
shifting atmosphere-ocean circulation patterns,

with the tendency for global radiative surface

warming being countered by the ocean dynam-

ical thermostat.
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Genomes of animals as different as sponges and humans show conservation of global architecture.
Here we show that multiple genomic features including transposon diversity, developmental gene
repertoire, physical gene order, and intron-exon organization are shattered in the tunicate
Oikopleura, belonging to the sister group of vertebrates and retaining chordate morphology.
Ancestral architecture of animal genomes can be deeply modified and may therefore be largely
nonadaptive. This rapidly evolving animal lineage thus offers unique perspectives on the level of
genome plasticity. It also illuminates issues as fundamental as the mechanisms of intron gain.

T
unicates, viewedas the closest living relatives

of vertebrates,were probably simplified from

more complex chordate ancestors (1). Lar-

vacean tunicates represent the second most abun-

dant component of marine zooplankton and filter

small particles by their gelatinous house. Oiko-

pleura dioica is themost cosmopolitan larvacean,

has a very short life cycle (4 days at 20°C), and

can be reared in the laboratory for hundreds of

generations (2). Unique among tunicates, it has

separate sexes.We sequenced its genomewith high-

coverage shotgun reads (14X) usingmales resulting

from 11 successive full-sib matings (figs. S1 and S2

and tables S1 to S3) (3). Two distinct haplotypes

were retained, despite inbreeding. Their compar-

ison yielded a high estimate of population muta-

tion rate (q = 4Nem = 0.0220) that is consistent

with a large effective population size (Ne) and/or a

high mutation rate per generation (m) (3). Sequence

comparisons among populations from the eastern

Pacific and eastern Atlantic and within the latter

revealed low dN/dS values (dN, rate of substitutions

at nonsilent sites; dS, rate of substitutions at silent

sites) consistent with strong purifying selection, as

expected for large populations (3). In 17 of 18
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phylogenetic trees constructed with 26 metazoan

genomes and nine independent data sets, Oiko-

pleura shows the fastest protein evolution, and even

higher evolutionary rates are observed for mito-

chondrial genes that are heavily modified by oligo-

dT insertions (figs. S3 to S6 and tables S4 to S6)

(3). Key components of DNA repair, especially in

the nonhomologous end-joining pathway, were not

detected in the genome (fig. S7 and table S7) (3).

Coincident rapid evolution of nuclear and mito-

chondrial genomes may also reflect a highly muta-

genic context at the ocean surface.

At 70megabaseswith 18,020 predicted genes,

theOikopleuragenome isunusually compact. Introns

are very small (peak at 47 base pairs, 2.4%> 1 kb),

as are intergenic spaces, partly because of numer-

ous operons (fig. S8 and table S8) (3).Genes outside

operons are also densely packed (53% of intergenic

distances < 1 kb). Even compared with other

compact genomes (4), the density of transposable

elements (TEs) is low. Most pan-animal TE super-

families are absent in Oikopleura, and only two

species-specific clades of retrotransposons (5) have

diversified. A massive purge of ancient TEs can be

invoked, but TEs currently present in the genome

showmultiple signs of activity (figs. S9 to S16) (3).

The low copy number of each element and the un-

even genome distribution of themain TE clades sug-

gest tight control of their proliferation (Fig. 1A) (3).

Two exceptions to global compaction are par-

ticularly interesting, as they may illustrate where

excessive reduction is harmful. First, a small pop-

ulation of Oikopleura genes has relatively large

introns and intergenic spaces (Fig. 1B). It is en-

riched for developmentally regulated transcription

Fig. 1. Genome compaction features. (A)
Chromosome regions assembled with phys-
ical links and genetic markers. The location
of TEs is indicated with horizontal lines
(lines on the left sides, DNA transposons;
lines on right sides, short lines for long
terminal repeat–retrotransposons and long
lines for long interspersed elements). (B)
Distribution of genemodels over 10%abun-
dance classes of intron size and upstream
intergenic distance for 8812 nonoperon genes
(left) and for 189 developmentally regulated
genes, mainly transcription factors (right). (C)
Conserved elements revealed in genome
alignments of Atlantic and Pacific ocean
populations of O. dioica: density of con-
served blocks (top), gene annotation (mid-
dle), and perfectly conserved elements >100
bp (bottom gray line) (blue, Norway versus
northwest America; red, Norway versus Japan).
(D) Giant Y genes and their testis expression
revealed by reverse transcription polymer-
ase chain reaction and in situ hybridization.
hpf, hours post fertilization; ctrl, control. The
arrowhead indicates the giant gene expres-
sion product.

Table 1. Minimal immune systempredicted from theOikopleura genome.Numbers of genes or domains in
families encoding potential immunity factors. D.m., Drosophila melanogaster; S.p., Strongylocentrotus
purpuratus; O.d., Oikopleura dioica; C.i., Ciona intestinalis; B.f., Branchiostoma floridae; P.m., Petromyzon
marinus; H.s., Homo sapiens. TLR, Toll-like receptor; NLR, NOD-like receptor; SRCR, scavenger receptor
cysteine-rich; PGRP, peptidoglycan recognition protein; RIG-I, retinoic acid–inducible gene–I; IgSF-ITIM,
immunoglobulin superfamily domain with immunoreceptor tyrosine inhibitory motif; DEATH-TIR, DEATH
superfamily members with Toll/interleukin-1–receptor domain; SARM1, SAM- and ARM-containing protein
1; TIRAP, Toll/interleukin-1–receptor domain-containing adapter protein; TICAM2, Toll/interleukin-1–
receptor domain-containing adapter molecule; PLA2, phospholipase A2. ND, not determined.

D.m. S.p. O.d. C.i. B.f. P.m. H.s.

Sensors

TLR 9 222 1 3 48 21 10

NLR 0 203 0 20 92 140–220 20

SRCR 14 218 1 81 270 287 81

PGRP 15 5 4 6 >20 ND 6

RIG-I–like helicases 0 12 0 ND 7 ND 3

C-type lectins 32 104 31 120 1215 ND 81

IgSF-ITIM >3 ND 5 >6 >5 >3 >50

Adaptors

MyD88-like (DEATH-TIR) 1 4 0 1 4 ND 1

SARM1-like, TIRAP-like,

TICAM2-like 1 15 0 >2 12 ND 3

Potential effector

PLA2 8 65 128 7 >7 ND 11
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factor genes that are long in other genomes be-

cause of an abundance of regulatory elements (6).

Regulatory-element sequences can be highly con-

served, though rarely across phyla, andOikopleura

homologs of vertebrate conserved elements were

not detected (3). However, a comparison of genes

encoding developmental transcription factors from

Atlantic and Pacific O. dioica revealed short seg-

ments of higher sequence conservation in non-

coding regions than in exons, suggestive of a rich

regulatory content (Fig. 1C and fig. S17) (3). In-

terestingly, in a revolution of massive intron loss

(see below),Oikopleura retained large intronsmore

often than small ones, and the ratio of ancestral to

newly acquired introns is highest in developmental

transcription factor genes (figs. S18 and S19) (3).

Second, Mendelian analysis showed that sex in

Oikopleura is genetically determined (fig. S20

and table S10) (3), and we could reconstruct large

X and Y chromosomes (Fig. 1A). Seven genes on

theY chromosome, all expressed in the testis during

spermatogenesis, have giant introns (Fig. 1D). Their

size probably grew with the nonrecombining Y

chromosome region, flaunting global compaction.

Fig. 2. Introns and in-
tron gain scenarios. (A)
Main intron logos. (B)
Transposon insertion: Du-
plicated insertion sites
(framed in blue) allow
miniature inverted repeat
transposable element
(MITE)–like insertions to
be spliced out exactly
(red, exons; black, introns).
(C) Reverse splicing: four
pairs of homologous in-
trons (black) and their
immediate exonic envi-
ronments (red).
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Oikopleura has a rather common number of

introns per gene (4.1), but the turnover of its introns

has been extraordinarily high: Of 5589 introns

mapped by interspecies protein alignments, 76%

had positions unique toOikopleura (newly acquired

introns), 17%were at ancestral positions (old introns),

and 7% could not be classified (fig. S21) (3). Non-

canonical introns, mostly GA-AG and with a very

specific acceptor site, are unusually frequent (12%)

(Fig. 2A and figs. S22 to S25) (3). They show

several peculiarities (tables S11 and S12), includ-

ing preferential insertion in phase 1, which is com-

patible with the current codon usage, as would be

expected for themost recently gained introns (3, 7).

The most distinctive feature of newly acquired

introns (figs. S26 and S27 and tables S13 to S15) is

that they are more often noncanonical than old

introns (8.4 versus 2.6%) (3). Because Oikopleura

lacks the minor spliceosome and has only one type

of each spliceosomal component, we propose that

a single and permissive major spliceosome is used,

with U1snRNP (where snRNP is small nuclear

ribonucleoprotein) and U2AF able to recognize

donor and acceptor sites (3, 8, 9). cDNA sequence

information suggests an efficient splicing for the

vast majority of introns. A permissive spliceo-

some could favor intron gains by correctly

splicing out newly acquired introns. The pattern

of intron loss in Oikopleura is consistent with

homologous recombination of reverse transcribed

mRNA (table S16) (3, 10). Among hypothetical

mechanisms of intron gain, we provide evidence

for the insertion of transposon-like elements and,

more remarkably for reverse splicing, a reaction in

which spliced out introns can be ectopically rein-

serted into transcripts (11). We identified 32 com-

pelling candidate introns for transposon insertion

(Fig. 2B and table S17) (3), those matching

repetitive elements containing terminal repeats at

almost all nucleotides, with exons excluded. These

introns were usually hemizygous in genotyped

individuals, but one individual was homozygous

and displayed spliced transcripts (figs. S28 to S30

and table S18) (3). We also identified four pairs of

nearly identical introns (NIIs) with no or veryweak

similarity in flanking exons (Fig. 2C) (3), which,

to the best of our knowledge, represent the first

reported candidates for reverse splicing (12). All

animalswere homozygous forNIIs and had spliced

transcripts (fig. S31 and table S19) (3). Notably,

introns of each pair of NIIs were found within the

same gene or the same operon, suggesting intron

propagation within their pre-mRNA. Many newly

acquired introns of Oikopleura might have been

propagated like these four NIIs before their se-

quences diverged, because they tend to be adjacent

in their host gene (table S20) (3). Competingmech-

anisms remain possible: First, introns could be

reverse spliced into the genome itself, as can group

II introns (13). Some, and possibly many, introns

of Oikopleura could originate by repair of double

strand breaks (DSBs), as proposed for newly ac-

quired introns in Daphnia (14). However, for the

four mentioned intron pairs, a repair after a DSB

would not readily explain the systematic colocal-

ization of homologous introns in the same

transcription unit. No feature in the sequences of

those introns in pairs and their surroundings brings

particular support for this mechanism (3).

We explored theOikopleura genome for genes

involved in either development or immunity. Many

conserved immunity genes failed detection, support-

ing a minimized immune system consistent with

the shortOikopleura life history (Table 1 and table

S21) (3). Although frequent gene losses may have

affected families of developmental genes, wewere

most intrigued by an unusually large number of

lineage-specific duplicates, thus far reported for

homeobox genes only (15): 87 amplifications ac-

counting for 266 current genes (table S22) (3),

versus 40 amplifications inCiona giving 106 cur-

rent genes (16). A survival analysis of early du-

plicates in the genome showed that duplicates are

initially lost very rapidly with less relaxed selec-

Fig. 3. Gene duplications and loss of ancestral
syntenies. (A) Early gene duplicates. (Main panel)
Histogram of binned recent duplicate pairs; a
mixture model (discrete distribution plus truncated
Weibull distributions) accommodating heteroge-
neous birth/death processes is fitted. (Inset) Non-
synonymous substitution accumulation declines with
ongoing synonymous substitution. (B) Expression of
amplified homeobox gene groups in the trunk
epithelium of larvae (red arrowheads). hD, hours
dorsal view; hL, hours lateral view; hDL, hours dorso-
lateral view. (C) Loss of ancestral gene order. Posi-
tions of orthologous genes in a given metazoan
genome (y axis) compared with ancestral chordate
linkage groups [(CLGs), x axis]. The width of CLGs
corresponds to the number of orthologs in a given
species. Amphioxus and sea anemone genome seg-
ments represent the largest 25 assembled scaffolds,
whereas Ciona, nematode, and Oikopleura segments
are chromosomes.
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tion than inmammalian genomes (17). In contrast,

those that survive beyond 0.02 dS units are rel-

ativelymore likely to be retained (Fig. 3A, figs. S32

to S34, and table S23) (3). To understand how

older developmental gene duplicates are used, we

focused on homeobox genes. Notably, we detected

broad expression signals in the larval trunk epithe-

lium for genes ofmost amplified groups (16 in 20),

but rarely for other groups (1 in 19) (Fig. 3B, fig.

S35, and table S24), likely reflecting roles in

patterning of the house-building epithelium (18), a

crucial novelty of larvaceans. A preferential reten-

tion of duplicates for developmental genes has

occurred in vertebrates after whole-genome du-

plications. Their massive retention in Oikopleura

is exceptional among invertebrates. In addition to

neofunctionalization for complex innovations like

house production, another explanation may take

into consideration the general reduction of gene

size in Oikopleura. This may enhance the like-

lihood for developmental genes to escape trunca-

tion after the local rearrangements that cause

duplications (19). Other mechanisms may facili-

tate duplications or preserve developmental gene

duplicates in Oikopleura.

Finally, we compared synteny relationships in

Oikopleura and several invertebrates to ancestral

chordate linkage groups (3, 20). Amphioxus,Ciona,

Caenorhabditis, and sea anemone showed many

cases of conserved chromosomal synteny (Fig. 3C,

figs. S36 and S37, and table S25), but Oikopleura

orthologs showed no such conservation. We also

measured local synteny conservation between the

same species and human (3). Amphioxus, Ciona,

Caenorhabditis, and sea anemone (to a much lower

degree) displayed significantly higher conservation

of neighborhood than expected by chance. Oiko-

pleura showed a local gene order that is in-

distinguishable from random for distances smaller

than 30 genes and a modest level of conserved

synteny at larger distances (fig. S38).

We show that multiple genome-organization

features, conserved across metazoans including

other tunicates and nonbilaterians, have dramatically

changed in the Oikopleura lineage. Despite an un-

precedented genome revolution, the Oikopleura

lineage preserved essential morphological features,

evenmaintaining the chordate body plan to the adult

stage, unlike other tunicates. Evolution in this lineage

was rapid and probably took place in a context favor-

ing purifying selection against mildly deleterious

features. Our results strengthen the view that global

similarities of genome architecture from sponges to

humans (20–23) are not essential for the preserva-

tion of ancestral morphologies, as is widely believed

(24–26).
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Rewiring of Genetic Networks in
Response to DNA Damage
Sourav Bandyopadhyay,1 Monika Mehta,2 Dwight Kuo,3 Min-Kyung Sung,4 Ryan Chuang,3

Eric J. Jaehnig,5 Bernd Bodenmiller,6 Katherine Licon,1 Wilbert Copeland,3 Michael Shales,7

Dorothea Fiedler,7,8 Janusz Dutkowski,1 Aude Guénolé,9 Haico van Attikum,9

Kevan M. Shokat,7,8 Richard D. Kolodner,5,1,10 Won-Ki Huh,4 Ruedi Aebersold,6

Michael-Christopher Keogh,2* Nevan J. Krogan,7* Trey Ideker1,3,10*

Although cellular behaviors are dynamic, the networks that govern these behaviors have been
mapped primarily as static snapshots. Using an approach called differential epistasis mapping,
we have discovered widespread changes in genetic interaction among yeast kinases, phosphatases,
and transcription factors as the cell responds to DNA damage. Differential interactions uncover
many gene functions that go undetected in static conditions. They are very effective at identifying
DNA repair pathways, highlighting new damage-dependent roles for the Slt2 kinase, Pph3
phosphatase, and histone variant Htz1. The data also reveal that protein complexes are generally
stable in response to perturbation, but the functional relations between these complexes are
substantially reorganized. Differential networks chart a new type of genetic landscape that is
invaluable for mapping cellular responses to stimuli.

O
ne of themost basic approaches to under-

standing gene function relies on the iden-

tification of genetic interactions, which

occur when the phenotypic effects of one gene

depend on the presence of a second. Recently, a

number of technologies have been developed to

systematically map genetic interaction networks

over large sets of genes in budding yeast (1–3)

and other model organisms (4, 5). Thus far, these

networks have been constructed only under nor-

mal laboratory conditions. However, cells are con-

stantly bombarded by signals and stresses, such

as ligands, drugs, hormones, toxins, or other
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