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cetaceans would help distinguish between 
causes of low mtDNA diversity that operate 
maternally (such as cultural hitchhiking or 
selection on the mtDNA genome) or nonma- 
ternally (such as populatio~l bottlenecks). 

The apparently greater role of cultural 
inheritance among cetaceans compared with 
nonhuman terrestrial mammals is likely ulti- 
mately linked to environmental differences. 
Compared with most terrestrial environ- 
ments, the ocean can support large body siz- 
es, has low travel costs and no barriers, con- 
tains dispersed and patchy food, and trans- 
mits sound very efficiently The behavior and 
social structure of cetaceans seem to have 
evolved distinctive features in this setting. 
These features include vocal learning. large 
home ranges, lack of territoriality, and bisex- 
ual group philopatiy (1). Cultural transmis- 
sion may be another such feature favored by 
the environment of the matrilineal whales. 
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HOX genes specify cell fate in the anterior-posterior axis of animal embryos. 
Invertebrate chordates have one HOX cluster, but mammals have four, sug- 
gesting that cluster duplication facilitated the evolution of vertebrate body 
plans. This report shows that zebrafish have seven hox clusters. Phylogenetic 
analysis and genetic mapping suggest a chromosome doubling event, probably 
by whole genome duplication, after the divergence of ray-finned and lobe- 
finned fishes but before the teleost radiation. Thus, teleosts, the most species- 
rich group of vertebrates, appear t o  have more copies of these developmental 
regulatory genes than do mammals, despite less complexity in the anterior- 
posterior axis. 

HOX cluster genes encode DNA binding pro- 
teins that specify fate along the anterior-pos- 
terior axis of bilaterian animals (1) .  Reinark- 
ably, the order of HOX genes along the chro- 
mosome reflects the order they act along the 
body (2). Invertebrate chordates have one 
HOX cluster and little axial diversity, but 
tetrapods have four clusters and substantial 
axial complexity (3). Tetrapod clusters arose 
by duplications of an ancestral cluster con- 
taining 13 genes (4). Although it is widely 

assumed that vertebrates have fom HOXclus- 
ters. initial studies of teleost fish, the most 
diveise group of veltebiates, revealed unex- 
pected HOX genes (5-8) To understand this 
p~oblem, we ~solated hol clusters from the 
zebrafish Dunlo I ei lo 

To complement pre\ious suneys of ze- 
brafish hol gene fiag~nents (7, 8). we ident~fied 
genomic DNAs in P1 art~fic~al chromosomes 
(PACs). using degenerate pnlneis to ampl~fy 
homeoboxes (9) We then identified overlap- 
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ping PL4Cs in chromosome walks, invelltolied 
their ho .~  gene content using redundant primers, 
sequenced gene coding regions, and ailalyzed 
gene phylogenies (10). These experiments iden- 
tified seven hos clusters containing 40 of the 4 1 
previously identified zebrafish h o . ~  genes, seven 
Ilear hou genes, one 110.~ pseudogene, and em1 
(Fig. 1). Although we tried to find all genes in 
each cluster, it is possible that additiollal genes 
or pseudogenes exist that do not amplify with 
our primers. 

Phylogenetic analysis of sequence data 
(11) assigned zebrafish genes to one of 13 
paralogy groups. Groups 4 and 9 appear in 
each malninalian cluster and in four zebrafish 
clusters, so we joined the ilucleotide sequenc- 
es of these groups. reinoved noilaligilable 
sequence. and coilstructed a phylogenetic 
tree. The results shov-ed (Fig. 2A) that each 
of these four clusters is o~thologous to one of 
the four mammalian clusters. Hence. the du- 
plication events that produced the four mam- 
lnalian clusters occurred before the diver- 
gence of ray-finned and lobe-finned lineages 
about 420 million years ago (12).  

Futther analysis relraled the origin of the 
other three zebrafish 1lo.u clusters. The group 6 
tree showed that zebrafish has hvo orthologs of 
rnamnalia~l HOXB6. called i~osbfiz and 
hosbhb (Fig. 2B). The group 5 nucleotide tree 
collfil~ned duplicate izovb clusters (Fig. 2C). 
Likewise, zebrafish has t\vo orthologs of 
nlatnrnalian HOXC6. called i1osc6cr and 
/ ?o~c6b  (Fig. 2B). To investigate HOXA clus- 
ters, nre joined and aligned the homeodo- 
mains of groups 9. 1 1. and 13. \vhich allonrs 
comparison \vith the pufferfish Firg~l (for 
\xlnch only the annno acid sequence of the 
honleobox IS alallable) Thls tlee (Fig 2D) 
shows that zebrafish has t\h o clusters ortholo- 
gous to the lnammallan H0X.I cluster. These 
data suggest that all 11o.x- clusters duplicated in 
the lineage that led to zebrafish after it di- 
1-erged from the lineage that led to tetrapods. 
\?.it11 subsequent loss of one lioxd cluster. The 
dilwgent Fztgu Hosd cluster ( 5 )  branches 
\vith high bootstrap value (965) with the 
HOAX clusters of other !.el-tebrates (Fig. 2D). 
We collclude that Fugll has two orthologs of 
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the tetrapod H O H  cluster and no described lumi~lates the histoly of HOX cluster duplica- 
Ho.vd cluster. tion. The (AB)(CD) model (13) suggests two 

Comparative analysis of cluster content il- sequential duplications, giving a protodB clus- 

A. evx 1 3 1 2 1 1  10 9 8 7 6 5 4 3  2 1  Fig. 1. Organization o f  vertebrate H O X  
~ ~ ~ 1 3 ~ 7 1  I PAC241 17: 1 PAC227P6 
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Mrnu A 
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Dre ba 

Dre bb 

Fru B 
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clusters. Each horizontal thick line rep- 
resents a cluster, designated by species 
abbreviation followed by cluster name. 
Species designations are as follows: ze- 
brafish (Dre), black squares; Fugu (Fru), 
gray squares; mouse (Mrnu), pale gray 
squares. Parts (A) t o  (D) display H O X  
clusters from different species. Clusters 
are organized from the 5 '  end (paralogy 
group 13) t o  the 3 '  end (paralogy group 
I ) ,  wi th  the even-skipped homologs o f  
the evx family a t  the 5 '  end o f  the 
clusters. Clones f rom the PAC library 
(19) are shown above each zebrafish 
cluster. The known content of each PAC 
is represented by black or gray squares 
(genes) and open squares (pseudo- 

C. - PAC207A1 genes) The orphan hox  genes hoxx4, 
Die ca hoxx9, and hoxy6 (7, 8) are synony- 

PAC52D1 1 PACI~BI mous w ~ t h  hoxa4a, hoxaga, and hoxc6b. 
Dre cb 1 L I 

I Chromosome walks show that  genes 
Fru C formerly thought t o  represent thehoxa  
Wimu C cluster (7) are split in to the  hoxab and 

hoxbb clusters. 
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Fig. 2. Phylogenetic analysis. 
(A) The tree constructed by 
joining homeodomain se- 
quences o f  group 4 and 9 
genes shows that  zebrafish 
(Dre) has orthologs o f  each 
human (Hsa) and mouse 
(Mrnu) HOX cluster. (B) The 
group 6 tree shows that  ze- 
brafish has t w o  copies of 
mammalian HOXB and HOXC 
clusters. Furthermore, Fugu 
(Fru) Hoxc6 is closely related 
t o  just one o f  the  zebrafish 
genes, suggesting that  dupli- 
cation occurred before the 
divergence of Fugu and ze- 
brafish Lineages. This tree is 
rooted on the lamprey (Petro- 
myzon marinus, Pma) hox-6w 
sequence. (Xla, Xenopus lae- 
vis; Nvi, Notophthalmus viri- 
descens.) (C) The group 5 
tree confirms cluster ortholo- 
gies and duplications. (D) The 
tree constructed by joining 
homeodomains of groups 9, 
11, and 13 shows that  ze- 
brafish has t w o  orthologs o f  
the mammalian HOXA clus- 
ter, and the  Fugu Hoxd 
cluster branches w i th  HOXA 
clusters of other vertebrates. 
Numbers at nodes indicate 
bootstrap values for 1000 
runs. 
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ter and a proto-CD cluster after the first event. 
The alternative (D(A(BC))) model (14) sug- 
gests tlvee duplications, the first producing the 
D and proto-ABC clusters. the seco~ld giving 
the A and proto-BC clusters. and the third pro- 
viding the B and C clusters. Cladistic analysis 
of cluster content favors the (AB)(CD) model 
(Fig. 3). For example; loss of group 12 is a 
shared derived characteristic of teleost and tet- 
rapod HOX4 and HOXB clusters. and loss of 
groups 2 and 7 unites HOXC and HOXD clus- 
ters. This model lninilnizes the number of con- 
vergent gene losses and is also indepe~ldently 
supported by sequeleace analysis (Fig. 2C). 

Superimposed on shared gene loss is lin- 
eage-specific loss. For example, fish 11al.e lost 

genes present i11 ~nanu~lals (liosnb. lzom 7. 
lzosdl, and 110.~d8). Reciprocally. mal~u~lals 
have lost paralogs present in teleosts 
(izosDlOa and el.el). We conclude that the 
degeneration of HOX clusters continued in 
both lineages after the di~.ergence of ray- 
finned fish and the lobe-finned ancestors of 
tetrapods. Furthermore; 170s cluster degen- 
eration nlay be ongoing, at least in fish, 
because lioscltr and I ~ ~ . L . c ~ L I  are active in 
zebrafish but their orthologs are pseudo- 
genes in F L ~ ~ L I  (5) and are absent from 
mamlnals: lil<ewise; 1zosnlOcr is a pseudo- 
gene in zebrafish but has nornlal structure 
in F L ~ ~ L L  and mouse. 

When did the latest HOX cluster duplication 

occur in the zebrafish lineage'! The pattern of 
shared gene loss suggests that the last collunon 
ancestor of zebrafish and F~cglc already had 
duplicated HOX clusters (Fig. 3E). Gene phy- 
logenies suppol-t this co~lclusion. because FLI~LI  
Ho.uc-6; the only infol11latil.e full-length se- 
quence available (5). is Inore closely related to 
zebrafish i1osc6a than it is to hose611 (Fig. 2B). 
In addition. the presence of t\vo HOXA clusters 
in F~cg~c. one related to the zebrafish hosi r~~ and 
the other to the I?owb cluster (Fig. 1). supports 
a shared duplication. The presence in killifish 
(7 )  of five group 9 and four group 1 genes as in 
zebrafish. rather than four group 9 and tlvee 
group 1 genes as in mallunals, is coilsistellt \vith 
the hypothesis that the killifish lineage also 

A. Ancestral state B. Ancient agnathan C. Ancient gnathostome E. Ancient ray-finned fish 

Fig. 3. A cladistic model for the  
evolution of vertebrate HOX clus- 
ters, using gene presence as char- 
acter states. Assuming that  gene 
loss is more frequent than gene 
gain, the ancestral state (A) had D. Mouse 
13 HOX genes plus EVX. Duplica- E 
t ion, probably in  an agnathan fish A 
(B), gave a proto-(AB) cluster lack- B 
ing group . I 2  and a proto-(CD) C 
cluster lacking groups 2 and 7. A D 

HOXA cluster, group 11  from the HOXB cluster, EVX f rom the HOXC 
cluster, and groups 5 and 6 f rom the HOXD cluster; subsequently, the 
tetrapod lineages lost HOXC?,  HOXC3, and an EVX gene f rom the HOXB 
cluster (D). Finally, an apparent duplication event produced eight clusters in  a ray-finned fish (E), followed by further shared and unique losses i n  
zebrafish (F) and Fugu (C) lineages. 

Fig. 4. HOX cluster d u p l ~ c a t ~ o n  Involved large chromosome segments some (synten~c loc~) ,  w ~ t h  order Ignored t o  f a c ~ l ~ t a t e  the comparison o f  
The d~agram shows synten~c re lat~onsh~ps among HOX contalnlng chro- orthologs and paralogs Hor~zonta l  gray l~nes  connect presumed or- 
mosomes o f  human (Hsa), mouse (Mmu), and zebraf~sh l~nkage groups thologs w ~ t h l n  chromosome groups as wel l  as paralogs between chro- 
(LC) Ver t~cal  gray l~nes  ~ n d ~ c a t e  a group o f  genes on  the same chromo- mosome groups 
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experienced an "extsa" duplication el ent. This 
suggests that a fish-specific HOX cluster du- 
plication o c c u ~ ~ e d  before the divergence of 
F~cglc and zebrafish lineages nlore than 150 
million years ago (15) ,  but after the diver- 
gence of ray-finned and lobe-finned lineages. 
Goldfish. salmon~ds. and some other teleosts 
have experienced addlt~onal. mole recent pol4 - 
ploidization events (1 6) .  Geno~nic analysis of 
basally branching ray-finned fish. such as 
sturgeons, Aiuia. or Poljpteixts. is necessary 
to clarify the timing of the HOX duplication 
el ent. 

To dete~lnine whether "extra" fish /lox clus- 
ters result from tanden1 duplication or c111.omo- 
some duplication in fish. or cluster loss in tet- 
rapods, we inapped zebrafish 110.~ clusters: 
cloned. sequenced. and mapped four new genes 
whose ortl~ologs are syntenic with HOX clus- 
ters in mam~nals (dlzlz, e ~ x l .  eiiglb, and gli); 
and mapped four pre~~iously unmapped ze- 
brafish genes [cll,~j. tlls6. d s 8 ,  and pl1On: see 
(1 I)] whose orthologs are linked to HOX clus- 
ters in mammals. These eaperirnents shoned 
that zebrafish has hvo copies of each HOX 
clxomosome segment in ~nanunals (Fig. 4). For 
exa~nple. the hu~nan and mouse HOXB chro- 
nlosolnes ha\ e six and four genes, respectively. 
whose apparent orthologs map on one of the 
hvo zebrafish cluomosomes containing hoxbn 
or hosbb (Fig. 4). Each of these nvo clxomo- 
somes also has one copy of other duplicate 
genes. including dl.~7~dI18. rnl.it2cc/iarn2h. and 
l1htre4%brrel (11. 17). We conclude that ze- 
brafish has hvo copies of this mammalian chro- 
mosome sepnent. Because similar results were 
obtained for the other clusters (Fig. 4). we infer 
that 110,s cluster duplication in ray-filmed fish 
occurred by whole chrornosorne du~lication. 
Although we found a single liosil cluster in 
zebrafish. mapping experiments identified the 
predicted duplicate chromosome seglnellts 
(Fig. 4). suggesting seconda~y loss of one 
hold duplicate. 

These results suggest two rounds of HOX 
cl~romosorne d~~plication (probably n-hole ge- 
nome duplication) before the dil ergence of ray- 
finned and lobe-finned fishes, and one more in 
ray-finned fish before the teleost radiation. Be- 
cause gene duplicates often have a subset of the 
fi~nctions of the ancestral gene (18). mutations 
in duplicate genes may reveal essential func- 
tions that othellvise might remain hidden. For 
example. if a gene is essential for distinct early 
and late functions. a lethal lnutation knocking 
out the early fi~nction might obscure the late 
filnction in a mutant mamnnlal. but both fiunc- 
tions \vould be evident if the two filnctions 
assort to different zebrafish gene duplicates. 
The conclusion that the genetic complexity of 
110s clusters in teleost fish has exceeded that of 
mamulals for more than 100 million years calls 
into question the concept of a tight linkage of 
HOX cluster number and n~orpl~ological com- 
plexity along the body axis. However. because 

teleosts are the most species-rich group of ver- 
tebrates and exhibit tsemendous mo~-pl~ological 
diversity. it is tempting to speculate that the 
duplication el ent detected here may have pro- 
vided gene copies that helped spur the teleost 
radiation. 
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Regulation of the 
Proinflammatory Effects of Fas 

Ligand (CD95L) 
Jian-Jun Chen, Yongnian Sun, Gary J. Nabel" 

Fas ligand (CD95L) inhibits T cell function in immune-privileged organs such as 
the eye and testis, yet in most tissues CD95L expression induces potent in- 
flammatory responses. With a stably transfected colon carcinoma cell line, 
CT26-CD95L, the molecular basis for these divergent responses was defined. 
When injected subcutaneously, rejection of CT26-CD95L was caused by neu- 
trophils activated by CD95L. CT26-CD95L survived in the intraocular space 
because of the presence of transforming growth factor-@ (TGF-P), which 
inhibited neutrophil activation. ~ r o v i d i n ~ - ~ ~ ~ - ~  to subcutaneous sites pro- 
tected against tumor rejection. Thus, these cytokines together generate a 
microenvironment that promotes immunologic tolerance, which may aid in the 
amelioration of allograft rejection. 

The CD95 protein (also called Fas or APO-1) CD95L system has been implicated in the 
is a cell surface receptor that activates the clonal deletion of autoreactive lymphocytes 
death signaling path\vay in cells. Its physio- in peripheral lymphoid tissues and in the 
logical ligand. CD95L. can transduce this elimination of autoreactive lymphocyte pop- 
signal upon cell contact (1). The CD95- ulations (?), thus contributing to homeostasis 
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