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ABSTRACT Theories of evolution that state natural selec-
tion acts on individuals have been modified to include multiple
levels of selection. Here we demonstrate in chimeric protochor-
dates that primitive germ cell (pgc) and somatic cell (psc)
lineages have traits that also make them likely units of natural
selection. Specifically, by using microsatellites to determine the
genetic identity of various somatic and gametic tissues within
vascularly fused Botryllus schlosseri chimeras, we show that
genetically distinct pgc and psc can compete for access to
developing gonads and somatic organs, and that this competition
is hierarchical, reproducible, and heritable. Given that a single,
highly polymorphic locus (FuyHC) controls whether two con-
tacting colonies fuse or reject, our findings also support a leading
hypothesis for why the highly polymorphic histocompatibility
loci common to many metazoa may have arisen or been main-
tained: to limit supercompetitor lineages to histocompatible kin.

Among the most basic questions in evolutionary biology is at what
levels of organization are genomes competing in the processes of
natural selection (1, 2). In the modern synthesis of Fisher, Wright,
and Haldane, it was assumed that selection only acted at the level
of the individual (3–5). More recently, it has been proposed that
selection can also act at the level of groups of genes, cells, groups
of individuals, and even species, and that there can be interplay
and conflicts between these different levels of selection (6–10).
Buss (7) has argued that the early focus on the individual as the
unit of selection was to a considerable extent a legacy of the
Weismann–Nussbaum doctrine that asserts that heritable varia-
tion can only be passed on through a select set of cells known as
the germ line, which are set aside during early ontogeny (11, 12).
The doctrine has been confirmed for a number of solitary
organisms, including roundworms, flies, and vertebrates (13, 14).
In vertebrates, primordial germ cells (pgc) arise in early embry-
ogenesis, migrate to extraembryonic sites, and then return during
early fetal development to colonize the genital ridges and even-
tually form the gonads (14).

While somatic variants are not incorporated into the germ line
of solitary organisms, the genome producing the soma and the
genome that is transmitted by the germ line are not necessarily
identical in a large class of colonial organisms (6, 7, 15, 16). Many
invertebrate species exist as colonies of asexually derived indi-
viduals, some with interconnecting transport andyor vascular
systems. In these colonial species, it could be said that although
the whole colony is functioning as a somatic unit, both the colony
and the component individuals could be considered animals (17).
Because growth in colonial invertebrates occurs through several
rounds of asexual reproduction, there must be a pool of pgc
andyor their precursors that can delay differentiation until the
start of sexual reproduction (6, 7). As a consequence, germ line
variants could theoretically arise anytime after the early devel-
opment of the organism (when presumably the pgc or their

precursors first appear) and throughout the rounds of asexual
reproduction; these pgc variants could then compete for germ-
line niches in the developing gonads. In colonial invertebrates,
germ-line variants can arise through mutation, but another
avenue for the introduction of genomically distinct germ lines is
through vascular fusion with a non-genetically identical colony,
wherein pgc can migrate from one colony to the next (18–20). It
is this latter method that is considered in this paper. In colonial
invertebrates that have both sexual and asexual phases of repro-
duction, there is also a separation in time between the formation
of the first primitive somatic cells (psc) that participate in
embryonic organogenesis and those that participate in organo-
genesis during asexual development. Such a separation could
allow genetically distinct psc lineages to compete for somatic
niches and distinct pgc to compete for germ-line niches (18, 19).
As Buss (6, 7) and others (21–25) have pointed out, these
competitions among genetically distinct cell lineages within a
single somatic entity can lead to substantial fitness costs or
benefits as well as the emergence of histocompatibility barriers to
the indiscriminate intercolony passage of pgc and psc.

The colonial urochordate Botryllus schlosseri produces zygotes
that mature into tadpole larvae with a chordate body plan. On
release from the maternal colony, these tadpoles swim to a nearby
subtidal surface and undergo a metamorphosis to a sessile
juvenile individual (oozooid). Metamorphosis precipitates the
loss of the chordate body plan of notochord, neural tube, and
segmented musculature and results in the production of a tem-
porarily solitary organism with its own neural, gastrointestinal,
cardiovascular, hematopoietic, respiratory, glandular, surface ep-
ithelial, and gonadal components. After settlement, the oozooid
commences a series of asexual budding cycles, beginning with a
small focus of undifferentiated cells that eventually gives rise to
a multiindividual colony composed of morphologically and ge-
netically identical blastozooids. Within such a colony, the blas-
tozooids are connected to one another by both a common tunic
and a network of anastomosed extracorporeal blood vessels (26).
Eventually, ovaries and testes form within blastozooids, and
sexual reproduction commences (26).

When two genetically distinct oozooids or colonies come into
contact, they either anastomose their peripheral blood vessels to
form vascular and blood chimeras (26) or develop an inflamma-
tory rejection that permanently separates the colonies (27). In B.
schlosseri, the processes of fusion and rejection are controlled by
a single, highly polymorphic locus, now called FuyHC (27–29).
Such a genetically based self–nonself-recognition system in co-
lonial species has been suggested by Burnet, Buss, and others to
be an adaptation for limiting fusion and, therefore, the risk of cell
lineage competition to kin (6, 7, 22–25, 30, 31).

Using microsatellite markers, we demonstrated previously that
in FuHC, compatible fused but genetically distinct colonies (i) the
blood, the buds, and the germ cells can be chimeric and (ii) in
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some cases, the cells of tissues of one individual can be derived
from cells from the other individual (18, 19). These previous
studies did not test whether somatic and germ-line competitions
were reproducible and heritable. In organisms that have both
sexual and asexual reproductive andyor developmental pathways,
sexual inheritance is determined by the passage of traits through
a pedigree and asexual inheritance by passage of traits to asex-
ually derived progeny. Here we show that the pgc and psc
competitive relationships among genotypes is reproducible, hi-
erarchical, and asexually heritable. The proposal that pgc com-
petitive ability is a heritable trait was also supported by a pedigree
analysis of germ-line ‘‘winners’’ and ‘‘losers.’’ These results,
therefore, provide substantive evidence that cell lineage selection
may play a role in shaping the life history of B. schlosseri and, in
so doing, support the idea that natural selection can operate at
multiple levels of organization (6–11).

MATERIALS AND METHODS
Microsatellite Analyses of Genotypes. As described below, 2–5

months after fusion, somatic and gametic tissues from the fused
colonies were harvested and genetically assayed by using a
PCR-based technique that used primers amplifying unique mic-
rosatellite loci (18, 19, 32, 33). At 5–6 representative sites, tissue
samples were taken of a single bud (to determine somatic cell
origin) and sperm was liberated from the testes of an adjacent
adult bud (to determine germ cell origin) and blood. In most
cases, two independent microsatellite loci were examined, and in
all cases where distinct alleles were present, results were concor-
dant (Fig. 1). To determine whether the genetic patterns we
observed at 2 months were stable or would change after many
additional asexual cycles, we also genetically analyzed the tissues
from one replicate of each bi- and trichimera from experimental
set I and one replicate of the trichimeras from sets III–V after 5
months.

Crosses. Botryllus colonies were maintained in the laboratory
as described (34). Laboratory crosses between two trichimeras
(sets I and III) and a wild colony were undertaken to test the
extent to which microsatellite analysis of sperm was a good
predictor of progeny production by gametes from both testes and
ovaries. Reciprocal crosses were performed in which each trichi-
mera functioned as first sperm donor and then egg donor.

RESULTS
Experimental Design. B. schlosseri colonies selected for this

experiment came from laboratory stocks that all shared at least
one allele at the FuyHC locus (29, 30) and, therefore, would fuse
via their vascular ampullae on contact. Each colony had asexually
reproduced for several generations, and at the time of the
experiment consisted of many asexually derived blastozooids.
Eleven colonies, chosen from the three pedigrees shown in Fig.
2 and designated by the letters A–K, were genetically typed for
microsatellite alleles and assigned to one of five experimental sets
consisting of three colonies each (Table 1). Four of the colonies
(A–C and H) were assigned to more than one experimental set.
Within an experimental set, subclones (systems of genetically
identical blastozooids) from each colony were paired with equal
sized subclones from each of the other colonies and placed on
glass slides to form bichimeras and combined all together to form
trichimeras. Except for set II, each bichimera and trichimera was
replicated three times. Replicates were separated in time from
each other by several asexual cycles. Once the chimeras were
created, they were housed in aquaria and fed as described (34),
and weekly observations were made with regard to position and
size of chimeric partners.

Bichimeras. In 39 of 42 bichimeras, one of the two paired
colonies ceased budding and was macroscopically resorbed, as
determined by visual inspection (35) within the first 2 months
postfusion (Table 1). As described (35), the colony resorption
results were consistent across replicates. In only 4 of 15 pairings
was the resorptive winner also the somatic and germ cell winner

in all replicates (Table 1, lines 1–3, 13–14, 15–16, and 17–18).
Although evidence of complete replacement of the somatic
tissues of one colony by the tissues of the resorbed colony was
found in only 2 of 15 pairings (Table 1, lines 24–26 and 28), partial
somatic replacement (presence of both genotypes in the bud)
occurred in 5 of 15 pairings (Table 1, lines 22, 33–35, 39–41, 47,
and 51). In 5 of 15 pairings, there was complete germ-cell
replacement of the colony resorption winner’s testis by germ cells
of the other in all three replicates (Table 1, lines 21–23, 24–26,
39–41, 45–47, and 48–50). In two pairings, complete gametic
replacement of the resorption winner was found in at least two of
three replicates (Table 1, lines 27, 28, 36, and 37), and almost
complete replacement was found in the third replicate (Table 1,
line 38). Partial gamete replacement was observed in another 2
pairings (Table 1, lines 34 and 52–53). Both complete or partial
somatic and germ-cell replacement of the resorption winner
could occur within the same chimera (Table 1, lines 24–26, 28,
and 39–41), but more often the gametic and somatic replacement
of resorption winner tissues were independent (Table 1, lines 5,
21–23, 27, 36–38, 45–47, and 48–50 and possibly 51 and 52).

A linear hierarchy was a good descriptor of the competitive
relationships among psc (Table 1, Fig. 3). The relative ranking of
somatic winner genotypes was not identical to the resorption
rankings, although there was a strong bias for the resorptive
winner to retain its somatic genotype (Table 1 and Fig. 3). Of the
15 bichimeric replicates tested, 9 of the resorptive winners were
the somatic winner in all replicates. Five of the 15 replicates were
either derived completely from the fused partner’s genotype or
were mixtures of both somatic genotypes in at least one of the
replicates. In two cases (lines 24–26 and lines 39–41 of Table 1),

FIG. 1. Genetic analysis of buds (S), sperm (G), and blood (BL)
from one of the replicate bichimeras of experimental set 3 using two
microsatellite loci. The bichimera was formed through the fusion of
colonies G and F. (A) The results presented are these derived from the
use of microsatellite locus PB41. The Upper band (202 bp) is unique
to the gametic winner, (colony F) and the Lower band (195 bp) is
shared by both genotypes. The presence of only the Lower band in the
somatic tissues suggest that all of the somatic tissues are derived from
colony G, while the presence of both the Upper and Lower band in the
gametic tissues suggests that these tissues are derived either just from
colony F or from both colonies. (B) Results using microsatellite locus
PBC1. The Top band (223 bp) is unique to the gametic winner (colony
F), while the Bottom two bands (172 and 221 bp) are unique to colony
G. The presence of only the Bottom two bands in the somatic tissues
suggest that all of the somatic tissues are derived from colony G, while
the presence of just the Top band in the gametic tissues suggests that
these tissues are derived from colony F.
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the resorptive winner in all 3 replicates was wholly or mostly
derived from the loser’s somatic tissues.

A linear competitive hierarchy also appears to be a good
descriptor of the competitive relationships among pgc (Table 1,
Fig. 3). There was little correlation between the gametic hierarchy
and the resorption hierarchy because the gametic tissues fre-
quently expressed the germ line of the resorptive loser. For
example, it would appear that the germ line of genotype A is a
good competitor for access to reproductive sites regardless of
whether it is physically resorbed. On the other hand, the germ line
of genotype B seems to be an invariably poor competitor (sets I
and III). The results of the gametic competition were consistent
among temporally separated clonal replicates. The fact that
genotypes could be placed into a competitive hierarchy suggests
that the ability of pgc to compete for reproductive sites is probably
heritable.

Trichimeras. Trichimeras were useful for determining the
competitive abilities of pgc and psc where three genotypes fused
and had access to germ line and somatic niches. In all five
trichimeras, the winner of the gametic competition in all repli-
cates was predictable from the bichimera results, and in most
cases, a single pgc genotype completely populated all gonads. For
example, as in B 5 G bichimeras, in the B 5 F 5 G trichimeras,
colony B appeared to be the resorption winner but in fact was the
somatic loser to colony G, whereas both lost the gametic com-
petition to F (lines 30–32). Somatic chimeras could be found in

FIG. 2. Pedigree of laboratory colonies. (A) The branch of the
pedigree showing the two genetic relationship among the two most
dominant germ-cell competitors. (B) Another branch of the pedigree
showing the genetic relationship among five other good germ-cell
competitors. (C) A third branch of the pedigree showing the genetic
relationship among the 4 poorest germ cell competitors. All of the
colonies within the three branches, with perhaps the exception of
colony A, have at least one parent who was a descendant from an initial
pair of colonies that founded our laboratory stocks. Within this larger
pedigree, the three branches are all distantly related to each other.
Letters indicate colony identity. Listed below the identifier is the actual
name of the colony in the pedigree (available on request).

Table 1. Directionality of colony resorption and somatic and
gametic identification of phenotypic winner in five experimental
sets 2 months after fusion

Line

Experi-
mental

set
Fusion

partners Replicate
Resorptive

winner

Genotype of the
survivors

Buds Sperm

1 I A 5 B 1 A A A
2 2 A A A
3 3 A A A
4 A 5 C 1 C C C
5 2 C C A
6 3 A A A
7 B 5 C 1 CyB CyB C . ByC
8 2 C C C
9 3 C C C

10 A 5 B 5 C 1 A A A
11 2 A A A
12 3 C C . A A
13 II A 5 D 1 A A A
14 2 A A A
15 A 5 E 1 A A A
16 2 A A A
17 D 5 E 1 E E E
18 2 E E E
19 A 5 D 5 E 1 A A A
20 2 E E . A A . E
21 III B 5 F 1 ByF ByF FyF
22 2 B BF F
23 3 ByF ByF FyF
24 B 5 G 1 B G G
25 2 B G G
26 3 B G G
27 F 5 G 1 G G F
28 2 G F F
29 3 F F F
30 B 5 F 5 G 1 G G . F F
31 2 B G F
32 3 B G F
33 IV C 5 H 1 C C . H C
34 2 C C . H C . H
35 3 C C . H C
36 C 5 I 1 C C I
37 2 C C I
38 3 C C I . C
39 H 5 I 1 H I . H I
40 2 H I . H I
41 3 H I . H I
42 C 5 H 5 I 1 C C . H I . C
43 2 C C . H I . C
44 3 C C . H I . C
45 V H 5 J 1 H H J
46 2 H H J
47 3 H H . J J
48 H 5 K 1 H H K
49 2 H H K
50 3 H H K
51 J 5 K 1 J JK J
52 2 J J JK
53 3 J — JK
54 H 5 J 5 K 1 K J . H J
55 2 H J . H J
56 3 H J . H J

Listed are the genotypes of the colonies that either physically
resorbed the other colony(ies) in the bi(tri)chimeras or were expressed
within the somatic and gametic tissues of the chimera 2 months after
fusion. y, both members of the chimera were still present 2 months
after fusion. Two letters together indicate that the tissues expressed
both genotypes. ., the genotype to the right of the symbol represents
a minor component of a tissue.
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at least one replicate in all five sets of trichimeras (Table 1, lines
12, 20, 30, 42–44, and 54–56).

The somatic hierarchy for the trichimeras also roughly paral-
leled the resorption hierarchy, although to a lesser degree than in
the bichimeras (Table 1, Fig. 3). In fact, in most (9 of 14)
trichimeras, no single genotype dominated the competition for
access to somatic sites. These results suggest that competitive
interactions among genotypes for access to somatic sites can be
modified by the presence of additional genotypes. As was also the
case for the bichimeras, among the trichimeras there was little
correlation between the gametic hierachy and either the resorp-
tion or somatic hierarchies (Table 1, Fig. 3).

Comparing the results of the genetic analyses performed at 5
months with the genetic analyses performed at 2 months, there
were no changes in either the genetic identities of the somatic and
gametic tissues or in the relative contribution of genotypes in
those cases where there was partial replacement (Tables 1 and 2).

We tested whether the spermatic winners represented pgc that
gave rise to both functional sperm and eggs by breeding these
trichimeras to a wild colony, wherein each trichimera served
successively as an egg and then as a sperm donor. We expected
;50% of the offspring to bear the microsatellite markers of the pgc
winner. Of 81 progeny assayed from four crosses, 44–48% of the
progeny were derived from the pgc winner, as identified by the
unique band derived from the testicular winner. Only 1 of the 81
progeny was identified as having been sired by an undetected
genotype (Table 3). G tests showed that within all four crosses, the
proportion of progeny in each genotype class were as would be
expected if the testicular winner was the gamete donor (Table 3).
These results were obtained whether the trichimeras served as
sperm or egg donor. Thus, we assert, as we did previously (18, 19),
that the sperm output of each genotype also predicts male and
female reproductive output. Because the trichimera crosses shown
in Table 3 indicate that the ability to capture testes germ-line sites
correlates with the ability to capture ovary germ-line sites in the

same colony, we also suspect that the competitive elements are pgc
rather than testis or ovary committed protogametes.

Pedigree of Experimental Colonies. One method for deter-
mining whether a phenotypic trait has a genetic basis is pedigree
analysis. Heritable traits would be expected to be transmitted by
sexual reproduction to progeny in a pedigree. We have raised the
B. schlosseri used in the experiments at Hopkins Marine Station
for 10–12 generations and have generated a pedigree for most of
the colonies produced during this time period. The colonies used
in this experiment are a small subset of this larger pedigree, and
all shared at least one allele at the FuyHC locus. An analysis of
this pedigree showed a strong correlation between the genealog-
ical tree (Fig. 2) and the winners in the germ cell competition
(Table 1, Fig. 3). The best gametic competitors were either F2s
(colony A) or F4s (colony F) of branch 1 or F1s (colonies C, I, and
J) of colony E in branch 2. In gametic competitions involving just
these two branches, colonies from branch 1 always defeated
colonies from branch 2. A survey of the rank order of colonies
within the five experimental sets revealed that colonies from
branches 1 and 2 of the pedigree were often also the second best
gametic competitor within an experimental set. In each case
where one of these colonies came in second, there was always
more than one colony from these two branches present within an
experimental set (Fig. 2, Table 1). The poorest gametic compet-
itors were usually F1s (colony B) and F2s (colonies G and K) of
colony H as well as colony H itself from branch 3. This branch of
the pedigree contained four of five losers and two of five of the
second place colonies (Fig. 2, Table 1). Interestingly, when
members of this branch were in second place (colony G), another
member of this branch always occupied last place. It is of interest
that both branches 1 and 2 contain independent ancestral wild
colonies within the previous five generations (the full pedigree
chart is available on request).

What is the probability that these results occurred by
chance? For each bichimera replica in the pedigree analysis,
the probability that the gametic winner was from a particular
colony is 0.5 and for each trichimera is 0.33. In Table 4, we
present the observed vs expected outcomes of the bichimera
and trichimera germ-line competitions when interpedigree
partners were involved. In every interpedigree interaction, the
probability that the germ-line winners occurred by chance in
bichimeras or trichimeras between pedigree 1 vs. pedigree 2 or
pedigree 3 and pedigree 2 vs. pedigree 3 is ,0.05 and in most
cases ,0.001. It is fair to conclude that there is a nonrandom
distribution of pgc winners and losers when colonies between
pedigrees are tested and therefore that the pgc competition
outcomes are heritable. It is beyond the scope of this study to
demonstrate the mode of inheritance.

FIG. 3. Linear hierarchies for resorption, somatic replacement, and
gametic replacement in B. schlosseri. Arrows point to the competitive
losers in five experimental sets (Table 1). Only cases where complete
colony resorption occurred within 2 months of fusion are included.
Arrows possessing two arrowheads indicate reciprocal outcomes. Open
arrowheads indicate cases where only minute PCR amplifications of one
of the two genotypes were recorded. Numbers alongside the arrows show
the number of replicates for which that outcome was observed.

Table 2. Resorptive, somatic and gametic winners of seven
chimeric combinations after 5 months

Line

Experi-
mental

set
Fusion

partners Replicate
Resorptive

winner

Genotype of the
Survivors

Buds Sperm

1 I A 5 B 3 A A A
5 A 5 C 2 C C A
8 B 5 C 3 C C C

12 A 5 B 5 C 3 C C . A A
32 III B 5 F 5 G 2 B G F
43 IV C 5 H 5 I 3 C C . H I . C
54 V H 5 J 5 K 1 K J . H J

Listed are the genotypes of the colonies that either physically
resorbed the other colony(ies) in the bi(tri)chimeras or were expressed
within the somatic and gametic tissues of the chimera 5 months after
fusion. Two letters together indicate that the tissues expressed both
genotypes. ., the genotype to the right of the symbol represents a
minor component of a tissue. Lines refers to corresponding lines of
same fusion partners in Table 1.
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There was a weaker correlation between these pedigrees and
the somatic hierarchy. Four of the five somatic winners came
from the same two branches (branches 1 and 2, Fig. 2) of the
pedigree that contained the gametic winners. However, the
somatic winner in set V, colony H, came from a branch that
contained all the gametic losers (branch 3 in Fig. 2), and in
experimental set I there was no one clear winner.

CONCLUSIONS AND SPECULATIONS
We show here that pgc and psc lineages may have traits that make
them likely units of natural selection. Specifically, we found with
respect to both the pgc and psc competitions in chimeric B.
schlosseri that the order of winning and losing was consistent
among clonal replicates, was stable over tens of asexual genera-

tions, could be arranged into a linear hierarchy (Fig. 3), and was
heritable via sexual reproduction over 3–4 generations of crosses
(Fig. 2, Table 4). The lack of correlation in the rank order of
somatic and gametic winners suggests that the outcomes of the
somatic vs. gametic competitions are independent. Because the
reproductive differential between the winners and losers of
gametic cell competition was essentially all or none, it would
appear that cell lineage selection could powerfully impact the
fitness of B. schlosseri. Technically, cell lineage selection is still
selection of a distinct genome and is therefore a form of indi-
vidual selection. However, selection of a genome within a com-
posite soma will differ from most instances of individual selection
in that under cell lineage selection, fitness will not necessarily be
linked to the survival of the soma.

Table 3. Progeny testing of two trichimeras from experimental sets I and III

Trichimera
(Set)

Microsatellite
bands of

component
colonies

Microsatellite
bands of

test colony

Crosses

n

Microsatellite
bands

of progeny

Expected results
from cross

if testicular winner
was gamete donor, n

Observed results
from cross, n G test

Egg
donor

Sperm
donor

A 5 B 5 C *A 5 1,3 0,1 TC TRI 30 1,3 7.5 8 P . 0.1
(I) B 5 1 1,2 0 1

C 5 1,2 0,3 7.5 6
0,2 0 0

0,1 1 1,1 15.0 15

0,1 TRI TC 9 1,3 2.25 0 P . 0.1
1,2 0 0
0,3 2.25 4
0,2 0 0

0,1 1 1,1 4.50 5

B 5 F 5 G B 5 1 2,2 TC TRI 29 2,3 14.5 14 P . 0.5
(III) *F 5 1,3 2,1 14.5 15

G 5 1
0,1 TRI TC 13 1,3 3.25 4 P . 0.5

0,3 3.25 3
0,1 1 1,1 6.50 6

Reciprocal crosses were performed in which the trichimera acted as either functional male or functional female. Microsatellite bands of
component colonies and progeny are the bands observed on an autoradiograph when microsatellite locus PB41 is amplified. The banding patterns
of test colonies were inferred from microsatellite analysis of tissues from the test colonies using locus PB41 and the results from the crosses. For
example, microsatellite analysis of the third test colony suggested that its genotype could have been either 0,2 or 2,2. But given the genotypes of
the progeny from the cross in which it participated, we inferred that its genotype was most likely 2,2. The last column gives results from a G test
of the hypothesis that the testicular winner from each of the trichimeras was the gametic donor. p, testicular winner identified by the microsatellite
analysis of sperm from the trichimera. TC, test colony; TRI, trichimera.

Table 4. Interpedigree win–loss record with respect to germ cell competitions

Pedigrees
Compared

Observed wins per
pedigree

Expected wins per
pedigree

df G P value1 2 3 1 2 3

Bichimeras
1 vs. 2 6 1 — 3.50 3.50 — 1 3.9624 ,0.05
1 vs. 3 9 — 0 4.50 — 4.50 1 12.4766 ,0.001
2 vs. 3 — 13* 1** — 7.00 7.00 1 12.2032 ,0.001

Trichimeras
1 vs. 2 vs. 3 3 0 0 1.00 1.00 1.00
1 vs. 2 vs. 2 2 0 — 0.66 1.34 —
1 vs. 3 vs. 3 3 — 0 1.00 — 2.00
2 vs. 2 vs. 3 — 3 0 — 2.00 1.00
2 vs. 3 vs. 3 — 3 0 — 1.00 2.00

Trichimeras-Totals
1 vs. non-1 8 0 0 2.66 2.34 3.00 1 17.6178 ,0.001
2 vs. 3 — 6 0 — 3.00 3.00 1 8.3178 ,0.005

A goodness-of-fit test is used to verify the hypothesis that there is no competitive difference among colonies from each of
the three pedigrees used in our study. Assuming equal competitive ability, colonies from each pedigree are expected to be the
competitive winner 50% of the time within bichimeras and 33% of the time within trichimeras.
p, Includes replicate where both genotypes were present within the gonads, but one genotype was dominant.
pp, Does not include two replicates in which there was no clear winner.
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Buss (6, 7, 16) and Buss and Green (15) proposed that in
colonial invertebrates such as B. schlosseri the cells that pass from
one asexual generation to the next are totipotent cells, with
lineage commitments to somatic and gametic differentiation
occurring as late but regulated events. It seems most likely that the
relative independence of successful gonadal vs. somatic compe-
titions in the same chimeras is inconsistent with this model. We
propose alternatively that there is a separation of pgc and psc in
the fetal oozooid and that these psc and pgc probably represent
populations of germ-line stem cells and somatic stem cells. Stem
cells are cells that are capable, at the clonal level, of self-renewal
as well as multilineage differentiation (36, 37). At each round of
asexual reproduction of B. schlosseri the nascent bud is made up
of morphologically undifferentiated cells that proliferate and
differentiate to generate fully developed organ systems; hence, it
is likely that these undifferentiated bud cells are in fact collections
of stem cells. It is also likely that asexual reproduction and colony
size expansion provide a requirement for the expansion of these
putative stem cell pools, i.e., by self-renewal. If so, the competitive
nature of these putative stem cell populations could depend on
their ratio of self-renewing to differentiating cell divisions.
Clearly, it shall be important to identify and isolate the cells that
are responsible for somatic and gonadal invasion and to test
whether their totipotent common progenitors exist only in the
embryonic oozooid or continue to exist during asexual expansion
of blastozooids.

It is evident that one level of selection occurs via the winner of
germ-line competition. But the survivability of the somatic host is
a selectable trait as well, and perhaps it will turn out that there are
cooperating elements between the genes that encode the body and
genes that are expressed in the germ cells that use the body. For
example, insofar as the FuyHC system limits the opportunity of
fusion to kin (29), kin-shared elements would be passengers along
with the trait or traits that encode successful pgc replacement of
host gonads. Successful pgc clones that carry genes which promote
fitter somatic features should eventually overcome equally com-
petitive pgc clones that carry less successful somatotype genes.

The preceding discussion might give the impression that the
fitness of the host colony depends solely on the genotype of the
host. However, genetic analyses of the somatic tissues of fused
colonies shows that they can be a composite of both genotypes
(Tables 1 and 2). It is conceivable that the fitness of a fused colony
may actually depend on the joint fitness of the genomes that
contribute cells to somatic function. If two psc genotypes have
different environmental tolerances, one would expect that as
environmental conditions change, so would the composition of
the chimera, a process that is enabled by the dynamic nature of
somatic cell lineage competitions in each asexual generation (a
new round of asexually derived blastozooids takes over each week
in Monterey B. schlosseri). Thus, the existence of psc chimerism
may provide the ‘‘chimeric entity’’ with a wider range of responses
than it would the individuals.

The finding that there are some genotypes that are always
better pgc than others suggests that there could arise supercom-
petitor lineages within a population that spread by fusing with
other members of the population. How far such pgc supercom-
petitor lineages will spread will be limited primarily to kin by the
high polymorphism of the FuyHC locus (29). The spread of the
mobile stage tadpole larva of B. schlosseri is nonrandom; labo-
ratory experiments performed by Grosberg and Quinn (21)
demonstrate that sibling larvae of B. schlosseri preferentially
settle next to histocompatible kin (including their parents).

These results have several potential implications. First, the
finding that pgc competition is a heritable trait that might lead to
the emergence of specialist genotypes suggests that at least within
chimeric B. schlosseri, selection is acting on cell lineages as well as
on individuals. These findings imply that in order to understand
the evolution of organisms with life histories like B. schlosseri such
as sponges (38, 39), hydroids (40), corals (41, 42), and bryozoans
(43, 44), one must accept the possibility that their evolution

occurred as the result of the action of selection acting on several
levels of organization (6–10). Also, when surveying natural
populations of organisms that can form genetic chimeras, one
should not rely solely on morphological observation to make
inferences about population structure (literally, you cannot be-
lieve your eyes) in that the phenotype that is represented by the
body may not represent the genotype that is transmitted by the
gonads. Finally, these findings confirm the hypotheses of Buss (6,
7), Grosberg and Quinn (21), Grosberg (22), and Rinkevich and
Weissman (45) that polymorphic histocompatibility loci may have
arisen or been maintained to limit supercompetitor lineages to
histocompatible kin. This provides an alternative (but not exclu-
sive) hypothesis to account for the widespread development of
polymorphic histocompatibility loci within the metazoa.

The experiments described here show that there is probably a
genetic basis to pgc and psc competition within B. schlosseri
chimeras, presumably related to the self-renewal andyor the
migratory properties of these cell lineages. In the future, we hope
to use genomic markers (46) to test the Mendelian inheritance of
the pgc competitive ability, as well as identifying, isolating, and
transplanting candidate pgc and psc cells.
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