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0 ABSTRACT

We propose that a BAC library should be constructed for the
| arvacean urochordate QO kopl eura dioica. This aninmal may be the nost
simlar anong extant animals to the |ast common ancestor of al
chordates, and thus, its investigation can illum nate the nechani sns
causi ng the vertebrate genone expansion, the principles that guide
the evolution of functions of duplicate genes in devel opnent, and the
origin of vertebrate devel opnental innovations. O kopleura dioica has
a genone of about 70 My, the snmallest of any chordate.

o} | MPORTANCE OF THE ORGANI SM TO BI OVEDI CAL OR BI OLOG CAL RESEARCH
The Animal. O kopleura dioica is a 3 mmlong urochordate, an
abundant filter-feeder in marine plankton. QO kopleura and ot her
menbers of its phylogenetic class, the |arvaceans (or
appendi cul arians) remain free swiming and tadpole-like into sexua
maturity. Because |arvaceans are basally diverging anong the
urochordates, this free-swming life style may have been ancestra
(Wada 1998). Larvaceans have nore functional organ systems than do
ascidian larvae; their enbryos, tadpole |arvae, and adults are
transparent, which facilitates observations on all aspects of
devel opnent (Fig. 1); enbryonic devel opnent takes only 14 hours; and
the generation tine is less than two weeks. Furthernore, O kopleura
dioica is readily available from plankton tows for nuch of the year
of f Northern hem sphere coasts. QO kopl eura dioica can be anobng the
nost abundant aninals in offshore waters, even nore than copepods,
anounting to several animals per liter (Dagg & Ortner 1994; Capitano
& Esnal 1998). Wth O kopl eura, one can perform single-pair nmatings,
and culture the offspring in the |ab continuously in the presence of
fresh sea water (Fenaux & Gorsky, 1983; Bassham unpubl). The
optically clear enbryos are excellent for in situ hybridization to
MRNAs (Fig. 1, Bassham & Postlethwait 2000). And it is highly likely
that gene disrupters, such as norpholino antisense oligonucleotides,
will permt functional analysis in O kopleura as they do in other
aquatic enbryos (Corey & Abrans 2001; Nasevicius et al. 2000).

In addition to the inmportance of its devel opnental anatony,
t he phyl ogenetic position of O kopleura is significant because this
organi sm bel ongs to a basally diverging class within a basally
di vergi ng sub-phylum As Figure 2 shows, the phylum Chordata has
t hree sub-phyla. Urochordata diverge lowest in the tree, while
Cephal ochordata and Vertebrata are sister groups diverging nore
recently. Urochordates include the classes Ascidia, Thaliacea, and
Larvacea, including O kopleura. The | arvaceans diverge basally anong
urochordates, and the ascidians are |ikely not a nonophyletic group
(Wada 1998; Swallla et al. 2000). The cephal ochordates include
anphi oxus, and the vertebrates (or craniates) include fish, and of
course, humans.

Significance. For many or nobst genes in the human genone,
there are several other genes that are very simlar in sequence and
overlap in function. In sone cases, nutations in such gene
duplicates, or paral ogues, lead to related human di seases, for
exanpl e, craniosynostosis is caused by nmutation in MSX2 and Wtkop
syndrone is caused by nmutation in MXS1 (Li et al 1993; Juml ongras
2001). We currently have insufficient understanding of the origin or
evol ution of duplicated genes, and it seens reasonable to expect that



such know edge mi ght help us to better understand di seases that
i nvol ve paral ogous genes.

Gene phyl ogeni es show t hat many groups of paral ogues have
ari sen from genone expansi on events that occurred after the origin of
our phylum the Chordates, but before the divergence of the human and
tel eost fish lineages, and probably before the origin of the
sub- phyl um Vertebrata (e.g., Holland & Garci a- Fernandez 1996; Serl uca
et al. 2001). The | eading, but controversial, hypothesis is that
vertebrate genone expansion occurred by two whol e genone duplication
events that took place early in vertebrate evolution (Holland &
Gar ci a- Fernandez 1996; Hughes et al. 2001; Wl fe 2001; Serluca et al
2001; Sankoff 2001). Because whol e chronmpbsones were duplicated under
thi s doubl e-duplication hypothesis, the human genone shoul d have four
copi es of each chronmpbsone segnent that was present in single copy in
the genone of the pre-expansi on Chordate. According to the nodel,
after each round of genone duplication, some paral ogues in each
duplicated chronmbsonme segnent were |ost, so that nany genes have only
two or three, and rarely four copies on apparently paral ogous
chronosonme segnments. Exanples include portions of the four
chronosonmes that contain HOX clusters (Hsa2q, 7, 12, and 17), and
parts of the four chronosones that contain NOTCH paral ogues (Hsa 1,
6, 9, and 19), each of which have copies of many other paral ogous
groups (Lundin 1993; Katsanis et al., 1996; Kasahara et al. 1997; ).
The question, however, is whether the genome expansion occurred by
tandem dupl i cations foll owed by gene dispersal, in which case the
current |ocations of paral ogous genes in the human genone arose
| argely by chance chronmosone rearrangenents or due to sonme functiona
constraint, or whether these proposed paral ogous chronopsone segnents
are in fact the remants of the hypothesized genone duplications.
Resol ution of this issue requires the analysis of an extant chordate
whose genone, as an outgroup to other chordate sub-phyla, can hel p us
infer the situation in the genome of the |ast commpn ancestor of al
chordates, the Eochordate.

To understand the mechanisnms that led to the vertebrate
genone expansi on and that guide the evolution of gene duplicates, we
need to study the genone organi zation, the nol ecul ar genetic
structure, and the devel opnental and physi ol ogi cal functions of
par al ogous gene copies in vertebrates conpared to an outgroup, an
organi smthat diverged before the genome expansion events. We believe
that QO kopl eura dioica provides a key opportunity to conveniently
expl ore these various |evels of genone structure and function.

Why use O kopleura to address these i ssues when
cephal ochordates are the sister group of the vertebrates and there is
a larger literature on ascidians than on | arvaceans? The urochordates
and cephal ochordates both generally have single copies of genes that
are present in nmultiple copies in vertebrates (Holland &
Gar ci a- Fernandez 1996; Simen et al. 1998), and so animals from both
sub- phyl a are useful for investigating the nechanisnms of origin and
evol uti on of human paral ogues. Cephal ochordates, especially the
anphi oxus Branchi ostoma flori dae, have the advantage that they shared
a nore recent commpn ancestor with vertebrates than do the
urochordates and have been the subject of nuch inportant
devel opnental genetic work (e.g., Holland et al., 2000; Koznik et
al ., 1999; Kusakabe et al., 1999; Pollard & Holland 2000. Shar man &
Hol I and 1996; Wada & Saiga 1999; Corbo 1997). A BAC library should
certainly be made for this organism Ascidians are al so good nodel s
for evolutionary devel opmental genetics, but they generally do not



have a conpl ete chordate body plan even as enbryos, and they go
t hrough a conpl ex, but interesting, metanorphosis in which they
destroy nost of the nervous system |ose many features of the
chordate body plan, and becone sessile adults. This nmeans that nuch
of the ascidian devel opnental program (i.e., that leading to the
highly nodified adult) m ght be substantially derived relative to the
ancestral chordate state.

We suggest that O kopl eura dioica has sone very strong
advant ages for probi ng questions of vertebrate genone origin and
function in devel opment. 1) The genone size of anphi oxus (580 Mo
cont ai ni ng 20, 000 genes) (Boeddrich et al. 1999; Schidtke et al
1979) is about 8 tinmes larger than that of O kopl eura dioica,
estimated at about 70 MB, the smallest of any Chordate (Chourrout
2001). O her urochordates also have small genones, including
asci di ans, whose snall genone (162 Mo containing 15,000 genes)
(Sinmen, et al. 1998) is still about twice as big as that of
O kopl eura. 2) Enbryos necessary for nmechanistic devel opnenta
studies are difficult to obtain from anphi oxus because it is not
possi bl e to breed anphi oxus in the |aboratory, and so enbryos nust be
obt ai ned from fecund aninmals taken fromnature on a few nights in
late spring .

Mol ecul ar genetic analysis of QO kopleura is in its infancy,
but nol ecul ar genetic anal yses have begun to appear (Bassham and
Postl ethwait 2000; Thompson et al. 2001; Nishino et al. 2001) and the
phyl ogenetic position of QO kopleura, coupled with its w de
di stribution, ease of |aboratory culture, conplete chordate body
pl an, and availability for functional genonic analysis, promse to
make it a key player in attenpts to understand the origin of the
vertebrate genonme expansion, the evolution of gene duplicates, the
evol ution of the chordate body plan fromearly deuterostomes, and the
evol ution of vertebrate devel opnental innovations.

o] USES FOR THE BAC LI BRARY

An O kopl eura dioica BAC |ibrary would be i medi ately applied
to three main issues: the nmechanisns that gave rise to the vertebrate
genonme expansi on; the evolution of functions of duplicate genes in
devel opnent; and the origin of vertebrate devel opnental innovations.

The Vertebrate Genone Expansi on. The doubl e-duplication
hypot hesi s predicts that the pre expansion aninmal had a set of
chronosones, each of which would be represented by four paral ogous
chronpbsone segnents in the human genone. Several candi dates have been
proposed for such chronmpsone parol ogy groups. O kopl eura BACs
containing the key genes in two of these paral ogy groups (the HOX
clusters and the NOTCH genes) will be isolated and two or nore steps
in a BAC genone walk will be conducted. These BACs will be shotgun
sequenced to deternine if they contain the set of genes predicted
fromthe content of the proposed human chronosone parol ogy groups.

The Evol ution of Functions of Duplicate CGenes in Devel opnent.
The DDC nodel for the evolution of gene duplicates predicts that
duplicated genes will frequently be preserved because the functions
of the unduplicated parental gene copy have been shared by the two
duplicates (subfunctionalization)(Force et al. 1999). In other cases,
both duplicates will be preserved because one or both have evol ved
new positively selected functions (neofunctionalization).
I nvestigation of the expression patterns of genes present in multiple
copies in vertebrates and in single copy in O kopleura could revea
how t he devel opnental regul ation of the genes have changed after



duplication. The isolation of GO kopleura BACs carrying the single
copy orthol ogue of vertebrate gene duplicates will allow probes to be
made for the expression analysis. In addition, the BACs will provide
the genom c DNA needed for functional studies by transformation of
O kopleura to identify regulatory elenents, and investigation of
conserved regul atory el enents by introducing the QO kopl eura BAC
clones into a suitable vertebrate, such as zebrafish, Xenopus, or
nouse.

The Origin of Vertebrate Devel opnental |nnovations.
Vert ebrates possess a nunber of features thought to be lacking in
O kopl eura and ot her non-vertebrate chordates, including a three-part
brain, neural crest, and epidermal placodes (Northcutt & Gans 1983).
What nol ecul ar genetic changes caused devel opnental innovations that
all ow vertebrate enbryos to formthese features? The vertebrate genes
that cause those features to devel op have orthol ogues in O kopl eura,
but the genes have changed functions in sone key ways that allow the
vertebrate novelties to devel op. How have the genes changed in
structure and function? To answer this question, one needs to isolate
from O kopl eura BACs containing the orthol ogues of vertebrate
essential for the construction of vertebrate devel opmenta
i nnovations. The structures and functions of the GO kopl eura genes
must then be conpared to the structure and function of the vertebrate
par al ogues. These experinments will involve reciprocally transform ng
the vertebrate and O kopl eura genes into the other species to
identify regulatory pathways. In sone cases, new regulatory el enents
may have evolved, and in other cases, new downstreamtargets wll
have been evol ved.

o} THE RESEARCH COVMUNI TY.

Traditionally, biologists studying urochordates have chosen
to investigate ascidians rather than | arvaceans because the adults
are sessile and long lived, making themeasier to maintain in the
| aboratory. This has led to a |large and i nportant body of data about
asci di an devel opnent. Recently, biologists have worried, however,
that the radical netanorphosis that obliterates npst chordate
features fromthe adult, and the failure of the larva to display al
chordate features, may be related to key differences in the genone or
in sone devel opnental mechani snms when conpared to the rest of the
chordates. Thus, devel opnental evolutionary biol ogists have call ed
for investigations of |arvaceans, especially O kopleura (see Galt &
Fenaux, 1990; Holland et al., 1994; Kozm k et al., 1999; Shineld,
1999). The first nolecul ar devel opnental investigation of O kopl eura
was the isolation of the brachyury gene, a gene necessary for the
devel opnent of the notochord, the eponynous feature of our phylum
(Bassham & Postl ethwait, 2000), and other nol ecul ar genetic
i nvestigations have foll owed (Thonmpson et al., 2001; Nishino et al.
2001). Currently there are groups working on the devel opnent of
O kopl eura in Canada, Norway, France, Japan, the US, plus numerous
| aboratories around the world that study the ecol ogy of |arvaceans,
whi ch are anmpbng the nost inportant grazers in the plankton

0 STATUS OF OTHER PUBLI CLY FUNDED BAC- BASED GENOM C SEQUENCI NG
We know of no other BAC based genom c sequencing from

publicly funded sources in the US. Runor has it that Hans Lehrach

(Max Planck Institute for Ml ecular Genetics (MPIM3, Berlin) has a

BAC library for O kopleura dioica and is sequencing it, but he has

not responded to ny requests for information about that project, and



no data are avail able at the RZPD website
(https://ww. rzpd. de/cgi-bin/my_rzpd.cgi). If workers in the United
States are to be able to use O kopleura to answer the questions

rai sed above, they nust have a publicly funded source of BAC cl ones.

0 OTHER CGENOM C RESOURCES THAT W LL COVPLEMENT THI S RESOURCE
We have constructed a cDNA |ibrary from m xed age enbryos and
a cosnmd genonmic library for O kopl eura dioica. These will conpl enent

the BAC library.

o} THE STRAIN OF THE ORGANI SM PROPOSED AND RATI ONALE FOR I TS SELECTI ON
We will provide DNA from sperm coll ected from ani mals

captured at the Oregon Institute of Marine Biol ogy, Charleston

Or egon.

0 THE SI ZE OF THE GENOMVE

The genone of QO kopleura dioica is about 70 Mo (Chourrout
2001). This is the smallest genone known for any chordate, about half
t hat of ascidians, which also have very small genones. This is half
of the size of the Drosophila genone, less than that of C. el egans,
and about 2.5% of the human genone.

0 THE SOURCE OF DNA.
We can supply sperm DNA. About half of the body of a sexually
mature mal e consists of its 3 mllion haploid sperm and they rel ease

their spermreadily in vitro for collection uncontani nated by body
parts or other species. W get about 200 ng DNA per nal e. Because of
the small body size and small genone size, we will have to conbine
sperm from several hundred males. Cels show that the sperm DNA is in
hi gh nol ecul ar wei ght form

0 SPECI FI CATI ONS FOR THE LI BRARY

A library suitable for conplete genone sequencing woul d be
best, say 11 fold coverage, but 5 fold coverage woul d be acceptable
for other usages. BAC inserts of 100 to 200 kb would be acceptable in
st andard sequence-ready BAC vectors.

0 THE TI ME FRAME | N WHI CH THE LI BRARY | S NEEDED
The library would be put to i Mmediate use in the shortest
possible time NIH is able to make the library.

0 OTHER SUPPORT THAT | S AVAI LABLE OR HAS BEEN REQUESTED

We have agreed to provide DNA to L. Holland and P. Dedong to
support their request to the NSF program " CGenom ¢ Resources:
Bacterial Artificial Chronmpsonme Library
Construction (BAC) (NSF 01-145) due Decenber 3, 2001. O course we do
not know the outconme of that proposal at this point. W urgently need
a single BAC |library funded by one or the other of the two sources.

o] THE NEED FOR AN ADDI TI ONAL BAC LI BRARY | F ONE OR MORE ALREADY EXI STS

As nentioned above, Hans Lehrach apparently has a library,
but it is unavail able.

o] ANY OTHER RELEVANT | NFORMATI ON
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