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Letter

Reconstructing large regions of an ancestral
mammalian genome in silico

Mathieu Blanchette,’#* Eric D. Green,? Webb Miller,®> and David Haussler'-

"Howard Hughes Medical Institute, University of California, Santa Cruz, California 95064, USA; ?National Human Genome
Research Institute, National Institutes of Health, Bethesda, Maryland 20892, USA; 3Department of Biology,
Pennsylvania State University, University Park, Pennsylvania 16802, USA

It is believed that most modern mammalian lineages arose from a series of rapid speciation events near the
Cretaceous-Tertiary boundary. It is shown that such a phylogeny makes the common ancestral genome sequence an
ideal target for reconstruction. Simulations suggest that with methods currently available, we can expect to get 98%
of the bases correct in reconstructing megabase-scale euchromatic regions of an eutherian ancestral genome from the
genomes of ~20 optimally chosen modern mammals. Using actual genomic sequences from 19 extant mammals, we
reconstruct 1.1 Mb of ancient genome sequence around the CFTR locus. Detailed examination suggests the
reconstruction is accurate and that it allows us to identify features in modern species, such as remnants of ancient
transposon insertions, that were not identified by direct analysis. Tracing the predicted evolutionary history of the
bases in the reconstructed region, estimates are made of the amount of DNA turnover due to insertion, deletion,
and substitution in the different placental mammalian lineages since the common eutherian ancestor, showing
considerable variation between lineages. In coming years, such reconstructions may help in identifying and
understanding the genetic features common to eutherian mammals and may shed light on the evolution of human or

primate-specific traits.

[Supplemental material is available online at www.genome.org and http:/ /genome.ucsc.edu/ancestors.]

Following completion of the human genome sequence, there is
now considerable interest in obtaining a more comprehensive
understanding of its evolution (International Human Genome
Sequencing Consortium [IHGSC] 2001; International Mouse Ge-
nome Sequencing Consortium [IMGSC] 2002; Rat Genome Se-
quencing Project Consortium [RGSPC] 2004). Patterns of evolu-
tionary conservation are used to screen human DNA mutations
to predict those that will be deleterious to protein function (Su-
nyaev et al. 2001; Ng and Henikoff 2002) and to identify non-
coding sequences that are under negative selection, and hence,
may perform regulatory or structural functions (Hardison 2000;
Boffelli et al. 2003; Cooper et al. 2003; Margulies et al. 2003;
Bejerano et al. 2004). Long periods of conservation followed by
sudden change may provide clues to the evolution of new hu-
man traits (Goodman et al. 1971; Challem 1997; Enard et al.
2002). All of these efforts depend, directly or indirectly, on re-
constructing the evolutionary history of the bases in the human
genome, and hence, on reconstructing the genomes of our dis-
tant ancestors.

The hope of learning about long extinct species by recover-
ing and cloning their DNA has engaged the popular as well as the
scientific imagination, but the reality of such endeavors falls
short of expectations on two grounds. The first is lack of infor-
mation; there is not enough intact DNA in the modern remains
of species that have been extinct for many millions of years to

“Present address: McGill University, Montreal, Quebec H3A 2B4
Canada.

SCorresponding authors.

E-mail haussler@soe.ucsc.edu; fax (831) 459-4829.

E-mail blanchem@mcb.mcgill.ca; fax (514) 398-3387.

Article and publication are at http://www.genome.org/cgi/doi/10.1101/
gr.2800104.

infer ancestral genome sequences (Austin et al. 1997; Marota and
Rollo 2002). The second is lack of the necessary biotechnology to
synthesize large genomic regions from many small pieces. While
there is recent progress in overcoming the second obstacle (Smith
et al. 2003), the problem of loss of information appears to be
insurmountable for species from, say, the Jurassic or Cretaceous
periods that have left behind few modern descendants. However,
for ancient species with many different modern descendants,
there is still the possibility that large regions of their genomes can
be approximately inferred from the genomes of modern species
using a model of molecular evolution. On a smaller scale, such
ancestral reconstructions have been performed for protein fami-
lies including rhodopsin (Chang et al. 2002), ultraviolet vision
gene SWSI (Shi and Yokoyama 2003), ribonucleases (Jermann et
al. 1995; Zhang and Rosenberg 2002), Tu elongation factors
(Gaucher et al. 2003), steroid receptors (Thornton et al. 2003) (for
review, see Chang and Donoghue 2000; Thornton 2004), for
transposons (Adey et al. 1994; Smit and Riggs 1996; Ivics et al.
1997; Jurka 2000), and for small genomes like HIV (Hillis et al.
1994), in which case the predicted ancestral sequences were com-
pared with the known ones. However, studies of large-scale com-
putational genome reconstruction, an undertaking that might be
termed computational “paleogenomics” (Birnbaum et al. 2000),
have been limited to higher-level genome properties such as gene
order (Blanchette et al. 1999; El-Mabrouk and Sankoff 1999;
Pevzner and Tesler 2003; Bourque et al. 2004) or karyotype
(Graphodatsky et al. 2002; Yang et al. 2003).

Maximum likelihood algorithms for the reconstruction of
ancestral amino acids or DNA bases have been developed and
used by several groups (Yang et al. 1995; Koshi and Goldstein
1996; Cunningham et al. 1998; Schultz et al. 1996; Pupko et al.
2000, 2002). The maximal likelihood approach appears to work
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better than parsimony methods (Zhang and Nei 1997). Bayesian
methods that take into account uncertainties in the tree, branch
lengths, and model parameters have also been explored (Schultz
and Churchill 1999; Huelsenbeck and Bollback 2001), although
these involve more computationally expensive Markov Chain
Monte Carlo sampling methods. With few exceptions (Hein
1989; Fredslund et al. 2003), algorithms have been limited to
pure substitution models, and have not considered reconstruc-
tion in the presence of insertions and deletions.

We argue that a good target species for a genomic recon-
struction is one that has generated a large number of indepen-
dent, successful descendant lineages through a rapid series of
ancestral speciation events. In this case, the problem can be
viewed as attempting to reconstruct an original from many in-
dependent noisy copies. In the limit of an instantaneous radia-
tion, the accuracy of the reconstruction approaches 100% expo-
nentially fast as the number of copies increases (see Discussion).
From the Cretaceous period, a good choice for reconstruction
would be the genome of the eutherian ancestor, as this species is
believed to have spawned the relatively rapid radiation of the
different lineages of modern placental mammals (see Eizirik et al.
2001 for the radiation model used in this study, and Springer et
al. 2003 for alternate hypotheses about the pace of the mamma-
lian radiation). This ancient species also has the added advantage
of being a human ancestor, so its reconstruction, however specu-
lative, may shed additional light on our own evolution, perhaps
helping to explain features of the human and other modern
mammalian genomes. This study uses computational simula-
tions to show that large parts of the euchromatic genome of that
early eutherian, including many of its noncoding regions, could
be accurately reconstructed if sufficiently many well-chosen ex-
tant mammalian genomes were available.

Results

Simulations

To assess the reconstructability of ancestral mammalian genomic
sequences, we performed a series of computational simulations
of the neutral evolution of a hypothetical ~50 Kb ancestral ge-
nomic region into orthologous regions in 20 modern mammals
(Fig. 1). Simulation parameters for substitution, deletion, and
insertion were based on the analysis of ~1.8 Mb of data from nine
mammals in the regions orthologous to the human CFTR locus
(Margulies et al. 2003; Thomas et al. 2003), as well as on a ge-
nome-wide comparison of the human and mouse genomes (Kent
et al. 2003), and on a recently derived phylogenetic tree (Eizirik
et al. 2001). The simulations included insertion of lineage-
specific transposons and increased rates of substitution in CpG
dinucleotides. For each pair of orthologous sequences generated,
we verified that the average number of substitutions, insertions,
and deletions are close to those observed in the neutrally evolv-
ing regions of the greater CFTR region. We also verified that the
distribution of the sizes of insertions and deletions, as well as the
frequency and age distribution of each type of repetitive element
are close to those previously reported (IHGSC 2001; IMGSC
2002). Further details of the simulation process and its validation
are given in Methods and in Blanchette et al. (2004).

A crucial first step toward reconstructing ancestral se-
quences is to build an accurate multiple alignment of the extant
sequences, thus establishing orthology relationships among the
nucleotides of each sequence. To this end, we used a multiple-
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Figure 1. Estimated reconstructability of ancestral mammalian se-
quences. Average base-by-base error rate in the reconstruction of each
simulated ancestral sequence. The error rate shown is the sum of the
percentages of bases that are missing, added, or mismatched as a result
of errors in the reconstruction, averaged over 100 simulations of sets of
orthologous sequences of length ~50 kb. Error rates are given first for all
regions, and in parentheses for nonrepetitive regions only. The Boreoeu-
therian ancestor, which is the ancestor that can best be reconstructed, is
indicated by the arrow. Branches completely located inside the box are
called “early branches” (see text). The species names at the leaves only
indicate what organisms we simulated; no actual biological sequences
were used here. The tree topology and branch lengths are derived di-
rectly from Eizirik et al. (2001).

sequence alignment tool called TBA (Blanchette et al. 2004)
based on the well-established pair-wise alignment program
BLASTZ (Schwartz et al. 2003). Given TBA’s multiple sequence
alignment of the soft-repeat-masked extant sequences and a phy-
logenetic tree relating these sequences, whose topology is as-
sumed to be known, but whose branch lengths are inferred using
the HKY model (Hasegawa et al. 1985) and the PHYML program
(Guindon and Gascuel 2003), we predicted which positions of
the alignment correspond to ancestral bases and which corre-
spond to nucleotides inserted after the ancestor. Here, we used a
greedy algorithm that seeks to explain the observed alignment
using a set of insertions and deletions of maximum likelihood
(see Methods). The identity of the nucleotide at each ancestral
position was then predicted using a context-dependent maxi-
mum-likelihood estimation. The only data available to the align-
ment and reconstruction procedure were the sequences of extant
species. No information about the simulation process (neither its
parameters nor its realization) was used to inform or set the pa-
rameters of the reconstruction process apart from the assumed
common knowledge of the phylogenetic tree topology, the pa-
rameters of the HKY substitution model, and the known classes
of transposons.

We compared the actual ancestral sequence used in our
simulations with the predicted ancestral sequence by aligning
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them and counting the number of missing bases (those present
in the actual ancestor, but not in the reconstruction), added
bases (present in the reconstruction, but not in the actual ances-
tor), and mismatch errors (positions in the reconstruction as-
signed the incorrect nucleotide). The sum of the rates of all three
types of errors was calculated separately at each ancestral node in
the phylogenetic tree (Fig. 1). The results showed that under this
phylogenetic tree with a relatively rapid placental mammalian
radiation, the neutral nonrepetitive regions of the Boreoeuthe-
rian ancestral genome that have evolved like those in our simu-
lations can be reconstructed with about 99% base-by-base accu-
racy from the genomes of 20 present-day mammals. Repetitive
regions are not reconstructed as accurately, because they are
more often involved in misalignments, which can result in in-
correct predictions. Nonetheless, even counting errors in repeti-
tive regions, the total accuracy is >98%. If a reconstructed base is
chosen at random, chances are it lies at least within a 343-bp
error-free sequence, showing that reconstruction errors are often
clustered together, leaving large error-free regions. The simulated
and reconstructed sequences, as well as statistics validating the
simulation process, are available at http://genome.ucsc.edu/
ancestors. The simulations suggest that even in the nonrepetitive
regions, much of the difficulty of the reconstruction problem lies
in the computation of the multiple alignment, as a reconstruc-
tion based on the correct multiple alignment derived from the
simulation itself (and thus unavailable for actual sequences) had
less than half the number of reconstruction errors.

Looking at the reconstructability in other ancestral species
in the tree, a strong “local tree topology effect” is seen, whereby
ancestral sequences at the center of rapid radiations are much
more reconstructable than those with longer incident branches.
This effect is so strong that sequences of early eutherians living in
times of rapid radiation can be reconstructed more accurately
than those of most of the more recent ancestors.

Examining reconstructions made using smaller subsets of
this set of 20 species, it was found that, including repetitive re-
gions, an accuracy of about 97% can be achieved using only 10
species chosen to sample most major mammalian lineages (Fig.
2). Sampling only five of the most slowly evolving lineages yields
an accuracy of about 94%. Little is gained with our current re-
construction procedures by adding more than 10 species, because

14
512 OMissingbases |
o o B Added bases |
.,"_' B Mismatches
S
]
o
B 6
c
84
]
o 2
0

A

Number of species used

Figure 2. Estimated reconstructability of the Boreoeutherian ancestor.
Fraction of the simulated Boreoeutherian ancestral sequence recon-
structed incorrectly as a function of the number of extant species used for
the reconstruction. For each number of species used, results are given
counting all bases (left columns) and only nonrepetitive bases (right col-
umns). Species are added in the following order: human, cat, chipmunk,
sloth, manatee, rousette bat, mole, pig, beaver, tree shrew, horse, pango-
lin, mouse, armadillo, aardvark, okapi, dog, mole-rat, rabbit, and lemur.

the risk of misalignment increases, while the unavoidable loss of
information in the early branches persists (dashed box, Fig. 1;
also see Discussion). However, further improvements to the mul-
tiple alignment methodology might change this.

The accuracy of the reconstruction depends crucially on the
length of the early branches. Additional simulations (Supple-
mental Fig. S1) revealed that if the major placental lineages had
diverged instantaneously (early branches of length zero, see Fig.
1), we would be able to reconstruct the simulated Boreoeutherian
ancestral sequence, including repetitive regions, with <1% error.
In contrast, if the early branch lengths inferred by Eizirik et al.
(2001) turned out to underestimate the actual lengths by a factor
of two, the error rate would jump to 3%, and to 6% if they were
underestimated by a factor of four.

The accuracy of the reconstruction is less dependent on the
overall branch length, within reasonable limits. If the neutral
substitution and indel rates used in the model are increased by
25%, which is considerably more than the typical 10% regional
neutral rate fluctuations observed in different genomic regions in
human-mouse genome comparisons (Hardison et al. 2003), the
accuracy of reconstruction only decreases to 97.5%. On the other
hand, if the rates are uniformly half of the neutral rate, which
corresponds roughly to the rates observed for coding regions (Eiz-
irik et al. 2001), the reconstructed bases are >99.8% correct, with
most errors due to incorrect alignment in the vicinity of repeti-
tive elements. If the true evolutionary rates vary from site to site
between these extremes, we would thus expect the overall aver-
age reconstruction accuracy of a region to be >97.5%, with sig-
nificantly higher local accuracy for the more evolutionarily con-
strained subregions.

An important assumption in our reconstruction procedure
is that the topology of the phylogenetic tree is known in ad-
vance. Since the early branches of the eutherian tree are very
short, there remains some uncertainty about the precise branch-
ing order of the main mammalian phyla. Moreover, in situations
of rapid speciation, different regions of the genome may actually
have different phylogenetic trees because of incomplete lineage
sorting due to different recombination histories (Shedlock et al.
2000). To assess the consequences of using an incorrect tree as
input to the reconstruction procedure, we repeated our simula-
tion using the original tree to generate the sequences, but using
the incorrect tree (Xenartha, Laurasiatheria, Primates), (Rodents,
Afrotheria) for the reconstruction of the ancestor. We found that
the pseudo-“Xenartha-Laurasiatheria-Primates” ancestor inferred
was an approximation of the true Boreoeutherian ancestor that
was still 98.4% accurate. The robustness of the reconstruction
with respect to changes in early branching order may be due to
the relatively small number of mutational events on these short
branches of the tree. However, similar robustness of ancestral
reconstruction to minor tree-topology changes has also been ob-
served in simulations of amino acid evolution for more general
kinds of trees (Zhang and Nei 1997).

Finally, in addition to estimates of the overall accuracy of
the reconstruction, the simulations also suggest how we may
estimate the confidence in the reconstruction of the ancestral
base at a given site based on properties of the local alignment
containing that site. In a situation where the phylogenetic tree
and sequence alignment are known to be correct and there are no
insertions or deletions, the posterior probabilities of each of the
four possible ancestral nucleotides can be explicitly computed
using standard substitution models (Yang et al. 1995), which
readily provides the probability of reconstruction error. However,
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in the presence of indels or with an uncer-
tain alignment, the analogous error calcula-
tion becomes problematic, even for a fixed
tree (Hein et al. 2000; Huelsenbeck 2001;
Lunter et al. 2003).

Here, we take a heuristic approach to
estimating the confidence of the recon- (A)
structed base at a given site. The probability
that an individual reconstructed base is a
mismatch error or an added base is empiri-
cally estimated based on local properties of
the alignment at and around that position
(see Methods). Testing this approach in our
simulations, we find that about 98.5% of
the nucleotides of our simulated Boreoeu-
therian ancestral sequence can be recon-
structed with at least 90% confidence that they are not mis-
matches or added bases, and about 95%, with at least 99%, con-
fidence. An additional 1% of the bases of the ancestral sequence
are missing from the reconstructed sequence, but the locations of
these omissions cannot be accurately predicted.

A and B.

Reconstruction of an ancestral region in the CFTR locus

Following our simulations, we applied the reconstruction
method to actual high-quality sequence data from a 1.87-Mb
region containing the human CFTR locus, using 18 additional
orthologous mammalian genomic regions (Table 2, below) gen-
erated by the NISC Comparative Sequencing Program (Thomas et
al. 2003) (see www.nisc.nih.gov). We reconstructed an approxi-
mation to all ancestral sequences of the CFTR locus for which
orthologous sequence was available in at least 16 of the 19 spe-
cies listed in Table 2, below. In human, this corresponds to sev-
eral discontinuous segments covering a total of 1.274 Mb. Simu-
lations on synthetic data like those described above indicate that
for the topology and set of branch lengths for these 19 species,
the ancestral sequence that can be most accurately reconstructed
based on the sequences available is the Boreoeutherian ancestor,
and that neutrally evolving regions of this ancestral genome can
be reconstructed with an accuracy of about 96%. Notice that
although we are using sequences from 19 mammals, the pre-
dicted accuracies obtained are lower than those reported in Fig-
ure 2, because not as many major lineages or outgroups are
sampled. On a site-specific basis, simulations suggest that >90%
of the bases of the predicted ancestor can be assigned confidence
values >99%. The reconstructed ancestor and site-specific confi-
dence estimates are available at http://genome.ucsc.edu/
ancestors.

We confirmed that the 96% accuracy estimate is reasonable
by analysis of transposable elements whose insertion predated
the Boreoeutherian ancestor (“ancestral repeats”) (Fig. 3A). For
each family of ancestral repeats, a consensus sequence is avail-
able, obtained from the many copies of these elements scattered
in the genome. The consensus sequence is thought to represent
the transposon sequence at the time of its insertion into this and
other regions of the ancestral genome (Jurka 2000). We aligned
the extant sequence H of each transposon relic identified in the
human CFTR region by RepeatMasker (Smit and Green 1999) to
the consensus sequence C for its ancestral repeat family, and
estimated the expected number of substitutions per site between
consensus and human relic, d(C,H), using a Kimura 2-parameter
model (Kimura 1980). Let A be the true (unknown) ancestral

Ancestral repeats evolution

f

n independent “ n dependent
descendents descendents
(B) ©
Star phylogeny Bifurcating root

Figure 3. (A) Estimates of the expected number of substitutions per site between a repeat
consensus C, it human descendent H, and the reconstructed ancestor A*, based on a Kimura
2-parameter model and averaged over all human ancestral repeats of the region considered. The
true ancestor A cannot be observed, but a distance of 0.026 substitutions per site between it and
A* is estimated from the three other distances. (B) Star phylogeny with nindependent descendants.
(O) A tree with bifurcating root. Irrevocable information loss occurs between R and its descendants

Boreoeutherian sequence for this transposon relic and let A* be
the reconstructed sequence. Since A stands on the evolutionary
path between C and H, we would expect to have d(C, H) = d(C,
A) + d(A, H), where d(C, A) and d(A, H) are the expected substi-
tutions per site between C and A, and between A and H, respec-
tively. Reconstruction errors in A* would be expected to take this
sequence away from the true evolutionary path, resulting in d(C,
H) < d(C, A*) + d(A* H). Figure 3A shows the average distances
observed for ancestral repeats of the CFTR region. It indicates
that d(C,A*) + d(A* H) exceeds d(C,H) by 0.04 substitutions per
site, which can be verified to correspond to a mismatch error rate
in the reconstructed sequence A* of about 2.6%. This roughly
confirms our estimate of 96% overall accuracy, since mismatch
errors are expected to account for about half of the base-by-base
errors made by our method in this case and errors are concen-
trated in repetitive regions.

Figure 4 illustrates the reconstruction in a noncoding region
of the CFTR locus that exhibits a typical level of sequence con-
servation. This region is located in a 32-Kb intron of the CAV1
gene, about 13 Kb from the 5’ exon. The bases in this region are
relics left over from the insertion of a MER20 transposon some-
time prior to the mammalian radiation, and are thus unlikely to
be under selective pressure.

Notice that despite the fact that the alignment of certain
species (in particular, mouse, rat, and hedgehog) appears some-
what unreliable, the inference of the presence or absence of a
Boreoeutherian ancestral base at a given position is quite
straightforward given the alignment, and to a lesser extent, so is
the prediction of the actual ancestral base itself. The MER20 con-
sensus is shown for comparison. Most positions where the recon-
structed Boreoeutherian ancestral base disagrees with the MER20
consensus are likely due to substitutions in this MER20 relic that
predated the Boreoeutherian ancestor, since the support of the
reconstructed base is very strong in the extant species. If the
MER20 consensus sequence is used as an outgroup in the recon-
struction procedure, only two bases (indicated by a longer arrow)
are reconstructed differently, indicating that the reconstructed
ancestral sequence is very stable and most of it is likely to be
correct.

Because the reconstructed Boreoeutherian ancestral se-
quence is evolutionarily closer to the older mammalian ancestral
genomes that existed at the time of the insertions of ancestral
transposons, it is superior to the human genome sequence for the
recognition of these elements. In essence, it acts as an observa-
tory that allows us to see even farther back in time. When Re-
peatMasker is run on the inferred Boreoeutherian ancestor, an-

Genome Research 2415
www.genome.org


http://www.genome.org

Downloaded from www.genome.org on April 16, 2007

Blanchette et al.

(L002) ‘|e 12 YH1Z1T wody A[32241p PIALISP dJe sayduelq pue 313 3y ‘snobojoyuo “dey Ul ‘aie s31dads JUaIaIP 3y} Wwody saduanbas
ay3 eyl sayRA (UMmoys Jou elep) YNQ dAiadaluou Bunpjuely ayy jo Juswubije ayl “(F€ PIING I9DN) 668°652°SLL-SSZ6€2S L 1:Z4yd sI pake|dsip aduanbas uewny ay) jo uonisod ayj “uondipaid
aseq [es3sadue ayy pabueyd aaey pjnom aduanbas snNsuasuod OZYIN Y3 Jo abpamous| ay} a4aym suonisod Y3 d3edIpUl SMOLIe 1BBUOT *SNSUISUOD OZYIIN Y3 WO} SISHIP JOISIdUR PRIINIISUOIDI
ay3 a19ym suonisod 33ed1pul SMoLly ‘uosodsueilo}ds OZYIIN & Woly PaALSP saduanbas snobojoyuo [ende uo paseq aduanbas UBLIBYIN0310g [LJ1SIDUER UR JO UONDNIISUODA Jo djdwex] *§ dianbig

) + L W Voo «« o009} |
E.‘gl‘

YE009==L9======== YLV YOLOLY VY YOO 0SS0 0LY L LYY SV VY OV O~ = === === == ==, 0000005 YOO SYOVOILIVOVLIOLY ————= ===~ -OVWVLIOLOI LD OIWO- 09~ IVIVLID-OLIVL-D -~ -~ ~LVIIDLIVLID DOSLOVYOWOLS “SNOD 0Z¥ENW 4[/

~
YI0D9== LD~ === YLYYIDOLYYYYIIID90DL VLIV YOV OV Y IV YO ILIYIIDIDWIDIDIOL OV IV OYOVIOLOVOVLIDLY ~ === === === OIVVI V2L IO LYIDOWO- VY- OWOULOO - 2LOY L~ D~~~ IVOODTLIVLIOLYIIDIOLLLYOYOLD "ONY " a@dd S = III/

g TN

YOOI ==L0= === OIVYLLOLV YLDV OWLLYOLY VIV VO LYY LOYIDLIVIVYOIIWO DI DOV L OV OV OVOVOOLOVOVLIOLY = = = == = = DLV YLYLLOOLTID0020 Y- 0¥DYLO0=0LL0Y====== DLI22LILLIDLYDODSDLLLYIOWOLY NYROH IIIII/I
WOIL == L= === SIVYLLOLYYYYEDIVOVLLYOL YO YO LYY L ITOILIYIWIIITIO0DOWL OV O D OV OVIOLIVOYLODLY = === === ===, OLYYIYLLOOLYD D505 VY- OVIYLO0=0LL0Y ===~ ==DLI25LOLIOS L YO0 000 L LD 0WO LS dWIHD l/tt
YIOOLO--LI-—-————— SLYYLLOLYYYYOOOVOVLLYOLY YOIV YOIV YLIYOOLIWOY OO0 WO DD DOV LI ¥ O¥D SYOWOILIWOVLIOLY ~ — =~ ~ == ==~ OLOVIVLLOS LYDO00LO VY- OO LIS-0LLIY- Y=~~~ -DLI99LILIOI LIS S ILILYOIWOLY YTII¥09 ARY
W¥OOLO--LD-=~—=m== OLYYLLOLYYYYOIIVOOLIVOLYY IV YOIV YL IVODLIVIVOIOW¥O DD DOV L OV OWDOVOWOOLOWOWWOOLY -~ === == ==~ OLYYLYLIOOLYOO00 O -OYDYLO0-0LLOY- O~~~ ~~; DLI29LILLIOLYDYDODLLLYDDWOL) NYINONYYO //
YOOLE--TD-~=—=—== SLYYLIOLYYYYOIIVIOLLYOLYYIVYDILYLOYOOLIWYIWYIDOWD D000 L OYOUDO¥OWOOLOWOVLIOLY -~ === == ==~ OLYYLVIL OO LYO S0 YOUYY-YYoVLO0-OLL0Y - L~~~ ~ OLI9DLILLOOLVIOSOSLLLYYOWOLI NooavY" VA
YOOI —— LG -—————=— SLYYLOSIVYYYOIIVI DL LYOLYYIVYSOLYLIYOOLOYIYOIOWODODOW LS ¥OLSOYOWOILIWOVLIOLY - ————~— ==~ -OLYYLYLLOS LY VOO WOVY Y- SYIYLO9-OLLOY-L-—-—-DLO95L0LIIS LY 0090 L LLY YO WO LY EN0YOYH ——a_
WOOLO--LO-—~—=—=~ YIVVLIOIVYYYOIOVVRLLIVOLYYOV YO DLYLOVOILIVIWIIOWI D DO YL OWOWOOVOWIOLOWOVLIDIY - -~ -~~~ —~: DIYVIVILOCLYDOO WOV Y- OO0 - 0L L0V - L~~~ OLI92LOLLIDLYDOO0OLLLYEOWOL) LIAYIA (W]
WO0D9-—L-—==== == YIVYOIOLYYYOOOLO 0L IVILY YOO OYYOVYODIOYOIYIIWILIO DL IWIO8 00 DYIOWDYIOLIDIW- -~ -~~~ ==~ DOYYVYOLODOYD oW - Y- SWOYLOD-2I0WY-D OODDLOYIISLYSOOIDLI-SWOWOLY HNWAT-ISNOH n
Y¥O009--LG-==—==== YILYYOOSIYYYOOI0S 0L LY LIV YIS S LYYOVHOYOO YOI DLOWIO-D0SL SIS HIYOYOOLITIOLIDOY DOWHLYSL: SOOI~ VY- SWIVLO9-0LOWO -0~~~ —~, LODLOSOWODSL-D9595LL-YHOWOIY HONIT ~_ “
YOO--=======—= D2LOLOYIIDLOYYYOII2LIOLYLLL O -~ Y OVYOVHOOWOODD LY OYOI DD LL S ¥ ON L OV O W OOL O VOW LIV LY - = = = = == ===, LLYYLOOLIOLYIDOWD - -~ - DOSWODYLODODL -0 -~ ~=~, IYOOOLOYIDVOVYODOOLILYYOVILY LIgE /)
WOOLY -~ LY LIV HOD LIV YOOIV Y YL OO VoYL OLYOL OO O LY LYY OV HOOLL ~—— == == === === === == e OYOOLISLYLOYIY -~~~ == ==~ DLWV LOVOWD O WYL~ LI - DO WLO Y- OWOWL -0 -~~~ LYOSDLOYLLOLYSSWIDLLLYYOWOLD FA L \ i
WOOL9 -~ IV LLY YOI LILY VIO O LYY YLDV VS OLYOL DS OL VY IV OWWOOLD -~ = == == === === === === DYOSLALLYIDIIY -~ —— === ===, OLOVLYOLO VLTI WYL~ LL- OV VLIV - OWOYL - D~~~ —~, IVOVSLOVILOLVISYIOLLLIWOWOLS ASNOW )
WYO2I0==DL======== YL YOOI 0L OVOLOVLWOLYOLO VOV YL LYY Y YOO LLOVILLOLWODILO WO DOLLLIOL DLOVLOOLOL WOVY- YO Y YYOW) - YLOVLLD -~~~ O LILOYLYOLO )
WOLOS-=LD- === OLVYOISLYYEIIDIIVIOLYLLYLOVY YOSV YEODDIWILLILWLLIDI WO S W OWD SYOVOILOYOVLLLY! LIVYLYOL: WO -V~ OVOYLOO-OLYYL~O~~~—~, LYOOSLOVLIOYL VIS OD 9 LLLYYOWOLS 20a
WOLOO-=LG======== YOYYOOSLYYYYOOIIVOILYLLY VIV YO - Y¥OWOO0IWOLLLOVLIO OO VL OV O SWOVO I LI WOV LOL LY - = == = == === OLYYLYOLOVILYOOOWL - Y- SYDOL09-00LYL - D=~~~ LYOIOLOVIOVLOOOOSYLLLIYOWOLS I¥D
YIODO0-—LD-—==—=—== YLYYIIOL WYY YOO D9VYIOLYLLYYOYYYOYYOLYDDIOYILIDOWLIDDIVIOVIYYOYOLIOLI WOVLIDLYOL IO YOOI LYOL YL Y YL IO LYODO WO - V- VYO HLOD- DD YL~ -~~~ LODIDLIVD: L4 ¢ OWOL) FSUOH
v DL LOOWIDLI000LL SLYYD- YL IOYDOY- ~ = -DDWOOVLYIDLLLWO: DYOL NYYIYOLY WWOOL oYL= L= YOLYLOL- VYO YL -D00WOSLIDIDLI— == === ===~ =, LLLOLOLIOOD MOD
WOO-Y--LG-——————— WOOVOLOLY VI YOO DS LOVY L LYY WYY O - — = —— === ===~ -OOLIDLOIDIOVLILOVOVIILV YUY YLIOLS YYWHILOOL DIWD-D: O-YLOYL-L-—~—", LYLYYLOYLOOL-———=—========== OTIIAYWIY

2416 Genome Research

www.genome.org


http://www.genome.org

Downloaded from www.genome.org on April 16, 2007

Ancestral genome reconstruction

cient repeat families such as L2 LINES and MIRs are detected in
significantly larger fraction than when RepeatMasker is run on
the human sequence, because they are much less decayed [Table
1, column (b)]. This improved ability to detect very old repeats
results in an increase of 2.7% in the estimated total fraction of
the human CFTR region that derives from a transposon insertion
(from 37.7% to 40.4%).

More importantly, reconstructed ancestral genome se-
quences allow us to make inferences about the specific evolution-
ary path of functional elements such as protein-coding regions
(Jermann et al. 1995; Sunyaev et al. 2001; Chang et al. 2002; Ng
and Henikoff 2002; Zhang and Rosenberg 2002; Gaucher et al.
2003; Shi and Yokoyama 2003; Thornton et al. 2003; Thornton
2004). About 5995 of the 6026 codons from the known human
genes in the region used for this reconstruction are also clearly
coding in the other extant species. All of these 5995 codons were
reconstructed without introducing an in-frame stop codon or
frame shift, despite the fact that the reconstruction algorithm
used neither prior knowledge about exon positions nor model of
codon evolution. This indirectly suggests that the accuracy of the
reconstruction is quite high for elements of the genome that
have been under purifying selection.

The accuracy of the inferred ancestral CFTR protein se-
quence was verified by comparing it to outgroups like chicken
and the marsupial Didelphis virginiana (opposum). Of the 1481
amino acids of the ancestral CFIR protein, 1276 are most likely
correct by virtue of a quasi-unanimity within eutherian mam-
mals. Of the remaining 205 amino acids where the reconstruc-
tion is not completely obvious, 137 amino acids are strongly
confirmed by a match in either chicken or opposum, and 29
others could only be weakly confirmed by a match in either frog
or Fugu. On the other hand, 15 amino acids could be incorrectly
reconstructed as indicated by the failure of the two tests above
and by a match between one of the eutherian amino acids and
either Didelphis or chicken. Overall, this gives an estimated ac-
curacy of ~99% at the amino acid level for the reconstruction of
the ancestral CFIR protein. This corresponds to an ~99.5% accu-
racy at the base level, because roughly 2/3 of random base
changes are nonsynonymous, and there is a 3:1 ratio of bases to
amino acids. This is not as good as the 99.8% accuracy expected,
based on simulations of regions evolving at half the neutral rate

Table 1. Detected repetitive content of the reconstructed
Boreoeutherian ancestor and of human

PreBoreoeutherian ancestral repeats

Detectable in human Detectable in ancestor

and ancestor (kb)? only (kb)®

Alu 0 0

LINE L1 83.5 9.1
LINE L2 61.5 15.3
LINE L3 2.4 0.7
DNA 23.7 2.3
MIR 40.3 5.6
LTR 38.3 1.8
Others 5.0 0.4
Total 254.7 35.2

#Number of human kilobases labeled by RepeatMasker as belonging to
the given family and present in the Boreoeutherian ancestor.

PNumber of human kilobases that are not detected as repetitive in hu-
man, but that are detected as such in the corresponding ancestral region.
All numbers were calculated using the sensitive mode of RepeatMasker.

on the more optimally chosen set of 20 species, but is consistent
with what we would expect from the suboptimal set of 19 species
used in this reconstruction. Interestingly, at two of the positions
where the reconstructed ancestral CFTR protein differs from hu-
man CFTR, the reconstructed ancestral amino acid is associated
with cystic fibrosis when it occurs as a human mutation (http://
www.genet.sickkids.on.ca/cftr/): Phe — Leu at amino acid posi-
tion 87 (Bienvenu et al. 1994) and Met — Ile at position 1028
(Onay et al 1998). These disease-causing human variants are the
wild-type amino acids in several other species, as has been ob-
served for other human disease proteins as well (Schaner et al.
2001). That the disease-causing amino acid variant was wild type
in our eutherian ancestor is very likely in the former case, but the
reconstruction is less clear in the latter case, because so many
different substitutions occured in different lineages.

Sensible reconstruction of hypothesized structural RNAs was
also obtained. Two regions of the CFTR locus in introns of the
ST7 gene that appear to form stable RNA secondary structures
(Margulies et al. 2003) are predicted to fold in a nearly identical
fashion in the reconstructed ancestor.

The reconstructed ancestral sequence can also be used to
gather statistics on the rates of gain and loss of DNA in different
eutherian lineages, and the shifts in substitution spectra. After
reconstruction of the Boreoeutherian ancestral sequence from
the 19 present-day genomic sequences, we compared it with
those sequences to derive these statistics (Table 2). The recon-
structed ancestral sequence had a size (1124 Kb) about 10%
smaller than those of extant old-world monkeys (1260 Kb on
average, with most of the difference due to Alu insertions) and
also smaller than those of most other species, with the exception
of the two lemurs. The number of inserted and deleted bases in
primates is low compared with many other mammals (Thomas et
al. 2003), while those of rodents (but not rabbit) are high. Sub-
stitution rates follow a similar pattern (Cooper et al. 2003). Over-
all, the ancestral sequence is most closely related to that of pri-
mates, and perhaps, surprisingly, to that of horse.

It is predicted that the human sequence differs from that of
the Boreoeutherian ancestor in 30.3% of its bases, 21.7% result-
ing from insertions, and thus not present in the ancestor, and
8.6% resulting from substitutions. In addition, the human se-
quence has lost about 11.3% of the ancestral bases. Most differ-
ences between the human and ancestral sequences derive from
primate lineage insertions of transposons, in agreement with
other recent studies (IMGSC 2002). In contrast, rodents differ in
about 55%-60% of their bases and have lost about 39% of the
ancestral bases, while hedgehog differs from the ancestor in 58%
of its bases and has lost 50%. Though this high mutation rate
makes these species very useful for detecting functional regions
through comparative genomics (Margulies et al. 2003), it makes
them of less use for reconstructing ancestral sequences. Because
of the difficulty of aligning such rapidly evolving sequences, the
accuracy of these estimates for rodents and hedgehog remains
uncertain.

The set of 19 species we used is not a uniform sampling of
the eutherian phylogenetic tree, but rather is biased toward close
human relatives, containing seven old-world monkeys. To en-
sure that the number of closely related species does not unduly
affect the reconstructed ancestor by biasing it toward the human
sequence, we repeated the reconstruction procedure, removing
all primates but human and lemur. The new reconstructed an-
cestor was not significantly farther from the human sequence,
with 0.113 expected substitutions per site (compared with 0.111
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Table 2. Comparison of modern sequences to predicted ancestor

Deletions Insertions Substitutions
% of % of extant species’ bases % of extant species’ bases
Size of region Nonrepetitive ancestor acquired (nonrepetitive changed (expected #
Species (kb) (a) %GC-content (b) lost (c) only) (d) substitutions per site) (e)
Reconstructed Boreoeutherian
ancestor 1124 37.0 N/A N/A N/A

Human 1274 37.1 11.3 21.7 (2.0) 8.6 (11.1)
Chimpanzee 1278 37.1 11.5 21.8(1.8) 8.7(11.1)
Gorilla 1247 37.1 12.9 21.6 (1.9) 8.7(11.1)
Baboon 1260 37.3 12.6 21.2(2.1) 9.1 (10.7)
Orangutan 1268 37.1 11.7 21.2(1.8) 8.6 (11.2)
Vervet 1229 37.2 13.5 20.7 (2.0) 9.1(11.8)
Macaque 1255 36.4 12.2 21.0 (2.0) 9.1 (11.7)
Lemur 1071 37.7 19.1 11.6 (2.8) 9.0 (10.9)
Mouse-lemur 1085 37.5 18.0 14.5 (3.8) 9.3(11.6)
Mouse 1110 39.2 39.1 38.3(12.0) 17.5(34.3)

Rat 1239 39.5 38.8 44.4 (10.1) 15.9 (35.1)
Rabbit 1348 42.7 29.4 37.9 (28.9) 10.5 (21.3)

Cat 1206 37.2 24.5 29.6 (6.9) 11.3(16.5)

Dog 1122 39.4 26.4 22.5 (6.4) 13.5(19.2)

Cow 1324 37.1 30.9 41.5(7.7) 11.1 (20.9)

Pig 1158 36.8 33.7 29.6 (7.5) 10.9 (19.7)
Horse 1102 38.5 20.2 17.5(8.0) 12.1 (13.3)
Hedgehog 1379 39.7 50.0 48.9 (38.6) 8.9 (28.5)
Armadillo 1339 39.4 28.9 34.2 (18.1) 9.9 (20.2)

Listed are some properties of sequences of the extant species in the greater-CFTR locus and the predicted changes they incurred during evolution from
the Boreoeutherian ancestral sequence. (a) Length of sequence. (b) Fraction of nonrepetitive bases that are G or C. (c) Deletions: percentage of the
ancestral sequence lost in each species. (d) Insertions: percentage of extant species’ sequence that was inserted since the reconstructed ancestor (in
parentheses, percentage of extant species’ sequence that resulted from insertions of nonrepetitive sequences, using RepeatMasker to identify repetitive
sequences.) The high fraction of nonrepetitive inserted bases in rabbit and hedgehog is most likely due to lack of complete RepeatMasker libraries for
the transposons specific to these species. (e) Substitutions: percentage of extant species’ bases that were derived from an ancestral base but differ from
that base (this is different from the standard percentage identity measure, where only aligned bases are considered). In parentheses, the expected
number of substitutions per site under a Kimura 2-parameter model (Kimura 1980) is given, here using only the aligned bases.

previously), 10.8% deletions (compared with 11.3% previously),
and 23.4% insertions (compared with 21.7% previously).

The availability of predicted ancestral sequences at every
internal node of the tree offers a unique perspective on the de-
letion and insertion processes at work along each branch of the
tree. Focusing on a 280-kb region where sequences from all 19
mammals were available, the number of microdeletions and mi-
croinsertions (of length at most 10 bp) along each branch of the
tree was estimated (Fig. 5). We did not attempt to estimate the
indel rates along the four deepest branches of the tree because (1)
for the two deepest branches of the tree, deletions cannot be
distinguished from insertions, and (2) for the two branches inci-
dent upon the Boreoeutherian ancestor, deletions and insertions
are crucially determined by the presence or absence of aligned
bases in armadillo, which is often unreliably aligned. Among the
branches where indels can be accurately counted, the rate of
deletions is consistently two to three times higher than the rate
of insertions, with the lowest deletion/insertion ratios found in
the dog and the prosimian lineages, and the highest ones found
in the pre-mouse-rat-split rodents, horse, and cow lineages. De-
letion and insertion rates are definitely not following a molecular
clock, with rates in primates ~2.5 times lower than those in ro-
dents and 1.3-1.5 times lower than those in artiodactyls and
carnivores. The results for human versus rodents are in relatively
close agreement with those obtained from a study of the whole
human, mouse, and rat genomes (RGSPC 2004). Deletion and
insertion rates are closely correlated with substitution rates, with
the expected number of substitutions per site between 15 and 20
times higher than the deletion rate (Supplemental Fig. S3), with

outliers hedgehog (28 times higher) and pre-mouse-rat-split ro-
dents (26 times higher).

Discussion

One of the nonintuitive results of this study is the observation
that more ancient ancestral genomes can often be reconstructed
more accurately than those of their more recent descendants.
Why exactly is this so? For simplicity, consider the case of recon-
structing a single binary ancestral character state in the root spe-
cies (e.g., purine vs. pyrimidine at a given site) under a simple
model in which the prior probability distribution on the ances-
tral character is uniform, substitution rates are known, symmet-
ric, homogeneous, and not too high, and the total branch length
in the phylogenetic tree from the root ancestor to each of the
modern species is the same (i.e., assume a molecular clock). Here,
each of n modern species has a state that differs from the ances-
tral one with the same probability p <1/2. If the tree exhibits a
star topology (Fig. 3B), in which each of the modern species
derives directly from the ancestor on an independent branch,
then it is clear that the maximum likelihood and Bayesian maxi-
mum a posteriori reconstructions of the ancestral character
agree, and the reconstructed state is the one that is most often
observed in the n modern species. The probability of an error in
reconstruction is:

n

> (k) -pr

k=[n/2]
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Figure 5. Frequency of microdeletions (1-10 bp) (left) and microinser-
tions (right) during eutherian evolution. Indel rates for the branches
shown with dashed lines cannot be accurately estimated. Estimates are
based on a set of regions totaling about 280 kb, for which sequence data
is available for all 19 mammals.

which is at most [4p(1 — p)]"™/* (Hoeffding 1963; Le Cam [Lemma
5 p.479] 1986). This error approaches zero exponentially fast as n
increases. When # is too small, the ancestor is probably not re-
constructable (Mossel 2003).

In contrast, a non-star topology (Fig. 3C) such as a binary
tree that has the same total root-to-leaf branch length and the
same number n of modern species at the leaves has two nonzero
length branches from the root ancestor R leading to intermediate
ancestors A and B, and information is irrevocably lost along these
two branches. No matter how large the number n of modern
descendant species derived from A and B, one can do no better at
reconstructing the state at R than if one knew for certain the state
in its immediate descendants A and B. Even with this knowledge,
the accuracy of reconstruction of R from A and B will be strictly
<100% for all reasonable models and nonzero branch lengths.
The reconstruction gets poorer the longer the branch lengths are
to A and B. This extends to the case where the ancestor R being
reconstructed has a bounded number of independent immediate
descendants and to the case where descendants of an earlier an-
cestor of R (outgroups) are also available. The long branches con-
necting them to the rest of the tree are why some more recent
ancestral sequences in the tree of Figure 1 are less reconstructable
than the Boreoeutherian ancestor, which acts almost like the root
of a star topology.

The above analysis shows that the star tree is always the best
topology for reconstruction in the limit as the number n of ob-
served species becomes large, while the time to the common
ancestor remains fixed. A stronger claim is that for every n
and every time to the common ancestor, the star tree with n
leaves is always more favorable for ancestral reconstruction
than any branching tree that has internal “shared” nodes (but

the same time to the common ancestor), because the star topol-
ogy maximizes the mutual information between the residues
at the leaves and at the root (Schultz et al. 1996; Schultz and
Churchill 1999). This has been rigorously proven for a symme-
tric substitution model in the case of binary characters (Evans
et al. 2000, Theorem 6.1). However, there are counterexamples
with many-valued characters, e.g., amino acids, where for suf-
ficiently long branches, the star topology does not provide
the best ancestral reconstruction, i.e., the highest mutual in-
formation (B. Lucena and D. Haussler, in prep.). Thus, the pre-
cise relationship between tree topology and reconstructability
of the ancestral state appears to be rather subtle in the general
case.

While suggestive that reconstruction of a reasonable ap-
proximation to an eutherian ancestral euchromatic genome
may be within our reach, our simulation results have a number
of important limitations as follows: (1) The rates of substitutions,
deletions, and small insertions are assumed to be constant across
sequence position and homogeneous across branches, with
branch lengths proportional to those in a particular tree (Eizirik
et al. 2001), scaled to fit rates estimated from a particular region
(the CFTR region) (Thomas et al. 2003). If the substitution rates
were grossly underestimated, or there were very strong clustering
of mutations or “hotspots,” i.e., regions whose mutation rate
was, say, double the average nonfunctional parts of the CFTR
locus, there would be more genome positions where key in-
formation was irrevocably lost in the early branches, and the
accuracy of the reconstruction would be reduced. (2) Different
modes of selection are not modeled, including specific types
of purifying selection in codons and other functional regions,
and positive selection for new functions. The former is likely to
help reconstruction, but the latter may inhibit the ability to
accurately reconstruct the ancestor in certain critical sites. (3)
Some nucleotide-level mutational processes like DNA polymerase
slippage effects (Nishizawa and Nishizawa 2002) or gene con-
version are not included in the simulation. These may change
patterns of molecular evolution in some areas and reduce our
ability to infer ancestral states. Nonallelic gene conversion in
particular could, in principle, make it difficult to apply the
reconstruction method we use to find ancestral versions of re-
petitive regions in some cases. However, we saw no evidence
that this is a serious problem in our analysis of the alignment
of ancestral repeats, such as the MER20 shown in Figure 4. (4)
Large-scale mutational processes like tandem and segmental
duplication, inversion, and translocation are not included in the
simulations. The alignment of the one multimegabase mam-
malian genome region where we have data from many species,
the CFTR region, shows a dearth of such changes. However, it
is estimated that perhaps 10% of the euchromatic human ge-
nome has been subject to recent duplications (Samonte and
Eichler 2002) and/or an excess of rearrangements (Kent et al.
2003; Pevzner and Tesler 2003), suggesting that at least a similar
proportion of the ancestral euchromatic genome would be diffi-
cult to reconstruct without additional data and better tech-
niques.

Despite these shortcomings, our validation of the recon-
struction by both simulation and ancestral repeat and codon
analysis on actual data suggests that for regions like CFTR, which
are likely to be typical, the above issues are not severe enough to
prevent a reasonably accurate reconstruction.

More significant technical challenges remain if we wish to
conduct in vivo functional tests of reconstructed ancestral ge-

Genome Research 2419
www.genome.org


http://www.genome.org

Downloaded from www.genome.org on April 16, 2007

Blanchette et al.

nomic regions, either in cell lines or in mouse models. Multikilo-
base sequences of transgenic DNA can be inserted into mouse
embryonic stem cells via homologous recombination (“knock-
in”) methods (Prosser and Rastan 2003; Robertson et al. 2003)
and BAC transgenics (Yang and Seed 2003). “Humanized” mice,
which have specific individual genes replaced by their human
versions, have been produced by these methods. Multimegabase
transgenic sequences have been introduced in mammalian arti-
ficial chromosomes, e.g., for the human CFTR locus (Auriche et
al. 2002). However, these methods of introducing foreign DNA
are expensive even when using available genomic sequences, and
new methods for synthesizing large segments of DNA de novo
would be needed to apply them to ancestral genomic reconstruc-
tion, e.g., to produce what might be called “retrovolved” mice
that harbor the ancestral versions of specific gene loci. Further-
more, multiple loci would have to be changed to explore co-
evolving sets of genes. However, if these obstacles can be over-
come, it would be quite interesting to attempt in vivo tests of
reconstructed ancestral genomic regions in a mouse model, es-
pecially in cases where phenotypic differences between mice and
the placental ancestor are hypothesized.

Extant eutherian species are variations on a common “mam-
malian theme.” Accurate reconstruction of large genomic regions
of an eutherian ancestor may help us identify and understand
the common functional elements of that theme, as well as the
lineage-specific evolutionary innovations that led to the modern
variations on it. Because distances are reduced and direction of
change can be resolved, much can be learned by comparing
mammalian genomes to their common ancestor rather than pair-
wise among themselves. Because the number of substitutions per
site leading from the placental ancestral genome to the human
genome is only one third of that from the ancestor to mouse
(Cooper et al. 2003; Thomas et al. 2003; RGSPC 2004), the an-
cestral genome is much closer to our own genome than is the
mouse model. While the present work is only a small feasibility
study, in the long run, we expect that an accurate ancestral re-
construction of the euchromatic genomic regions of our placen-
tal ancestor will prove extremely valuable for studying the evo-
lutionary processes and specific evolutionary events that shaped
our own genome, as well as the genomes of other modern mam-
malian species.

Methods

Simulation procedure

We built a simulation procedure, based on the Rose program
(Stoye et al. 1997), that mimics the evolution of mammalian
sequences under no selective pressure. The simulations are based
on the phylogenetic tree inferred by Eizirik et al. (2001) on a set
of genes for a large set of mammals. The branch lengths are
uniformly scaled by a factor of K = 2.1, chosen to fit as closely
as possible the substitution rates observed in neutral DNA of a
1.87-Mb region of human chromosome 7 with orthologous se-
quences in eight other mammals (Siepel and Haussler 2003; Tho-
mas et al. 2003). Given this phylogenetic tree, we simulate se-
quence evolution by performing random substitutions, dele-
tions, and insertions along each branch, in proportion to its
length. Substitutions follow a context-independent HKY model
(Hasegawa et al. 1985) with Ts/Tv =2, p(a) =p(t) = 0.3, and
p(c) = p(g) = 0.2, except that substitution rates of CpG pairs are
10 times higher than other rates (Siepel and Haussler 2003). De-

letions are initiated at a rate about 0.056 times the substitution
rate, their length is chosen according to a previously reported
empirical distribution (Kent et al. 2003) that ranges between one
and 5000 nucleotides, and their starting point is uniformly dis-
tributed. Insertions occur randomly according to a mixture
model. Small insertions (of size between 1 and 20 nt) occur at
half the rate of deletions, their size distribution is empirically
determined (Kent et al. 2003) and their content is a random
sequence where each nucleotide is chosen independently from
the background distribution. We also simulate the insertion of
retrotransposons. For this, we used a library of 15 different types
of transposable elements chosen to cover the large majority of
repetitive elements observed in well-studied mammals (Jurka
2000). Each insertion was accomplished by randomly selecting a
part of the consensus sequence for a given type of element and
inserting it at a random location in the sequence, i.e., we did not
model preferences for particular insertion locations (IHGSC
2001). The rate of insertion of each repeat varies from branch to
branch, so that certain retrotransposons (like ALUs, SINEs B2,
BOV) are lineage specific, while others (L1, LTR, DNA) are both
present in the sequence at the root of the tree (with a range of
decaying level) and can be inserted along any branch. Care was
taken to ensure that the rate of repeat insertion yields a set of
sequences whose repetitive content and repeat age distribution
resembles closely those previously reported for human (IHGSC
2001) and mouse (IMGSC 2002), and resembles those observed in
the greater CFTR region for other mammals. In cases where no
lineage-specific repeat information was available, we used repeti-
tive element consensi of species not used in this study (mono-
tremes and marsupials) and used an insertion rate equal to the
insertion rate of ALUs in the primate lineage.

We use the above methods to simulate evolution from an
ancestral mammalian sequence forward to modern versions of
that sequence, simulating speciation events at the branch points
of the tree, and substitutions, insertions, and deletions along
each branch. To initiate such a simulation, we first need to gen-
erate a hypothetical ancestral mammalian sequence to go at the
root of the tree. This is the sequence that we will later try to
reconstruct from the sequences at the leaves of the tree. This
hypothetical ancestral mammalian sequence is generated by an-
other simulation, i.e., starting with a repeat-free 40% GC-rich
random sequence, we simulate its evolution for a time and at a
rate similar to those between human and mouse, using the same
set of mutational operations as previously described, but insert-
ing transposons that are believed to predate the mammalian ra-
diation. This simulated ancestral sequence thus has a repeat con-
tent and age distribution that should approximate that of the
actual ancestral mammalian genome.

Alignment and reconstruction

After generating a set of simulated sequences, the sequences are
first soft-repeat-masked using RepeatMasker (Smit and Green
1999) and then aligned using the Threaded Block Aligner (TBA)
multiple-alignment program (Schwartz et al. 2003; Blanchette
et al. 2004). The TBA alignment of the CFTR region can be in-
teractively explored on the human genome browser (Kent et
al. 2002) at http://genome.ucsc.edu (under the ENCODE tracks),
and is updated as new species become available. An archival
version of the alignment used in this study is available at http://
genome.ucsc.edu/ancestors. The ancestral sequence is predicted
based on this multiple alignment. To determine which posi-
tions in the multiple alignment correspond to bases that were
in the common ancestor and which represent lineage-specific
insertions we start by using RepeatMasker (Smit and Green
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1999) to soft-mask repetitive regions. Lineage-specific like ALUs
are excised as their insertion came after the Boreoeutherian
ancestor. The repeat-masked multiple alignment is then fed to
a greedy algorithm that attempts to explain the remaining indels
with the plausible scenario. For the most part, the algorithm
assumes that the alignment is phylogenetically correct, i.e., that
two bases are aligned if and only if they derive from a com-
mon ancestral base. See below for a departure from this assump-
tion. Originally, all of the gaps in the alignment are marked as
unexplained. The algorithm iteratively selects the insertion
or deletion, performed along a specific edge of the tree and span-
ning one or more columns of the alignment, that yields the
largest number of alignment gaps explained per unit of cost. The
number of gaps explained by a deletion is the number of un-
explained gaps in the subtree above which the deletion occurs.
The number of gaps explained by an insertion is the number
of unexplained gaps in the complement of the subtree above
which the insertion occurs. The costs are defined heuristically.
The cost of a deletion is given by 1 + 0.01 log(L) —0.01 b, where
L is the length of the deletion and b is the length of the branch
along which the event takes place. The cost of an insertion
is given by 1 + 0.01 log(L) —0.01 b —r, where L and b are defined
as above and r is a term that takes value 0.5 if the repeti-
tive content of the segment inserted is >90%. Once the best
insertion or deletion has been identified, its gaps are marked
as “explained.” This does not preclude them from being part
of other indels, but they will not count in their evaluation.
Finally, heuristics are used to reduce errors due to incorrect align-
ment, in particular to reduce the problems caused by two re-
petitive regions from two distantly related species mistakenly
aligned to each other, with other species having gaps in that
region. More precisely, a subtree containing at least six leaves,
<20% of which have bases at a given position, will never be
predicted to have an ancestral base at that position. See
Fredslund et al. (2003) for an alternative approach to the same
problem. After having established which positions of the mul-
tiple alignment correspond to bases in the ancestor, we predict
which nucleotide was present at each position in the ancestor
using the standard posterior probability approach (Yang et al.
1995) based on a simple dinucleotide substitution model where
substitutions at the two positions are independent except for
CpG, whose substitution rate to TpG is 10 times higher than
those of other transitions (Siepel and Haussler 2003). The branch
lengths are inferred from the data using PHYML (Guindon
and Gascuel 2003). The equilibrium frequencies are estimated
from the data. The only parameter given to the reconstruc-
tion algorithm is the transition/transversion ratio of the HKY
model, which is set at 2.

In experiments using actual sequence data from present day
mammals, the simulation steps are omitted, and the same align-
ment and reconstruction procedure is followed.

Base-by-base confidence estimates

The probability that a given ancestral base is incorrect due to a
mismatch or added base can be approximated empirically based
on two indicators of reconstruction errors. The first indicator is
the theoretical substitution-based reconstruction error probabil-
ity p, calculated as the sum of the posterior probabilities of the
three least likely ancestral nucleotides at that position (Yang et
al. 1995). The second indicator n;,; is the number of insertion
and deletion events that span the site, as estimated by our recon-
struction method. Each reconstruction error observed during
the simulation was recorded, together with p, (rounded to the
closest percentage point) and n;4 for the corresponding site. As

seen in Supplemental Figure S3, (a), p, turns out to be an ex-
cellent predictor of mismatch errors, but a poor predictor of
added bases. On the other hand, Figure S3, (b) shows that n;;
is good at predicting added bases, but quite inefficient at predict-
ing mismatch errors. The probability of error of each type can in
fact be estimated jointly for each pair (p,, n;, ), which provides a
reasonable confidence estimate for both types of errors at any
reconstructed base, making it possible to identify high-
confidence or low-confidence bases in the reconstructed se-
quence.
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Erratum

Genome Research 14: 2412-2423 (2004)

Reconstructing large regions of an ancestral mammalian genome in silico
Mathieu Blanchette, Eric D. Green, Webb Miller, and David Haussler

The numbers reported in Table 2 mistakenly refer to the differences between the genomes of living species
and the reconstructed Euarchontoglires ancestor, not the reconstructed Boreoeutherian ancestor. The data
for the Boreoeutherian ancestor are listed in the corrected Table 2, which is printed below. The authors
apologize for any confusion this may have caused.

Table 2. Comparison of modern sequences to predicted ancestor

Deletions Insertions Substitutions
% of % of extant species’ bases % of extant species’ bases
Size of region Nonrepetitive ancestor acquired (nonrepetitive changed (expected #
Species (kb) (a) %GC-content (b) lost (c) only) (d) substitutions per site) (e)
Reconstructed Boreoeutherian
ancestor 1105 37.5 N/A N/A N/A

Human 1296 37.3 16.2 28.6 (9.1) 8.7(13.4)
Chimpanzee 1278 37.4 16.6 28.6 (9.0) 8.7 (13.4)
Gorilla 1264 37.4 17.6 28.0 (9.1) 8.8 (13.5)
Baboon 1267 37.5 17.0 27.2(9.5) 9.2 (14.0)
Orangutan 1300 37.3 17.0 28.4 (8.9) 8.7 (13.5)
Vervet 1243 37.5 17.9 27.4 (9.5) 9.2 (14.1)
Macaque 1260 37.5 17.0 27.9 (9.9) 9.2 (14.1)
Lemur 1043 38.2 23.6 19.5(11.3) 9.6 (13.1)
Mouse-lemur 1071 37.7 233 21.5(12.3) 9.9 (13.9)
Mouse 1147 39.4 40.9 43.0 (24.1) 15.9 (35.6)

Rat 1277 39.6 40.9 49.0 (25.3) 14.4 (36.3)
Rabbit 1379 40.9 31.3 47.2 (31.1) 10.4 (23.2)

Cat 1217 38.2 19.8 27.2(11.6) 9.7 (14.8)

Dog 1125 39.7 23.2 24.3 (12.6) 11.6 (17.4)

Cow 1317 37.4 20.8 33.9(12.2) 10.0 (17.1)

Pig 1209 37.0 21.2 26.9 (12.2) 10.6 (16.3)
Horse 1133 38.7 15.0 17.9 (9.7) 8.7 (11.5)
Hedgehog 1545 39.8 46.9 63.2 (57.9) 8.2 (27.1)
Armadillo 1397 39.5 25.7 41.3 (37.0) 9.6 (18.7)

Listed are some properties of sequences of the extant species in the greater-CFTR locus and the predicted changes they incurred during evolution from
the Boreoeutherian ancestral sequence. (a) Length of sequence. (b) Fraction of nonrepetitive bases that are G or C. (c) Deletions: percentage of the
ancestral sequence lost in each species. (d) Insertions: percentage of extant species’ sequence that was inserted since the reconstructed ancestor (in
parentheses, percentage of extant species’ sequence that resulted from insertions of nonrepetitive sequences, using RepeatMasker to identify repetitive
sequences.) The high fraction of nonrepetitive inserted bases in rabbit and hedgehog is most likely due to lack of complete RepeatMasker libraries for
the transposons specific to these species. (e) Substitutions: percentage of extant species’ bases that were derived from an ancestral base but differ from
that base (this is different from the standard percentage identity measure, where only aligned bases are considered). In parentheses, the expected
number of substitutions per site under a Kimura 2-parameter model (Kimura 1980) is given, here using only the aligned bases.
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