Spatially, chimeras
exhibited either a sectorial pattern in which both genotypes
were detected within some systems but not in others (Table 1,
lines 10, 11, 22, and 23), or a uniform pattern in which tissues
throughout the entire chimera exhibited both genotypes (Ta-
ble 1, lines 13, 14, 16, 17, 19, 20, 25, 26, 28, and 29).
In the laboratory colonies, replicate pairs that fused at time

0 were surgically separated at 1 week, then analyzed at 8 weeks.
In the resorbed chimeras set zero of four tested had detectable
bud chimerism. In the set whose replicates remained fused at
8 weeks, five of five tested were chimeric in their buds although
none of the five were detectable bud chimeras at week 1.
None of the bud chimeras were entirely derived from the

fused partner’s cells. This indicates not only that asexually
derived buds are not clonal (consistent with histological evi-
dence that bud development involves several distinct cell
types), but also that somatic parasitism is not complete in the
cases studied.
Laboratory Colony Fusions: Germ Cell Parasitism (GCP).

Individual testes were isolated from fused colonies and tested
for genotypes of each partner. In the four chimeras of the

FIG. 2. (a) Experimental protocol used in the 8-week laboratory
experiment to sample stable chimeras. Circles represent subclones and
squares within circles represent sampling sites. (b) Experimental
protocol used in the 8-week laboratory experiment when one of the
chimeric partners was resorbed. The experimental protocol was iden-
tical except that after resorption the sampling of tissues was restricted
to just the remaining chimeric partner.

FIG. 1. A ventral view of a newly fused chimera of B. schlosseri
showing the fusion of the common tunic and blood vascular system as
well as what tissues were sampled in the laboratory fusion study. Note
the color difference among the component colonies. These colonies
originate from a single founder individual and grow through asexual
multiplication (budding) of the original founder. As they enlarge, the
genetically identical individuals or zooids become arranged in star-
shaped systems. Within and between systems the zooids are connected
to each other by a blood vascular system and a common overlying tunic.
Reproductive colonies are hermaphroditic with each zooid containing
both testes and ovaries (4). Located around the periphery of each
colony are the ampullae, which are bulb-like end points of the blood
vascular system. Fusion or rejection occurs when the ampullae of two
adjacent colonies come into contact.
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resorbed set, two had partner’s genotype (Table 1, lines 8 and
11). In the still-fused set, all five had testes that contained
partner’s genotype (Table 1, lines 17, 20, 23, 26, and 29).
Separated colonies in both sets also showed GCP. In a few
chimeric pairs (e.g., line 14), genetic admixture eventually led
to the detection of partner but not host elements in the testes.
This apparent replacement of gametic tissues was completed in
as little as 4 weeks and persisted for at least 8 weeks after fusion
(Table 1, lines 11, 14, 23, and 26). Remarkably, it was observed
in both chimeras that remained fused, as well as in resorbed
chimeras (Table 1, lines 11, 14, 23, and 26; Fig. 3a). The
phenomenon of complete replacement could result from clo-
nogenic seeding of a testis or from cell lineage competition.
It could be claimed that in several instances the chimerism

andyor replacement of somatic or testicular cells is an artifact
of the assay method, that is, that absence of detection of a
particular microsatellite marker may not result from absence
of cells carrying that marker. However, in all of these exper-
iments concurrent titration controls were carried out, and for
the probes used, the limits of sensitivity were about 2–4% of
the opposite partner’s type (the range of DNA mixtures tested
was from 1:50 to 50:1 at the same final DNA concentration (1
ngyml). Thus, undetectable levels of a particular microsatellite
band would mean that at least 96–98% of the DNA tested
came from the positive partner’s genome.
Two lines of evidence from the laboratory experiment

suggest that the phenomenon of GySCP results from the

differentiation of pluripotent cells that migrate within the
common circulatory system of the chimeras. First, the partner’s
genotype was often found mixed with the host genotype in the
chimeras that had been separated for 1 month (Table 1, lines
1–3, 10–12, 19–21, 25–27, and 28–30). Second, within chimeras
that remained fused, the competing genotype was found not
only in tissues adjacent to the site of fusion but also at sites that
were far removed (Table 1, lines 16, 17, 19, 20, 22, 23, 25, 26,
28, and 29). Tissue replacement could be occurring either as
a result of chance or as a result of direct cell lineage compe-
tition. Chance would be most likely if tissues such as the testis
are initially formed by a single cell and its descendants (thus
clonal), whereas cell lineage competition would be more likely
if tissues are formed through the coalescence of several cell
lines. Clonal markers will be required to resolve this point.
Field Chimeras: Somatic Chimerism. GySCP is also an

important phenomenon in nature as we show by genetic
examination of the tissues of 10 chimeras [initially identified by
a color polymorphism (22)], collected from a marina in
Monterey, California. The number of genetically distinct col-
onies forming these chimeras was either two or three. Using
five microsatellite loci to type tissues (D.S.S., J. M. Quattro,
and I.L.W., unpublished work), we detected the genotypes of
two or more partners in the somatic tissues of 8 of 10 chimeras
(Table 2, lines 1, 4, 7, 10, 13, 16, 22, and 25) and in the blood
of all 10 chimeras (Table 2, lines 3, 6, 9, 12, 15, 18, 21, 24, 27,
and 30). When there were three colonies forming a chimera,

Table 1. Spatial and temporal pattern of genetic admixture within nine laboratory produced chimeras

Line
no.

Chimera
(genotypes) Locus

Tissue
type Week 1 Week 4 Week 8 Separated

Resorbed partners
1 10.63 v 38 PBC1 Bud AB,AB u B,B R u B,AB,B R u B,B,B,B,B AB,– u B,B
2 (AA u BB) Sperm A,– u B,B R u B,B,B R u B,B,B,B,B AB,AB u B,B
3 Blood AB B B AB u B
4 745un v 10.63 PB41 Bud AB,AB u AB,AB AB,AB,AB,AB,AB u R AB,AB,AB u R ND
5 (AB u AA) Sperm –,– u –,– AB,–,–,AB,– u R AB,AB,AB u R ND
6 Blood AB AB AB ND
7 745un v 10.63 PB49 Bud A,A u AB,AB A,A,A,A,A u R A,A,A u R ND
8 (AA u AB) Sperm –,– u –,– AB,–,–,A,– u R A,AB,AB u R ND
9 Blood AB A A ND
10 151 v 3.30 PBC1 Bud A,A u B,B AB,AB,AB u R AB,AB,AB u R AB,AB,AB u B,B
11 (AA u BB) Sperm A,A u B,B B AB,AB u R B ABB u R AB,AB,AB u B,B
12 Blood AB AB AB AB u B
13 45.2 v 158 PB49 Bud AB u AB,AB R u AB,AB R u AB,AB A,A u AB,AB
14 (AA u AB) Sperm AB u AB,AB R u AB,– R u –,– A,A u A,A
15 Blood AB AB AB A u AB

Chimeric partners
16 6 v 152 PB41 Bud BC,BC u A,A ABC u ABC,ABC ABC,ABC u ABC,ABC ND
17 (BC u AA) Sperm BC,BC u A,A ABC u ABC,ABC ABC,ABC u ABC,ABC ND
18 Blood ABC ABC ABC ND
19 240 v 165b PB41 Bud AB,AB u AC,AC ABC,ABC u ABC,ABC ABC,ABC u ABC,ABC ABC,ABC,ABC u ABC,ABC
20 (AB u AC) Sperm AB,AB u AC,AC ABC,ABC u ABC,ABC ABC,ABC u ABC,ABC ABC,ABC,ABC u ABC,ABC
21 Blood ABC ABC ABC ABC u ABC
22 15 v 154 PB49 Bud B,B u AB,AB B,AB,B u AB,AB AB,B u AB,AB ND
23 (BB u AB) Sperm B,B u AB,AB B,AB,B u B,B AB,B u ABB ND
24 Blood AB AB AB ND
25 d25.1 v 88 PB41 Bud AB,AB u AC,AC ABC,ABC,ABC u ABC,ABC ABC,ABC u ABC,ABC,ABC ABC,ABC u ABC,ABC
26 (AB u AC) Sperm AB,AB u AC,AC ABC,ABC,ABC u AB ABC ABC,ABC u –,–,– ABC,– u ABC,ABC
27 Blood ABC ABC ABC ABC u ABC
28 41.5 v 220.53 PB41 Bud AB,AB u AC,AC ABC,ABC u AC,AC ND AB,AB u ABC,ABC
29 (AB u AC) Sperm –,– u –,– ABC,ABC u ABC,ABC ND –,– u –,–
30 Blood ABC ABC ND ABC,ABC u ABC,ABC

Listed are the microsatellite bands observed for a particular tissue within a particular system. The site of fusion is indicated by a u. The systems
closest to the site of fusion are listed next to the u, and the systems farther away are listed either to the left or right of the closest systems. –, no
sample was taken for a particular tissue; ND, no data were collected because a particular chimera died before the appropriate sampling time; h,
replacement of endogenous tissue with fused partner’s tissue; R, resorption. Note that lines 4–6 and 7–9 are for the same chimera analyzed with
two different microsatellite loci.
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the chimeric buds would sometimes be a genetic mixture of just
two neighboring colonies (Table 2, line 1) and other times
would be a mixture of all three colonies (Table 2, lines 1 and
10). Unlike the laboratory examples, in 2 of 10 field chimeras
there was also complete replacement of some bud tissues by a
partner (Table 2, lines 13 and 22). When this replacement
occurred, there was no corresponding blood cell color varia-
tion among zooids, presumably as a result of the long-term
mixture of circulating pigment cells within the chimera prior to
collection.
Field Chimeras: GCP. Evidence of germ cell transfer and

establishment into partner’s testes could be detected in 8 of 10
chimeras. Two or more genotypes were detected in the testes
of at least one partner in 5 of 10 field chimeras (Table 2, lines
2, 5, 8, 11, and 14) and GCP was detected in 4 of 10 field

chimeras (Table 2, lines 14, 20, 23, and 29). In two of four of
the chimeras showing GCP the degree of reproductive para-
sitism was much greater than ever observed in the laboratory;
almost the entire spermatic output was usurped by just one of
the chimeric partners (Table 2, lines 20 and 29; Fig. 3b).
Differences between laboratory and field chimeras in the
frequency and extent of GCP might be related to the length of
time since fusion (Table 1), but confirmation of this hypothesis
awaits long-term field studies in which chimeras are continu-
ously monitored after fusion.
Field Chimeras: Analysis of GCP by Progeny Testing. It was

important to test whether GCP resulted in allogeneic repro-
ductive success (as measured by oozooid production), as well
as spermatic success. The test involved setting up crosses (as
described in ref. 23) initiated by separating field colonies in
half, mating them to a third colony from the laboratory, and
scoring the microsatellite genotypes of the progeny. Within a
cross the chimeric halves served as either father or mother. The
results, shown in Table 3, demonstrate that in crosses involving
the halves, where testicular GCP was not detected by PCR
analysis (8.1 and 10.1), no offspring were produced that were
sired by the other partner. In contrast, when the parasitized
partner (8.2 and 10.2) served as the sperm donor, crosses
produced offspring sired by the parasitizing partner in num-
bers roughly equivalent to the proportion of testes bearing the
partner’s microsatellite genotype (Table 3). Note particularly
that in the cross involving colony 10.2, the chimeric half, which
appeared from microsatellite analysis of testes to be com-
pletely parasitized, all offspring had the partner’s genotype.
Similar results were observed in crosses where the ‘‘parasit-
ized’’ half served as the mother. In crosses involving 10.2, all
offspring were derived from 10.1 oocytes, and in crosses
involving 8.2, 12 of 27 oocytes were derived from 8.1 (Table 3).
Thus, GCP involves eggs as well as sperm. The sperm output
of each genotype appears to predict both male and female
reproductive output as assayed by the progeny. Results from
crosses further suggest that genotypes determined through the
use of microsatellites are not affected by contamination from
surrounding tissues because otherwise the results from typing
sperm would not have matched the results of typing offspring
from the crosses. They also confirm that when a band(s)
representing a particular genotype is absent in a particular
assay, it indicates that either no cells or very few cells having
this genotype remain in the tissue.
Analysis of Adjacent Unfused Field Colonies. If allorecog-

nition evolved andyor is maintained to reduce the costs of
GySCP, there should be little or no evidence of GySCP within
rejecting colonies. To test this idea we collected 15 pairs of
colonies from the Monterey marina that were in physical
contact along a broad border but were not at the time fused.
We harvested and genotyped the tissues from these colonies as
described above for the chimeric field colonies. Genetic anal-
ysis of these tissues revealed no evidence of either genetic
admixture or GySCP in 13 of the 15 colony pairs. Surprisingly,
one partner in a pair showed evidence of both GCP and SCP,
and in another pair a low level of SCPwas found in one partner.
A G test found that the estimated rate of GySCP in putatively
rejecting colonies (6.7%) was significantly lower than the
estimated rate for fused chimeras (40%) (G5 4.1, df5 1, P,
0.05) as would be expected if allorecognition evolved to reduce
the costs of GySCP. The unfused pairs are categorized as
putatively rejecting because we were unable to determine
whether these paired colonies had in the past undergone either
rejection or fusion. (A prospective study of rejecting field
colonies would require up to 1 year to complete.) Rejecting
colonies usually exhibit brown points of rejection near their
periphery. Unfortunately, none of the 15 unfused paired
colonies showed these signs of rejection. The lack of any
physical evidence of rejection does not mean that rejection
never occurred. The physical manifestations of rejection often

FIG. 3. (a) An autoradiograph and interpretative table (data
organized as in Table 1) that show the results of genotypic sampling
of buds (B), sperm (S), and blood (BL) from a stable laboratory
chimeric pair in which GySCP was observed. To produce this chimeric
pair, colony 15 genotyped with the microsatellite locus PB49 as having
allele B was fused with colony 154, which was genotyped as sharing
allele B and having a unique allele A. One week after fusion, the blood
showed the hybrid genotype AB, whereas the other tissues showed
their original genotype (Table 1, lines 22 and 23). By week 4, the blood
still had genotype AB, one of the systems in colony 15 showed genetic
admixture in both the somatic and gametic tissues, and in colony 154
there was complete (at least 96%) replacement of the host gametic
tissue by a cell line having genotype B of colony 15. Similar results were
obtained for the paired subclone sampled 8 weeks after fusion. (b) An
autoradiograph and interpretative table (data organized as in Table 1)
that show the results of genotypic sampling of buds (B), sperm (S), and
blood (BL) from a field chimera in which GySCP was observed. The
tissues were typed using microsatellite locus BS811 (14). Based on the
spatial pattern of genotypes within the somatic tissues of the chimera
at the time of collection it is presumed that the initial genotypes for
the two colonies were AA (Left) and AB (Right). After fusion, both the
somatic and gametic tissues of colony AA appear to remain un-
changed. In contrast, while the somatic tissues of colony AB retained
their original genotype its gametic tissues were almost completely
replaced by tissues having genotype AA. This replacement is inter-
preted as an example of GySCP.
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disappear within 1–3 weeks after they first form. However, it
is also possible that the paired colonies had previously fused
and then separated as they sometimes do in the laboratory
(24). Still another possibility is that for various reasons the
unfused pairs never even reacted to each other (25).

CONCLUSIONS

In this paper we provide evidence supporting Buss’s hypothesis
(1) that invertebrate allorecognition systems may have evolved
to prevent cell lineage competition resulting from the intro-
duction of somatic and gametic progenitors that can accom-
pany colony fusion. First we confirmed the results of Sabbadin
and Zaniolo (13) and Pancer et al. (14) that GySCP can occur
within laboratory produced chimeras of B. schlosseri. We then
extended these results to the field by demonstrating that

GySCP also occurs within chimeras of B. schlosseri, which have
been growing naturally in the wild. The laboratory experi-
ments also suggest that (i) the temporal and spatial pattern of
genetic admixture covaries with whether colony resorption
takes place and (ii) GCP and SCP occur as a result of the
migration and subsequent establishment of foreign circulating
germ-line cells and totipotent somatic stem cells. The impor-
tance of GySCP as a selective factor may be quite dramatic in
some populations. The rate of chimerism within natural pop-
ulations of B. schlosseri can reach levels as high as 20% (9, 26)
and our data suggest a 40% incidence of GySCP within those
chimeras. Finally, as predicted by Buss’s hypothesis (1), we
showed that the rate of GySCP drops considerably when
colony rejection occurs instead of fusion. However, a more
critical test than performed here involving prospective rather
than retrospective analyses of rejecting field colonies needs to
be undertaken to demonstrate more conclusively such a re-
duction in GySCP.
The replacement of one cell line by another within the

gametic tissues of B. schlosseri chimeras was characterized here
as a form of parasitism because the ‘‘winner’s’’ excess repro-
duction is obtained through the usurpation of the somatic
resources of the ‘‘loser.’’ Indeed, in some cases the somatic
tissues of the winner are completely resorbed by the losing
colony and thus the winner can only exist through the usur-
pation of the loser’s somatic resources. Still to be determined
though is whether certain genotypes exist that are parasitic
specialists, and like good parasites are capable of spreading
infectiously throughout a population. Answering this question
will entail breeding studies to determine whether the ability to
‘‘win’’ in cell line competition is a heritable trait subject to
selection and long-term field studies to determine whether

Table 3. Number of progeny sired by the chimeric partner of the
colony that contributed sperm or eggs to a defined cross

Defined cross:
paternal 3

maternal colony

Total
no. of
progeny

No. of progeny
sired by

chimeric partner

8.1 3 745un 32 0
8.2 3 BBYD73 32 4
745un 3 8.2 27 12
10.1 3 670.1 24 0
10.2 3 670.2 24 24
670.2 3 10.2 24 24

The distribution of genotypes of progeny sired by the chimeric
partner (8.1 or 10.1) were as expected under the assumption that they
were the product of just two parental colonies.

Table 2. Microsatellite banding patterns of 10 field chimeras

Line
no. Chimera

Locus
(genotype) Tissue Colony 1 Colony 2 Colony 3

1 1 PB41 Bud BC,BC,BC,BC,BC AC,AC,AC,AC,AC ABC,ABC,ABC,ABC,ABC
2 (B u C u A) Sperm BC,B,BC,BC,B C,C,C,C,C A,A,A,ABC,ABC
3 Blood ABC ABC ABC
4 2 PB41 Bud ABC,ABC,ABC,ABC,ABC C,C,C,C,C
5 (AB u C) Sperm AB,AB,AB,ABC,ABC C,C,C,C,C
6 Blood ABC ABC
7 3 PB41 Bud ABC,BC,BC,ABC,BC AC,ABC,AC,AC,AC
8 (BC u AC) Sperm BC,BC,BC,ABC,BC AC,AC,AC,AC,AC
9 Blood ABC ABC
10 4 PB41 Bud ABCD,ABCD,ABCD,ABCD,ABCD ABCD,ABCD,ABCD,ABCD,ABCD CD,CD,CD,ABCD,CD
11 (BC u AD u CD) Sperm BC,BC,BC,ABCD,ABC AD,AD,ABCD,ABCD CD,CD,CD,ABCD,CD
12 Blood ABCD ABCD ABCD
13 5 PB41 Bud C,C,C,C B B,BC,BC,BC,B
14 (C u B) Sperm BC B,B,B BC BC C,C BC,BC
15 Blood BC BC
16 6 PB41 Bud AB,AB,AB,AB,AB A,AB
17 (AB u A) Sperm AB,AB,AB,AB,AB –,–
18 Blood AB AB
19 7 BS811 Bud A,A,A,A,A AB,AB,AB,AB,AB
20 (A u AB) Sperm A,A,A,A,A A,A,A,A,A
21 Blood AB AB
22 8 PB41 Bud AC,AC,AC,AC,AC AC B,B,B,B
23 (AC u B) Sperm AC,AC,AC,AC,AC AC B,B,B,B
24 Blood ABC ABC
25 9 PB41 Bud BC,BC,BC,BC,BC ABC,ABC,ABC,ABC,ABC
26 (BC u A) Sperm BC,BC,BC,BC,BC A,A,A,A,A
27 Blood ABC ABC
28 10 PB41 Bud AB,AB,AB,AB,AB BC,BC,BC,BC,BC
29 (AB u BC) Sperm AB,AB,AB,AB,AB AB,AB,AB,AB,AB
30 (AC u BC) Blood ABC ABC

Columns 5–7 represent the banding patterns for the 2–3 individuals that formed each of the 10 field chimeras. The data are presented as in Table
1 with the exception that data for the chimeric partners are presented in separate columns. When there are more than two colonies per chimera
the data are presented so that the systems farthest (closest) away from any plane of fusion are listed to the left (right).
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over time the winners of GySCP tend to spread locally in a
population. In addition to B. schlosseri, GySCP has been
reported to occur in a cellular slime mold, a colonial hydroid
and Neurospora (1, 27, 28). In the case of the cellular slime
mold, specialized parasitic genotypes that must usurp the
loser’s somatic resources to survive have been identified (1). It
has been proposed that these winners are successful because
instead of using some of their resources to construct a soma,
they invest all of their energy into reproduction.
Due to the ancestral position of ascidians in the phylum

chordata, there is the possiblity that the FuyHC locus is an
ancestral form of the vertebrate MHC or may have shared a
common ancestor with the MHC (discussed in refs. 29 and 30).
Indeed, the mechanism of action in FuyHC is reminiscent of
native allorecognition displayed by natural killer cells. Natural
killer recognition and killing is dependent on the presence or
absence of self-MHC class I alleles. Until the FuyHC gene is
cloned and sequenced it cannot be determined if the biological
similarity is structural or merely semantic (31). If the two genes
turn out to be structurally homologous, studies of the FuyHC
locus might reveal much about the origins and diversity of the
MHC. For instance, the results presented here would suggest
that if homologous to FuyHC the MHC may not have initially
evolved as a defense mechanism against infectious microor-
ganisms and that the well-developed polymorphism in MHC
molecules was present prior to the development of the verte-
brate T-cell receptor recognition system. Even if the similarity
between vertebrate MHC allorecognition and protochordate
FuyHC allorecognition is semantic rather than structural, the
recognition events found in B. schlosseri may also turn up in
vertebrates. For example, although natural transplantation in
vertebrates is rare, pregnancies with multiple, genetically
distinct individuals are common in most vertebrates. In cattle
(and probably many other vertebrate species), wombmates can
share a common fetal circulation; they are born as immuno-
logically tolerant hematopoietic chimeras (32), but appear to
retain their germ-line integrity (33), despite the likely passage
of germ-line precursors from extra-embryonic mesoderm to
genital ridges via the blood (34). Perhaps FuyHC (or MHC)-
like allorecognition is responsible. It is also interesting that the
descendants of the ‘‘link’’ between vertebrate and inverte-
brates, like vertebrates, sequester germ-line progenitors that
later seed the incipient gonads (13, 35). It is conceivable that
the analysis of these phenomenon can proceed best with this
model organism.
The finding that GySCP occurs within a natural population

of a clonal invertebrate has a number of implications for future
studies on the population and conservation biology of these
organisms. First, GySCP could result in mis-estimation of
genetic diversity within a population when such estimates are
based on counts of the number of phenotypically distinct
somatic individuals. Second, GySCP can lead to a misclassi-
fication of breeding systems, because when there is a difference
between the number of genetic and somatic individuals within
a population, a population can be more or less outbred than a
count of somatic individuals would predict. Third, GySCP
opens up the possibility that genetic structure within a popu-
lation can develop through the spread of an infectious winner
over a limited area. The effect of this phenomenon would be
a genetic homogenization that mistakenly could be attributed
to the actions of inbreeding and in the long term could lead to
increased inbreeding and enhanced kin associations. Finally,
the existence of a form of inheritance in colonial species that
results from multiple origins of germ-line cells disturbs any
formal genetics that assumes that the individual is the unit of

inheritance, and that the collective complexity of the genome
of that individual is represented in its germ-line output. In B.
schlosseri, colonies are the unit of selection somatically, but
their germ line varies according to the input from fused
partners. We are presently at a loss to formulate mathemati-
cally the likely outcomes of such an inheritance mode.
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