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Multicellular organisms use the products of highly polymorphic genes to distinguish 
self from conspecific nonself cells or tissues. These allorecognition polymorphisms 
may regulate somatic interactions between hosts and pathogens or between 
competitors (to avoid various forms of parasitism), as well as reproductive inter- 
actions between mates or between gametes (to avoid inbreeding). In both cases, 
rare alleles may be advantageous, but it remains unclear which mechanism main- 
tains the genetic polymorphism for specificity in selflnonself recognition. Contrary 
to earlier reports, we show that mate selection cannot be a strong force maintaining 
allorecognition polymorphism in two colonial marine invertebrates. Instead, the 
regulation of intraspecific competitive interactions appears to promote the evo- 
lution of polymorphisms in these species. 

By reducing the risk of inter- and intraspe- immune system might be found in the al- 
cific parasitism, the ability to distinguish lorecognition systems governing tissue fusion 
self from nonself and close kin from distant in colonial marine invertebrates (tunicates, cni- 
relatives stabilized two major transitions in darians, bryozoans, and sponges) (15). The 
the history of life: the evolution of tissue sessile life-styles, encrusting growth forms, and 
differentiation and cooperative social be- limited dispersal of many of these animals pro- 
haviors ( I ,  2). One of the hallmarks of mote tissue contacts between allogeneic con- 
these selflnonself recognition systems, specifics and intense intraspecific competition 
such as the vertebrate major histocompati- for space (15, 16). Spatial competition is me- 
bility complex (MHC) (3), is their high diated by complex somatic recognition behav- 
specificity, conferred by loci with as many iors, ranging from intergenotypic fusion to ac- 
as 100 alleles. Natural selection may favor tive cytotoxic rejection and aggression. For ex- 
heterozygotes or carriers of rare alleles, ample, in the hermaphroditic colonial tunicate 
leading to the evolution of extreme allelic Botryllus, a single mendelian locus (A) with 
diversity (4-6), through two mechanisms. perhaps hundreds of codominant alleles (1,2,3, 
Rare or heterozygous genotypes may be . . . n) controls allorecognition specificity (11, 
favored because of their enhanced somatic 16-18). Because most alleles are rare, allele 
resistance to parasites or pathogens or their sharing is mainly restricted to close relatives. 
overall vigor (5, 6), though specific asso- Colonies sharing one or both alleles at this 
ciations between pathogens and MHC ge- locus will fuse (Fig. 1). Colonies lacking a 
notypes are elusive (5). Alternatively, rare shared allele reject each other and retain their 
genotypes may have higher reproductive individuality. 
success: Female mice (7) and humans ( 8 , 9 )  These same life cycle traits also increase 
prefer mates carrying different MHC al- the likelihood that close relatives can mate. 
leles, either to avoid inbreeding or to en- Oka (19) first claimed that the somatic al- 
hance the resistance of their offspring to lorecognition locus in Botryllus primigenus 
pathogens and parasites. Selection mediat- could also reduce the potential for inbreed- 
ed by such mating preferences may indi- ing. If sperm sharing an allorecognition allele 
rectly promote MHC and other allorecog- with an egg-parent cannot penetrate the layer 
nition polymorphisms (3, 10-12), though of diploid parental cells surrounding its 
other attempts to find MHC-dependent eggs, then selection should favor carriers of 
mating preferences have been less success- rare alleles (20). Burnet (10) subsequently 
ful (3, 13, 14). argued that the mate selection hypothesis 

Burnet (10) and others (11) proposed that could account for the high levels of poly- 
the evolutionary antecedents to the mammalian 	 morphism that are apparent in both inver- 

tebrate allorecognition systems and the ver- 
tebrate immune system. Scofield and col- 
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condition through control of fertilization or 
development." 

Both somatic and mate recognition are 
plausible mechanisms for the maintenance of 
extraordinary allorecognition polymorphism. 
Decisive experiments that could discriminate 
between the effects of these two mechanisms 
are difficult to perform in vertebrates because 
of the complex and functionally interconnect- 
ed behaviors regulated by the MHC and the 
difficulties in separating environmental from 
genetic sources of phenotypic variation. 

Here we show that mate selection is not 
essential for the maintenance of high levels of 
polymorphism in somatic recognition sys-
tems-an intensely debated question among 
vertebrate immunologists. We used colonial -
marine invertebrates (a tunicate and a hy-
droid) to test three predictions of the mate 
selection hypothesis. In both species, individ- 
uals freely spawn sperm into the surrounding 
seawater. In the dioecious hydroid, females 
also spawn eggs. In the hermaphroditic tuni- 
cate, eggs are retained within parental colo- 
nies and are fertilized by sperm entrained in 
their feeding currents. The short-lived swim- 
ming larvae are released several days after 
fertilization. If, as predicted by others (3, 
10-12, 19), the allotypes of colonies pleio- 
tropically affect sperm-egg interactions, then 
for a one-locus allorecognition system (see 
Fig. 1) such as that of Botryllus, the following 
predictions could be made: (1) Matings be- 
tween fusible colonies sharing both al-
lorecognition alleles (that is, syngeneic) 
should yield no offspring (if allotypic simi- 
larity prevents fertilizations) or fewer off- 
spring as compared to matings between col- 
onies not sharing allorecognition alleles (if 
allotypic similarity reduces but does not elim- 
inate sperm-egg compatibility). (2) In mat- 
i n g ~  between fusible colonies sharing one 
allorecognition allele (that is, semialloge- 
neic), two allotypic classes, one of them ho- 
mozygous, should be missing or underrepre- 
sented in their offspring (Fig. 1, C and D). (3) 
The segregation patterns in reciprocal crosses 
between hermaphroditic semiallogeneic par- 
ents should be reversed according to the iden- 
tity of the sperm parent (Fig. ID). 

We tested prediction 1 in sperm competi- 
tion experiments with B. schlosseri. We used 
the breeding design in Fig. 1 to generate 
replicate full-sibling families of F, offspring 
(21). We compared the in vitro fertilization 
success of full-sibling pairs of sperm parents 
(P,): one sharing both allorecognition alleles 
with a sibling egg parent (syngeneic) and the 
other sharing neither allele (allogeneic) (22). 
In all comparisons, both sperm parents con- 
tributed roughly equally to the paternity of 
the F, offspring. There were no significant 
deviations from the 1 :1 siring ratio expected 
if there were no fertilization bias due to the 
allorecognition locus (Table 1). 
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We tested prediction 2 in crosses between 
semiallogeneic full siblings of B. schlosseri. 
In such crosses, a single sperm-donor colony 
(P,) heterozygous at its allorecognition locus 
should produce equal numbers of sperm car- 
rying each allorecognition allele. We con-
ducted reciprocal matings between pairs of 
colonies collected from populations at Woods 
Hole, Massachusetts, and similar matings be- 
tween colonies from Berkeley, California. In 
every trial, all four F, genotypes were pro- 
duced in large numbers and at frequencies not 
significantly different from the expected 1 :1: 
1:1 ratio under random fertilization (Fig. 1C 
and Table 2), including a homozygous allo- 
type (Fig. 1 C) that should be absent or rare if 

Fig. 1. Schematic of a mating design t o  
identify the effects of a somatic compatibil- 
i t y  system on fertilization patterns in a one- 
locus allorecognition system. In the case of 
Botryllus, a single mendelian locus (A) w i th  
many codominant alleles (7, 2, 3, . . . n) 
controls allorecognition specificity (7 7, 76-
78). Colonies sharing one or both alleles at  
this locus wi l l  fuse. The genetics of al-
lorecognition in  H. symbiolongicarpus are 
somewhat more complex, w i th  compatibility 
probably being controlled by three or four 
independent loci w i th  five t o  seven alleles 
per locus (26). Because these loci have not 
been cloned and characterized, the precise 
allelic matching rules for fusion remain dif- 
ficult t o  specify. (A) Unrelated heterozygous 
parents (P,) w i th  four allorecognition alleles 
(A, t o  A,) produce four different allotypic 
classes of F, offspring. We chose fusible and 
rejecting pairs o f  these offspring as parents 
(P,'s) t o  generate F,'s [example pairs are 
circled in  (A)]. (B through D) The frequencies 
of F, allotypes, and thus frequencies of fu- 
sion-and rejection, should vary according t o  
the allotypes of the P,'s and t o  whether 
mate selection operates. These fusion and 
rejection frequencies are useful measures o f  
the diversity of allotypes among offspring 
in the case of the hydroids in which allotypes 
cannot be determined directly. The predicted 
rejection frequencies shown for each panel 
are only quantitatively accurate for the Bot- 
ryllus one-locus system. Quantitative predic- 
tions would be different for the multilocus 
Hydractinia system, but the qualitative pre- 
diction (0 > C > D) sti l l  holds. (0) Regardless 
of the fertilization model, matings (P,) be-
tween rejecting (allogeneic) brother-sister 
pairs (A,A3 X AA,) produce four allotypes 
among their F, offspring, of which 25% re- 
ject each other (dashes). (C) Without mate 
selection based on the somatic allotype, 
semiallogeneic parents that  share one allele 
in common produce four classes of F, allo-
types, including one homozygous allotype 
(A2A2) that rejects some siblings (A,A,). 
These four allotypes are expected in 1:1:l:1 
ratios w i th  12.5% rejections. (D) In semial- 

sperm are unable or less likely to fertilize 
eggs that are surrounded by an envelope of 
tissue bearing the sperm allorecognition al- 
lele. This outcome did not depend on which 
hermaphrodite parent provided sperm and 
which provided eggs: All four F, genotypes 
were produced in 1:1:1:1 ratio when either 
parent acted as a sperm donor. This falsifies 
the prediction of reversed segregation pat- 
terns under the model of fertilization bias 
(prediction 3). These results substantially ex- 
pand on but are concordant with earlier pre- 
liminary analyses (23) and indicate that mate 
selection acting through the B. schlosseri fu-
sion-rejection locus cannot promote the evo- 
lution of genetic polymorphism at that locus. 

A PI A1A2x A 8 4  

We also tested prediction 2 in the dioe- 
cious hydroid Hydractiniu s.vmbiolongicar- 
pus. These colonies show heritable fusion- 
rejection behavior (24, 25) and allorecog- 
nition polymorphism (26) comparable to 
that of Botryllus. Because the formal genet- 
ics of allorecognition specificity in these 
hydroids appear to be more complex than in 
Botryllus, we could not directly determine 
the allotypes of offspring from these mat-
i n g ~  (as we did in the Botryllus experi-
ments). Instead, we compared the frequen- 
cy of fusion-rejection responses among the 
F, offspring in the same mating design 
shown in Fig. 1 (27). Whatever the formal 
genetics of allorecognition, offspring from 

F1 A f i 3  

AP3 + FUSION 
A P 4  

NO SHARED ALLELE 
(REJECTING) 

F2 A 4 2  A1A4 ' A243 A 3 4  

*IA2A I A 4  EXPECTED REJECTION: 
AP3 25%- + + +
A3A4 

I NO MATE SELECTION 1 
C pz ONE SHARED ALLELE 

(FUSIBLE) 
V 

FZ A2A2 A f i 4  A d 3  A d 4  

5 EXPECTED REJECTION: 
, 4 8 3  12.5% 
A 4 4  -

I WITH MATE SELECTION 1 
D P2 (A2)A3$ X A2A4 E Afi32 X (A2)A43 ONE SHARED ALLELE 

(FUSIBLE)-1. 1 
F2 A d 3  A d 4  A d 4  A3A4 

3 EXPECTED REJECTION: 2 ;  

A3A4 0O/o 

logeneic crosses wi th  gametic incompatibility mediated by the al- (C). (E) If the sex roles of the hermaphroditic colonies are reversed in 
lorecognition Locus, one class of sperm (A, in parentheses) is incom- reciprocal crosses, a different allele (A,) w i l l  be compatible w i th  eggs 
patible w i th  eggs surrounded by A,A, maternal tissue and sires no (surrounded by A,A3 maternal tissue), and a different subset of 
offspring (missing allotypes are shown in parentheses). Only t w o  allotypes is expected among the F,'s. In either case, no rejections 
allotypic classes should be present among the F,'s, and these are a should be observed because al l  progeny share at  least one allorecog- 
subset of allotypes expected without gametic incompatibility, as in nit ion allele. 
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incompatible parents should reject each 
other more often than offspring from fus- 
ible parents (Fig. 1, B and C). Moreover, if 
allorecognition alleles shared by fusible F, 
parents prevent some fertilizations between 
genetically similar gametes, this difference 
in F, rejection frequencies should be larger than 
in the absence of such mate selection (Fig. 1, B 
and D). Log-linear analysis shows that rejection 
frequencies among F, offspring from fusible 
and rejecting sibling parents were slightly dif- 
ferent in the predicted direction (higher for 
offspring of rejecting F,'s), but this difference 
was not statistically significant at the P = 0.05 
level (Table 3). This result implies that the 
difference in fusion-rejection behavior between 
F, offspring from fusible versus rejecting par- 
ents must be very small, and the potential for 
this difference to be affected by mate selection 
must be even smaller. As with the colonial 
ascidian B. schlosseri, the allotypes of hydroid 
colonies had no detectable effect on interactions 
between their gametes. Although other genetic 
polymorphisrns regulating mate selection may 
exist in these species, these polymorphisms are 
not the same as (or linked to) the loci regulating 
somatic tissue interactions. Consequently, mate 
selection is not an essential mechanism for the 
persistence and maintenance of extraordinary 
genetic polymorphisms in either of these so- 
matic recognition systems. 

Table 1. Siring frequencies in B. schlosseri sperm 
competition experiments between sperm donors 
that are syngeneic and allogeneic to  the egg do- 
nors. We inferred paternity on the basis of the 
presence of diagnostic paternal allozyme markers 
at the phosphoglucose isomerase (PC/) locus in 
the offspring from each cross. Syngeneic sperm 
parents shared both allorecognition alleles with 
the egg parent; allogeneic parents shared neither 
allorecognition allele with the egg parent. Initial 
log-likelihood tests showed that siring frequencies 
were homogeneous among trials within each of 
the three matings (all C(,, < 2.5,all P > 0.28).C 
values (1df) test the outcomes of the goodness of 
fit of the pooled data in each mating to an ex- 
pected siring ratio frequency of 1:l under the 
hypothesis that there is no association between 
parental allotype and fertilization success. All val- 
ues of C(,, have P > 0.12. 

Inferred sire of 

Mating Trial offspring 
C(1) 

Syngeneic Allogeneic 

1 a 
b 
C 

Total 
2 a 

b 
C 

Total 
3 a 

b 
C 

Total 

Outside of the context of pregnancy, the 
regulation of behaviors associated with tissue 
interactions is unlikely to represent a important 
selective force currently promoting the evolu- 
tion of allorecognition polymorphism in mobile 
solitary organisms such as vertebrates (28). For 
many sessile colonial animals, the situation dif- 
fers. It appears more likely that the maintenance 
of allotypic diversity in B. schlosseri and H. 
symbiolongicarpus,and perhaps in many other 
colonial organisms, arises from selection to 
ameliorate the risks of altruistic behavior and to 
reduce the costs of competing for growing 
space (1, 15, 29-33) through selective cooper- 
ation with close kin (29, 30). Some of these 
risks are now well documented (1,15,31-34). 

Nevertheless, the disparity between our 
findings and those of Oka (19) and Scofield 
et al. (11) suggests that the link between 
allorecognition and mating patterns may be 
evolutionarily labile. Multiple selective 
mechanisms must in some cases maintain 
apparently similar allorecognition polymor- 
phism~, perhaps even in closely related spe- 
cies. Moreover, allorecognition systems me- 
diating somatic interactions or resistance to 
pathogens appear to have been coopted re- 
peatedly to regulate mating patterns and other 
complex social behaviors such as kin recog- 
nition in other species (3, 12, 35-39). It re- 
mains to be determined how the nature of 
selection on allorecognition and MHC alleles 
varies among populations and species, and 
consequently the general roles played by di- 
rect selection on MHC and allorecognition 

phenotypes versus indirect selection via mat- 
ing preferences in the evolution of these ex- 
traordinary polymorphisms. 

Table 3. Rejection frequencies among offspring from 
matings between somatically fusible versus rejecting 
H. syrnbiolongicarpus colonies. N is the number of 
interactions between pairs of offspring colonies. Only 
rejections are shown (fusions are Nminus rejections). 
Log-linear C tests show that neither the identities of 
each of the 16 families (C(,?) = 15.29,P > 0.3) nor 
the fusion-rejection interactions between the F, par- 
ents (C(,) = 3.17,P > 0.07) significantly affected the 
frequency of rejections among F,'s. 

Number of 
N rejecting 

pairs (%) 

Fusible parents 
Mating 1 209 

2 196 
3 208 
4 399 
5 33 
6 123 
7 196 
8 219 

Total 1583 
Rejecting parents 

Mating 9 198 
10 216 
1 1  198 
12 122 
13 21 7 
14 21 7 
15 80 
16 40 

Total 1288 

Table 2. Segregation frequencies of allotypes among offspring from crosses between semiallogeneic sibling B. 
schlosseri. Reciprocal matings between colonies (P,) from Woods Hole and Berkeley used the same genotypes 
functioning as male and female (1through 6)and as female and male (la through 6a). AjAjdenotes the allotype 
of parents and offspring. For each mating, F, siblings were genotyped by somatic compatibility tests against 
colonies of known allotype, then a pair of sperm and egg parents (P,) was selected so that the members of each 
pair shared one allorecognition allele (Aj)in common. Because this locus includes dozens or hundreds of alleles, 
we assumed that the shared allele (Aj)differed among pairs (for example, A, in the first mating, A, in the second, 
etc). N is number of F, offspring genotyped (also by somatic compatibility testing against stock lines of known 
allotype). Based on log-likelihood ratio goodness-of fit tests, all four possible allotypes in each of the 12F, families 
appeared in frequencies not significantly different from 1:1:1:1,which is the ratio expected with random 
fertilization between semiallogeneic parents (Fig. 1C).All values of C(,, have a P > 0.50. 

Parental (P,) 
F, allotypicallotypes 
frequenciesSperm P, Egg P, N 

A,A~ AjAk A,A~ A,A~ A,A,. A~A, 

Woods Hole 
Mating 1 89 23 26 19 21 0.58 

2 A,A, A,A, 50 12 10 15 13 0.53 
3 A,& A,A, 82 20 24 19 19 0.40 
la 102 24 29 23 26 0.40 
2a A,A, A,A, 60 13 16 19 12 0.98 
3a A,& A,A, 77 17 19 17 24 0.80 

Berkeley 
Mating 4 A70All A77A12 63 14 14 17 18 0.40 

5 55 10 16 13 16 0.96 
6 A77A18 76 19 19 23 15 0.85 
4a A77A12 A 7 0 A 1 7  56 13 15 13 15 0.14 
5a A73A14 85 20 17 24 24 0.85 
6a A77A18 70 14 17 18 21 0.71 
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such large numbers that there is a permanent 
crackling background noise, similar to the 
sound of burning dry twigs (3). The snapping 
sound can be heard day and night (4), with 
source levels as high as 190 (5) to 210 dB (6) 
(peak to peak) referenced to 1 |xPa at a 
distance of 1 m. This severely limits the use 
of underwater acoustics for active and pas­
sive sonar, both in scientific and naval appli­
cations. The frequency spectrum of a snap is 
broad, ranging from tens of hertz to >200 
kHz (5). The noise of snapping shrimp is 
therefore also used as a source for creating 
pictorial images of objects in the ocean 
through ensonification (7). 

A snapping shrimp of the species Alpheus 
heterochaelis (—5.5 cm in size) is shown in 
Fig. 1A. The shrimp produces the snapping 

How Snapping Shrimp Snap: 
Through Cavitating Bubbles 
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The snapping shrimp (Alpheus heterochaelis) produces a loud snapping sound 
by an extremely rapid closure of its snapper claw. One of the effects of the 
snapping is to stun or kill prey animals. During the rapid snapper claw closure, 
a high-velocity water jet is emitted from the claw with a speed exceeding 
cavitation conditions. Hydrophone measurements in conjunction with time-
controlled high-speed imaging of the claw closure demonstrate that the sound 
is emitted at the cavitation bubble collapse and not on claw closure. A model 
for the bubble dynamics based on a Rayleigh-Plesset-type equation quantita­
tively accounts for the time dependence of the bubble radius and for the 
emitted sound. 
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