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Phylogenomic Analysis of BAC-end Sequence Libraries in Oryza (Poaceae)
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Abstract—Analyses of genome scale data sets are beginning to clarify the phylogenetic relationships of species with complex evolutionary
histories. Broad sampling across many genes allows for both large concatenated data sets to improve genome-scale phylogenetic resolution
and also for independent analysis of gene trees and detection of phylogenetic incongruence. Recent sequencing projects in Oryza sativa and its
wild relatives have positioned rice as a model system for such “phylogenomic” studies. We describe the assembly of a phylogenomic data set
from 800,000 bacterial artificial chromosome (BAC) end sequences, producing an alignment of 2.4 million nucleotides for 10 diploid species
of Oryza. A supermatrix approach confirms the broad outline of previous phylogenetic studies, although the nonphylogenetic signal and high
levels of missing data must be handled carefully. Phylogenetic analysis of 12 chromosomes and nearly 2,000 genes finds strikingly high levels
of incongruence across different genomic scales, a result that is likely to apply to other low-level phylogenies in plants. We conclude that there
is great potential for phylogenetic inference using data from next-generation sequencing protocols but that attention to methodological issues

arising inevitably in these data sets is critical.
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Application of genome-scale data sets to phylogenetic
problems, or phylogenomics, has become increasingly feasi-
ble in many taxa (Rokas et al. 2003; Savard et al. 2006; Dunn
et al. 2008; Nishihara et al. 2007; Pollard et al. 2006). Plant stud-
ies have mainly focused on the plastid genome (Moore et al.
2006; Jansen et al. 2005; Cronn et al. 2008) and to a lesser extent
EST libraries of nuclear genomes (Lee et al. 2002; Sanderson
and McMahon 2007), but next generation sequencing technol-
ogies promise to expose the plant nuclear genome to much
more comprehensive phylogenomic investigation. Early phy-
logenomics studies tackled troublesome nodes in the tree of
life through analysis of a large number of concatenated nucle-
otides. The major advantage of genome-scale data, however,
may be the availability of many genes that can be analyzed
independently to produce a collection of potentially incon-
gruent gene trees. This incongruence may indicate that dif-
ferent genes have different evolutionary histories (Pamilo
and Nei 1988; Hudson 1992; Doyle 1992; Maddison 1997).
Studying the phylogenetic distribution of gene trees allows
for insight into the evolutionary processes that underlie dif-
ferent regions of the genome.

While phylogenomic studies in yeast (Rokas et al. 2003)
or Drosophila (Pollard et al. 2006) have the luxury of fully
sequenced genomes across closely related taxa, analyses of
nonmodel species instead usually rely on samples of large
numbers of loci across the genome, either from traditional
directed gene-by-gene sequencing or, increasingly, from data
mining or high-throughput sequencing approaches short of
generating complete genomes. In the latter case, the availabil-
ity of a full annotated genome for amodel organism can greatly
reduce the time and cost required for assembly of sequences
from closely-related species. The creation of bacterial artificial
chromosome (BAC) libraries and subsequent sequencing of
either full clones or end sequences is one approach to genera-
tion of this type of genomic sequence data. Given the size and
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complexity of many plant genomes (Soltis et al. 2003) and the
resulting cost and bioinformatics challenge of whole-genome
sequencing, it is likely that these types of sequencing strate-
gies will continue to be important in plant biology for some
time to come.

BAC-end sequences per se have rarely been used in phylo-
genetics, but the structure of the data share many properties
with other data sets assembled from genomic libraries, such
as ESTs, and with aspects of database mining, that have been
more heavily exploited. Unlike data in conventional phylo-
genetic analyses, which begin largely with a set of homolo-
gous sequences given a priori (e.g. via primer design), data
extracted from genomiclibraries are initially unstructured, and
homologies have to be identified by algorithmic procedures,
leading to often relatively heterogeneous sequence clusters
that are then aligned. Some protocols along these lines have
been developed for analysis of EST libraries (Lee et al. 2002;
Sanderson and McMahon 2007; Dunn et al. 2008; Kullberg
et al. 2008), or mining subsets of GenBank or genome data-
bases (Driskell et al. 2004; Philippe et al. 2005, McMahon and
Sanderson 2006; Ciccarelli et al. 2006; Robbertse et al. 2006). A
typical consequence of all such procedures is the assembly of
alignments with a significant fraction of data missing owing
to lack of representation of one or more taxa in that cluster,
either through failure in sampling leading to missing data in
the source database, or failure in detection during homology
searches. Previous work has suggested that the fragmenta-
tion caused by missing data may or may not interfere with
accurate tree reconstruction, depending on the quantity and
patterns of missing data (Wiens 1998; Sanderson et al. 2007).
Moreover, missing data is modeled differently across phylo-
genetic inference procedures and scaling data upward could
conceivably exacerbate this issue.

In this paper we exploit deep BAC-end sequence librar-
ies from the Oryza Map Alignment Project (OMAP) (Wing
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etal. 2005; Kim et al. 2008). Rice (Oryza sativa L.) is well known
as the world’s most important food crop (Vaughan et al. 2003).
Draft genomes of both the indica (O. sativa L. ssp. indica) and
japonica (O. sativa L. ssp. japonica) cultivars (Goff et al. 2002;
Yu et al. 2002), as well as the finished japonica genome (IRGSP
2005) are now available. In addition, the modest size of the
genome, availability of wild and cultivated species, and the
presence of both diploid and polyploid species make Oryza an
ideal candidate for both empirical and methodological stud-
ies. To further this aim, OMAP has used the finished Oryza
sativa subsp. japonica genome as a reference to construct deep
BAC libraries and physical maps of twelve wild and one culti-
vated Oryza species. The volume of data generated by OMAP
is large, amounting at present to over 1.5 million sequences for
potential phylogenetic analysis (see http:/ /www.omap.org).

Historical patterns of gene flow, demography, selection,
and diversification in rice have been inferred using molecular
sequence data at many different scales (Caicedo et al. 2007;
Zhang and Ge 2007; Zhu et al. 2007), from a few loci to com-
plete genomes, and from a few exemplar species to much
more intense population-level samples. However, confound-
ing processes of hybridization, introgression, polyploidiza-
tion/diploidization (Wang et al. 2005), selective sweeps
(Caicedo et al. 2007; Olsen et al. 2006), linkage disequilibrium
(Garris et al. 2003; Semon et al. 2005; Mather et al. 2007), and
domestication (Olsen et al. 2006; Zhu et al. 2007) have altered
the signal left in the genomes of Oryza species, raising obsta-
cles to robust inferences. Even the most basic phylogenetic
question of the species tree for Oryza remains unresolved in a
few important places, such as the nearest relatives of O. sativa
(Ishii et al. 2001; Ren et al. 2003; Zhu and Ge 2005; Duan et al.
2007). Zou et al. (2008) exploited the availability of the com-
plete genome sequence for O. sativa to undertake a phylog-
enomic analysis in Oryza. They designed primers to amplify
single copy loci for 62 genes across 11 species in Oryza and the
outgroup Leersia, plus 80 additional genes for a subset of six of
these Oryza species. They recovered a well-supported species
tree confirming the monophyly of the cytogenetically defined
genome groups, strong support for much of the deeper phy-
logeny within Oryza, and probable evidence of lineage sort-
ing at some nodes in the tree.

However, Zou et al. (2008) considered only three species
in the AA genome group, and for these only 62 genes were
sampled from their larger analysis. This closely knit genome
group (or species complex (Tateoka 1962)), includes the two
domesticated rice species, Asian O. sativa and African O. glab-
errima Steud., and six wild species, distributed in tropical or
subtropical Asia, Australia, Africa, and Latin America (Lu
etal. 2000; Vaughan et al. 2003). This is a group with a difficult
taxonomic history, uncertain species boundaries, and incom-
plete crossability barriers between some taxa (Lu et al. 2000).
The Zou et al. (2008) study found extensive gene tree conflict
at deeper nodes within Oryza, and it seems probable that a
broader sampling of AA species would uncover this within
the AA species as well. The OMAP data permits us to extend
the taxon sampling to five AA genome species and to a much
larger sample of loci across the genome.

The AA genome species are those that are most relevant
to unlocking the complex domestication history of culti-
vated rice. Genetic variation within and between species,
studied using both phylogenetic and population genetic
techniques, is addressing questions about the origins of the
different cultivars of domesticated rice, including the number
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of domestications (Sang and Ge 2007; Vaughan et al. 2008).
A well-supported species level phylogeny will give a broad
evolutionary context to future work into rice domestication.

In this paper we investigate whether the initial pool of
~820,000 BAC-end sequences, analyzed with attention to the
unique problems entailed by the low coverage of the genomes,
can shed light on the recalcitrant problem of the closest rela-
tives of O. sativa. Despite widespread incongruence between
different genomic regions, our genome-scale approach con-
firms previous results about the relationships between these
species.

MATERIALS AND METHODS

Species Included in the Study—In addition to the genome reference
sequence from O. sativa, we used OMAP BAC-end sequences (BES)
from the cultivated African species O. glaberrima, three African species,
O. barthii A. Chev., O. punctata Kotschy ex Steud. and O. brachyantha
A. Chev. & Roehr., one Australian species, O. australiensis Domin and four
Asian species, O. rufipogon Griff., O. nivara Sharma & Shastry, O. offici-
nalis Wall. ex G. Watt, and O. granulata Nees & Arn. ex G. Watt. These
species are sampled from the genome groups AA (O. sativa, O. rufipogon,
O. nivara, O. glaberrimaand O. barthii), BB (O. punctata), CC (O. officinalis), EE
(O. australiensis)), FF (O. brachyantha), and GG (O. granulata). See (Wing
etal. 2005) for details of the OMAP project, including source of plant acces-
sions and construction and alignment of BAC based physical maps. Oryza
also contains ~9 polyploid species, all evidently derived from taxa outside
of the AA genome group. Although BAC libraries have been constructed
for four of these species, we restricted our attention to phylogenetic infer-
ence in the diploid taxa because inferring reticulate evolutionary histories
adds an additional layer of complexity in this already difficult problem
(Huber and Moulton 2006).

Sequencing and Genomics Pipeline—A starting pool of BAC-end
sequences (BES) for nine Oryza species was obtained from the GenBank
GSS Division using the following query: “OR__Ba or OR_BBa or OG_BBa
or OP__Ba or OO__Ba or OA_CBa or OB__Ba or OG_ABa”. In addition,
sequences from O. barthii not yet submitted to Genbank were obtained
directly from the OMAP group. To identify BES in coding regions of
the genome, we aligned BES from the wild rice species to the coding
sequences (CDS) from the O. sativa IRGSP V3 gene models using blast-
all) (Altschul et al. 1990) (options: -p BLASTn, -w 7, -e 1e-10). The align-
ments were then postprocessed to find the best hit. Since a BES could be
split across multiple regions of a gene, multiple high scoring pairs for the
gene with the best match were retained. Overlapping BES from the same
species were aligned using ClustalW (Thompson et al. 1994) and default
parameters, to create a consensus exon sequence. We then performed
an all-vs-all BLAST search of the consensus exon sequences for each of
the wild rice species and the CDS sequences from O. sativa to identify
exon sequences that were not single copy. If an exon was found to have
multiple hits to its own genome or that of another species, we removed
it from the analysis to avoid problems with paralagous sequences in the
phylogenetic inference. The remaining exons were filtered to ensure 70%
coverage between sequences, and assembled into clusters of orthologs
via a single linkage clustering algorithm, keeping only clusters with
four or more sequences. Four sequences is the minimum necessary to
produce an informative unrooted phylogenetic tree (though not always
sufficient).

Orthologous exons were then aligned with the gene sequence from
O. sativa using T-Coffee (Notredame et al. 2000); options: matrix =
BLOSUM, ktuple = 2, tg_mode = 0, gapopen = -10. A small percentage
of these alignments were found to be misaligned and to contain large
gaps in the alignment. We filtered the data a second time to keep only
the sequences in the alignment that had both 70% identity with the
O. sativa gene sequence and 70% coverage. If less than four species
remained after the alignment had been filtered the alignment was
removed. Visual inspection of a randomly selected subset of genes indi-
cated that the alignments were of high quality, which was expected given
the low sequence divergence. Examination of the concatenated alignments
using GBlocks (Castresana 2000), which is designed to identify regions of
poor alignment quality, did highlight some large blocks for removal, but
further investigation revealed that the basis for removal was generally the
high amount of missing data in a given region rather than poor alignment
per se). Therefore, we used the T-Coffee alignments without additional
editing, for subsequent phylogenetic analysis.
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We applied one final filter to generate a set of alignments for gene
tree construction. In this step, we restricted the set to alignments that con-
tained O. punctata as the outgroup, O. sativa and at least two of the other
four AA-genome species in the ingroup (to ensure a minimum of four
species overall).

Phylogenetic Analysis—Phylogenies were reconstructed at two differ-
ent taxonomic scales, first with data for all 10 species of Oryza (henceforth
the “ORYZA” data set); second with just the five AA genome species and
its probable closest outgroup, O. punctata (henceforth the “AA” data set).
Using a supermatrix approach (de Queiroz and Gatesy 2007), we first
inferred the larger phylogeny based on a concatenated alignment using
Maximum Parsimony (MP), Maximum Likelihood (ML), and Bayesian
Markov Chain Monte Carlo (BMCMC) methods. Maximum parsimony
analyses were done using PAUP* v. 4.0b10 (Swofford 2003); heuristic search
with default parameters; ML using Garli (Zwickl 2006) for analyses and
PAUP for consensus tree construction from Garli bootstrap result; BMCMC
using Mr. Bayes v. 3.1.2 (Huelsenbeck and Ronquist 2001); nruns = 3,
ngen = 3,000,000, samplefreq = 1,000. For likelihood-based analyses, we
employed a GTR + I model of sequence evolution, using empirical base
frequencies and an estimated alpha parameter for the gamma distribu-
tion. All bootstrap reanalyses (Felsenstein 1985) used 500 replicates.

Using the AA alignment, phylogenetic analyses were undertaken at
several different “genomic” scales: based on the supermatrix consisting
of the entire concatenated alignment (the “AA_all” data set), superma-
trices constructed from each chromosome (the “AA_chrom” data set),
and finally from individual genes (the latter sometimes consisting of only
parts of genes: henceforth labeled the “AA_genes” data set). We did not
do the chromosome and gene level analyses due to increased amounts of
missing data in the 10-species ORYZA alignment.

As for the concatenated alignments, we used MP and ML reconstruc-
tion. The model of evolution was GTR + T, except for the gene level
analysis, where we used HKY + T to prevent overparameterization with
these much shorter alignments (where short length is coupled with low
sequence divergence). We used 10 categories for the discrete gamma
distribution and a proportion of invariant sites equal to zero. We also
attempted these analyses in RAXML (Stamatakis et al. 2005). RAXML does
not implement a proportion of invariant sites and uses a completely dif-
ferent implementation of rate heterogeneity, the CAT model (Stamatakis
2006). This implementation forgoes the usual modeling of rates as drawn
from a gamma distribution and bins the rates into a number of catego-
ries (by default, 25) and assigns each site to one of the rate categories.
Unfortunately, for an alignment with only 6 species, there is not enough
information in each site to accurately estimate the per-column rate
(A. Stamatakis, pers. comm.). The more standard GTR + T" model in
RAxML is limited to 4 gamma-distributed rate categories. For this reason,
results from RAXML are not included here, but we mention this because it
is an obvious candidate when choosing software for large scale phyloge-
netics using ML. Trees have been deposited in Dryad (http://hdlLhandle.
net/10255/dryad.1611).

Hypothesis Testing—We examined both the sequence data and the out-
put trees using a variety of diagnostic and descriptive methods, including
testing for bias of GC content, partition homogeneity, strength of support
for various topologies, effect of missing data and incongruence between
trees produced from different genome regions. We describe details of each
of these procedures below.

We tested for bias in GC content across the species in the AA_all
alignment and in each of the AA_chrom alignments. We used a % test,
implemented as the “basefreq” command in PAUP*, to test the observed
frequency of each base against the expected value under a hypothesis of
equal frequencies.

We tested for significant incongruence between the chromosomes
using the partition homogeneity, or incongruence length difference (ILD),
(Farris et al. 1995) test applied to the AA_chrom alignments. We defined
twelve partitions based on the chromosome boundaries in O. sativa and
performed the ILD test using the “HomPart” command in PAUP*, with a
parsimony-based branch and bound search, and 1,000 replicates.

To test whether some trees were supported significantly better than
other trees by a given alignment we used an SH test (Shimodaira and
Hasegawa 1999). Given the small number of taxa, there are a countable
number of possible topologies, and we can calculate the likelihood for
each possible tree and test against the maximum likelihood topology. The
SH test corrects for multiple comparisons and also allows for a posteriori
selection of topologies for comparison. There are 105 possible topologies
for the five AA genome species with O. punctata as the root. This is the first
set of hypotheses tested. The second set includes only the 15 topologies
that contain the clade with O. glaberrima and O. barthii, which had 100%
support in all analyses of the concatenated alignments. One disadvantage
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of the SH test is that it can be overly conservative, including more trees
in the final confidence set with larger sets of input trees (Strimmer and
Rambaut 2002). The second set of trees allowed all of the possible hypoth-
eses for the relationships of O. sativa while restricting to a smaller number
of total input trees.

We also tested the effect of missing data on the phylogenetic results. In
both the AA and ORYZA alignments, the amount of missing sites across
species is not consistent, and missing sites tend to appear in large blocks,
resulting from a lack of BES for that exon, rather than from small inser-
tions or deletions. We used the AA_all alignment to determine whether
the amount or distribution of missing data was affecting the phylogenetic
analysis. To test the effect of the missing data, we then used a simulation
approach. First, we removed all sites that contain any amount of missing
data, producing a ‘gapless’ alignment. We then generated an alignment
of equal length as the original alignment by sampling site patterns,, with
replacement, from the gapless alignment. Then, we added the same num-
ber of missing characters as in the original alignment, but scattered ran-
domly across the species (see Fig. 1). We compared the resulting topology
and bootstrap scores / posterior probabilities from ML and BMCMC esti-
mation of the original alignment, gapless alignment, simulated full-length
alignment and the alignment with simulated missing data.

Finally, we used some nonstandard methods to describe and com-
pare phylogenies built from chromosome and gene-level alignments.
Consensus tree methods (reviewed by Bryant (2003)) can extract the com-
mon signals between the trees, but do not convey the details about incon-
gruence between the input trees. Bipartition scores (bootstrap proportions
or posterior probabilities) describe the statistical confidence associated
with the two sets of taxa separated by an edge in the phylogenetic tree
(a clade on a rooted tree). We used bipartition scores to describe incon-
gruence between the chromosome trees, which have complete taxon
sampling. However, in the case of the gene trees, these scores must be
interpreted with caution due to the different taxa sampled in the different
gene trees. For example, suppose (A,(B,(C,(D,E)))) is the correct tree. The
clade (C,D) might be strongly supported on all trees that are missing taxon
E, but this should not be taken to contradict the clade (D,E) on the fully
sampled tree. For this reason, in the gene tree summary, we used three-
species rooted triplets so that we can clearly label the resolution of the
three species, as well as indicate cases in which a gene tree is not informa-
tive for a given set of species.

REsuLTs

Sequence Alignments—We obtained 820,247 BAC-end
sequences (BES) for eight Oryza species from the GenBank GSS
database and one Oryza species directly from OMAP research-
ers. The mean read length of these sequences is 655 bp and the
minimum and maximum length is 101 and 1,012, respectively.
Running BLAST searches against these sequences against the
IRGSP V3 gene models yielded 44.5% coverage of the total
CDS sequence from O. sativa (44,492,676 bp), representing
27,751 of the 37,544 total genes in rice. Creating a consen-
sus sequence of two or more overlapping BES gene hits from
within a single species generated a pool of exons across the
nine species having 14.6% exon coverage, representing 23,192
total genes. The all-against-all BLAST procedure aimed at
excluding duplications reduced the pool of exon sequences
to orthologs having 9.7% exon coverage from 13,198 genes
of O. sativa. Finally, after removing any clusters with fewer
than four sequences, we were left with 5.5% exon coverage in
9,481 genes with orthologous sequence suitable for multiple
sequence alignment and phylogenetic inference.

The full concatenated alignment of exonic sequence from
9,481 genes across the 10 diploid species is 2.45 million
nucleotides long. See Table 1 for details of the chromosome-
by-chromosome and full concatenated alignments over the
10 species and 6 species taxon sets. The AA_all alignment, with
O. punctata (BB) as the outgroup, contains a total of 1.21 mil-
lion sites. This is two orders of magnitude larger than the
recent phylogenetic studies on the AA genome: four genes,
2,750 sites (Duan et al. 2007), four genes, 2,315 sites (Zhu and
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Simulated Missing: nchar = 1212006

FiG. 1.

Simulation of data sets to test the effect of missing data. In the original alignment, missing data is distributed unevenly among the species.

In the final simulated alignment, missing sites are distributed randomly among the species.

Ge 2005) and one order of magnitude larger than the recent
phylogenomic analysis of Zou et al. (2008), which included
142 genes and 124,000 sites.

However, these alignments have a large amount of missing
data. Many genes are missing for many species, and the dis-

TaBLE 1. Summary statistics for alignments used in this paper.
“Genes” refers to the number of genes represented by exons in the align-
ment, not to the presence of full gene sequences. Chromosome sizes are
taken from the finished genome sequence of O. sativa (IRGSP 2005).

ORYZA alignment AA alignment

Chromosome Size (MB) Genes Nucleotides Genes Nucleotides
1 45.05 1,369 350,899 689 170,534

2 36.78 1,241 310,898 627 159,730

3 37.37 1,345 346,286 664 166,171

4 36.15 906 241,307 446 123,537

5 30.00 732 190,502 345 93,344

6 31.60 762 200,118 382 102,750

7 30.28 724 179,486 370 85,084

8 28.57 555 146,697 278 73,543

9 30.53 491 129,537 253 62,086
10 23.96 488 127,103 231 60,288
11 30.76 411 120,011 204 61,080
12 27.77 457 116,711 220 53,859
Total 388.82 9,481 2,459,555 4,718 1,212,006

tribution of missing data is highly skewed across the species.
For the model organism O. sativa, with a full genome sequence,
there was essentially no missing data, but the sequences for
the remaining members of the AA genome group contained
between 40 and 60% missing data, while the non-AA genome
species had up to 72% missing data (see Table 2). Overall, 54%
of the nucleotides in the ORYZA alignment and 31% of the
nucleotides in the AA alignment are missing.

TABLE 2. Species used in this study, along with genome type and
sequence information in the ORYZA alignment with 10 species and AA
alignment with six species. The two cultivated species are highlighted in
bold.

ORYZA alignment AA alignment
Species Genome  Nucleotides % missing  Nucleotides % missing
O. sativa AA 2,438,526 0.9 1,202,073 0.8
O. rufipogon AA 1,114,050 54.7 765,348 36.9
O nivara AA 1,409,694 427 904,409 25.4
O. glaberrima AA 1,071,443 56.4 760,162 37.3
O. barthii AA 1284,292 47.8 869,757 28.2
O. punctata BB 892,781 63.7 546,078 54.9
O. officinalis cCc 942,897 61.7 - -
O. australiensis EE 688,229 72.0 - -
O. brachyantha FF 709,288 71.2 - -
O. granulata GG 672,568 727 - -
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The initial massive alignments for the concatenated analy-
ses pare down to a much smaller amount of data at the level
of gene tree analyses when we require that the alignment
contain at least two of the AA-genome species in addi-
tion to O. sativa and O. punctata. The full alignments for the
AA-genome species contain nearly 5,000 genes. The filtering
of these alignments for gene tree construction left 1,720 genes
with a mean alignment length of 350 nucleotides. All six spe-
cies are present in 307 of these alignments, five species in 546
alignments and four in the final 867 alignments. Even with
this data reduction from 9,481-1,720 genes, the number of
genes in this analysis far exceeds any previous phylogenetic
study in Oryza.

Supermatrix Analysis—Relationships reconstructed from
the larger ORYZA alignment are generally consistent and
well-supported across reconstruction methods (Fig. 2). The
AA genome group of species is unequivocally supported,
and within the AA-genome group, support for the mono-
phyly of the Asian species O. rufipogon and O. nivara is 100%
in all trees, as is monophyly of the African species O. barthii
and O. glaberrima. However, the position of O. sativa is not
consistently well supported. In the MP analyses, O. sativa is
the sister group to the other Asian species with 100% boot-
strap support, a relationship also found in the BMCMLC trees,
albeit with only 68% posterior probability. The ML analysis
places O. sativa as the sister group of the other AA genome

0. sativa
[ O. rufipogon
O. nivara
r O. glaberrima
L 0. barthii
— Q. punctata

0. officinalis
O. australiensis

a)

—— 0. brachyantha

—— O. granulata

20000.0

C)
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species, again lower support values (72% bootstrap). In the
AA_all supermatrix, the position of O. sativa is also uncertain,
with MP analysis placing O. sativa as sister to the Asian spe-
cies, and ML / BMCMC placing it as sister to all the other AA
genome species, but again with low support (51% bootstrap,
70% posterior probability). See Fig. 3.

The topology resulting from the AA_all alignment is
sensitive to the method of modeling rate heterogeneity in
likelihood-based analyses, in particular to the number of cat-
egories in the discretization of gamma-distributed rates. As
we increase the number of rate categories for the gamma dis-
tribution (and therefore better estimate the continuous distri-
bution), the likelihood increases and the maximum likelihood
topology switches from the expected tree to the tree where
O. sativa is sister to the other AA genome species (Fig. 4).
When the data sets are analyzed with a simple HKY model
(Hasegawa et al. 1985) without gamma-distributed rates, both
alignments yield topologies with O. sativa as sister to O. rufi-
pogon and O. nivara, with high bootstrap proportions and pos-
terior probabilities (trees not shown).

The SH test based on the complete set of all 105 possible
trees returns a set of seven trees that cannot be rejected as
statistically different from each other. The smaller input list
of trees that include the African (O. glaberrima, O. barthii)
clade shortens the list of nonrejected trees to only three, the
two trees seen in Figs. 2 and 3 as well as the topology where

b) O. sativa
O. rufipogon
O. nivara
O. glaberrima
O. barthii
0. punctata
0. officinalis

0. australiensis
0. brachyantha
O. granulata

0.0060

0. sativa

0.68

—— 0. rufipogon

—— O. nivara
O. glaberrima
O. barthii

0. punctata
O. officianalis
O. australiensis

O. granulata

0.0060

Fi1G. 2.

O. brachyantha

Unrooted majority-rule consensus phylogenies for all 10 Oryza species. a) Maximum Parsimony (MP) analysis; b) Maximum Likelihood (ML)

analysis; ¢) Bayesian Markov Chain Monte Carlo (BMCMC) analyses. Node labels are bootstrap proportions for MP and ML and posterior probabili-
ties for BMCMC. Unlabeled nodes have 100% bootstrap proportion/1.0 posterior probability. Note differences in placement of O. sativa between the

phylogenies produced using different methods.
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O. sativa

O. rufipogon
99/1.0

—— (O. nivara
51/0.7

— O. glaberrima

— Q. barthii

O. punctata

0.0050

glaberrima

barthii

67/99

82

sativa
rufipogon

nivara

S o 0 0 O O

0.4
Fic. 3.

punctata

Unrooted majority-rule consensus phylogenies for the AA-genome Oryza species. a) Maximum Parsimony (MP) analysis of all sites;

b) Maximum Likelihood (ML) and Bayesian Markov Chain Monte Carlo (BMCMC) analyses of all sites; c) ML and BMCMC analyses of alignment with
gaps removed. Node labels are bootstrap proportions for MP, and bootstrap proportion/posterior probabilities for ML/BMCMC. Unlabeled nodes have
100% bootstrap proportion / 1.0 posterior probability. Branch lengths in b) and c) are from BMCMC analyses.

O. sativa is sister to the African species. When increasing the
number of categories in the gamma distribution, as described
above, the set of topologies does not change, but the topology
labeled as “best” differs (as we see with the directly-calculated
likelihood values in Fig. 4).

The large length of these alignments (2.45 million and
1.1 million nucleotides for the ORYZA and AA alignments,

-2000300

-2000450
-2000600
[ O. sativa + Asian
O O. sativa basal
B O. sativa + African
-2000750 L
-2000900
ncat=4 ncat=7 ncat=10 ncat=25 ncat=40 ncat=4+|
Fic. 4.  Effect of number of categories for the discrete Gamma distribu-

tion on the log likelihood for three topologies of the AA-genome species.

respectively) posed computational challenges to phylogenetic
inference programs. We were able to use PAUP*, RAXML,
Garli, and MrBayes for analysis. However, Garli and MrBayes
required approximately five and three GB RAM, respectively,
which is more memory than would be available on many
desktop computers. We could not open the alignment files
in PhyML (Guindon and Gascuel 2003) and were unable to
perform Shimodaira’s AU test of topologies in CONSEL
(Shimodaira and Hasegawa 2001). Computational speed was
less of an issue than amount of memory required, which is
not unanticipated given the small number of species. For pro-
grams that would import the data matrix, the time to read
the file and initialize the data for likelihood calculations was
nearly as long, or longer, than the time required to infer the
most likely tree.

Systematic Bias?—One possible explanation for the differ-
ences between the MP and ML results in the AA_all align-
ment is biased GC content across the species (Phillips et al.
2004). While the differences in base frequency across the AA
species are statistically significant (p = 0.046), the absolute
differences are small, and the significance is due to the statis-
tical power enabled with 1.2 million nucleotides. For exam-
ple, the range of GC content across the AA genome species
was between 0.484 in O. rufipogon and O. glaberrima to a maxi-
mum value of 0.487 in O. barthii, a difference of only 0.003. At



518 SYSTEMATIC BOTANY

the level of individual chromosomes, five of the six shortest
chromosomes show no significant differences in nucleotide
frequency. Only the longest chromosome alignments show
significant differences.

The results of the missing data simulations indicate that the
distribution of missing data is important in this data set. The
gapless alignment, without any missing data, contains 51,168
nucleotides. The phylogeny reconstructed from this alignment
does not differ in topology across the reconstruction methods,
with O. sativa as sister to the other Asian AA genome species,
O. rufipogon and O. nivara with 63% bootstrap support in ML
and 100% posterior probability in BMCMC (Fig. 3). The full-
length simulated alignment increases the support values to
100% for both ML and BMCMC. Finally, when we add the
same amount of missing data as the original alignment, but
distributed randomly across the species, the same topology
is recovered with 99% bootstrap support and 98% posterior
probability for the clade containing O. sativa, O. rufipogon, and
O. nivara.

Chromosome Trees—Six different bootstrap (majority rule
consensus) trees were recovered from ML analysis of the
twelve AA_chrom alignments. These include the two strongly
supported trees from the AA_all concatenated analyses, the
topology grouping O. sativa with the other Asian species
and the topology where O. sativa is sister to all the other AA
species.

Inspection of bipartition support values suggests that
incongruence between chromosomes is significant. Across
the twelve consensus trees, there are six different biparti-
tions with greater than 95% bootstrap support, and only one,
the grouping of the African species O. glaberrima and O. bar-
thii, is found with high support in all chromosomes. Figure 5
illustrates the varying support for three common bipartitions
across the chromosomes. We confirmed the differing signal
between the chromosomes using a partition homogeneity test
(p =0.001). When using MP reconstruction, there are eight dif-
ferent topologies and only three statistically significant parti-
tions, none of which are present in all of the chromosomes.
For only four of the chromosomes (3, 6, 8 and 10) did MP and
ML return the same topology.

Given the results seen with the AA_all alignment, we
investigated whether missing data was causing some of this
incongruence. When all missing data was removed from the

Partitions across chromosomes
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Chromosomes
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FiG. 5. Variability in bootstrap support for three common biparti-

tions across the 12 chromosomes. Species are S = O. sativa; N = O. nivara;
R = O. rufipogon; G = O. glaberrima; B = O. barthii.
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chromosome alignments, there is still widespread incongru-
encebetween chromosomes and between reconstruction meth-
ods. In the ML analysis, removal of missing data changes the
consensus tree topology for 10 of the 12 chromosomes (not-
ing that some of these changes are a result of differences in
amount of resolution) and increases the amount of incongru-
ence between the chromosomes, such that only chromosomes
2 and 6 share the same topology. While missing data seem
to affect the phylogenetic reconstruction of the chromosome-
level alignments, as seen with the concatenated sequences,
the presence of missing data is not solely responsible for the
phylogenetic differences between the chromosomes.

'Gene’ Trees—Summarizing the maximum likelihood anal-
ysis of the 1,720 “genes” and 500 bootstrap replicates presents
a challenge due to the nonoverlapping taxon sets and sheer
number of resulting phylogenies. The list of bootstrap (major-
ity-rule consensus) trees contains 235 unique topologies, with
varying levels of resolution, across the alignments of four,
five, and six species. There are 389 completely unresolved
topologies, indicating alignments with no information about
species relationships. This was not unanticipated, given the
shorter length of these alignments and low level of sequence
divergence between the species. Looking specifically at the
six species alignments, we obtained 118 different topologies.
The number of possible rooted multifurcating topologies for
the five ingroup species is 236 (Felsenstein 2004). Our result,
which represents half of the possible topologies, indicates the
great extent of gene tree incongruence.

We summarized the signals in the trees using triplets of
species rather than bipartition scores. Results for four differ-
ent triplets are given in Fig. 6. We note that for all triplets, all
three possible relationships are supported by at least 14% of
the gene trees. The triplets that include O. sativa, one Asian
species and one African species illustrate varying relation-
ships across the shortest internal branch in the species phy-
logeny, separating the Asian and African species. These are
the two pie charts at the top of Fig. 6. Under a hypothesis
of lineage sorting with three species (Pamilo and Nei 1988),
the gene tree matching the species tree is expected to be the
most prevalent, with the two alternate hypotheses at lower,
but equal, frequency. This is what we see for these triplets.
Support for the different relationships in the triplet compris-
ing the three Asian species is more equally distributed, per-
haps indicating the presence of factors other than lineage
sorting in these closely related species. Finally, for the trip-
let including O. sativa with the two African species, we see
most support for the grouping of the two African species but
the alternate resolutions exist in more than 10% of the trees.
The African clade was supported at 100% by all supermatrix
analysis, but we do see some contradictions of this relation-
ship in the gene trees. Nearly one-quarter of the total gene
trees were completely unresolved, highlighting cases where
our ‘gene fragments” were too short to be informative for spe-
cies this closely related.

The gene trees are well-distributed across the genome,
and there does not appear to be any significant relationship
between genome location and topology, however (results not
shown). While this may be taken as evidence to support the
hypothesis that incomplete lineage sorting is the primary
cause of the incongruence (Pollard et al. 2006), we caution
that the sampling density of the genes is rather sparse. Over
450 Mb of genome sequence in O. sativa, our 1,720 genes con-
stitute an average distance between genes of approximately
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O. sativa, O. rufipogon, O. glaberrima

17%

® ©S.(R0)

unresolved
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Support for various triplets within the gene trees. In all charts, the lightest gray segment is the unresolved (‘star’) phylogeny and the black

segment represents the triplet relationship where O. sativa is more closely related to an Asian species than to an African species. Species are S = O. sativa;

N = O. nivara; R = O. rufipogon; G = O. glaberrima; B = O. barthii.

250 kb. This may not be sufficiently dense to detect blocks
of incongruence gene trees that may instead be due to
hybridization/introgression.

DiscussioNn

A BAC-end Oryza alignment—We have demonstrated
the utility of high-throughput sequences for phylogenetic
analysis. Despite low overall coverage, the assembly of BES
described here has provided the largest phylogenetic data
set yet analyzed for Oryza. Our concatenated ORYZA align-
ment of ten species contains 2.45 million sites across 9,481
genes, and there are 1.2 million sites in the alignment of AA
genome species. In comparison to other published phylog-
enomic analyses, this data set is similar in size to the one
megabase eukaryotic alignment (Nishihara et al. 2007) and

surpassed only by complete-genome analyses of 9,405 genes
in Drosophila) (Pollard et al. 2006) and more than 122 million
nucleotides in primates (Ebersberger et al. 2007).

As expected, the alignments constructed from BES are
more sparse than those from more traditional phylogenetic
sequencing protocols. Many genes are missing from many
species. Even so, we have assembled 307 genes (82,000 sites)
with sequence over each of the six AA genome species. This
gene set is comparable to the recent analysis of 142 rice genes
(Zou et al. 2008), which included a dense sampling alignment
of 52 genes and 52,000 sites.

Phylogenetic Analysis—Elucidating the phylogeny of
Oryza is a challenge even with data of this scale. The phylog-
enies produced from our large concatenated data sets support
the monophyly of the AA genome species. This result is con-
sistent with previous work based on both single and multiple
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gene analyses (Ge et al. 1999, 2002; Zou et al. 2008). The topol-
ogy within the AA genome clade is more uncertain. Previous
studies show generally good support for distinct clades con-
taining the Asian and African species, although this is com-
plicated by poor resolution within these clades, low support
values, lack of monophyly among multiple accessions of the
same species and incongruence between phylogenies built
using different genes (Zhu and Ge 2005; Duan et al. 2007; Zou
et al. 2008).

In our analyses, MP analysis consistently places O. sativa
as sister to O. rufipogon and O. nivara, the other two Asian
AA genome species, with 100% bootstrap support. Initial
likelihood-based analysis conflict on the placement of
O. sativa, also supporting topologies that place O. sativa as
the sister to the other four AA-genome species (Bayesian
analysis of both large alignments and maximum likelihood
analysis of the six-species alignment). The support values for
the placement of O. sativa are weak in all likelihood-based
analyses. The weak support is confirmed by results from SH
tests of topology, which indicate that the maximum likelihood
topology is not statistically superior to the second and third-
best trees, which differ with respect to their placement of
O. sativa.

The differences between the phylogenies inferred by ML
and MP seem to be due to a combination of errors in model-
ing rate heterogeneity and treatment of missing data. The low
level of sequence divergence translates to high heterogeneity
of estimated rates across sites. Using a fine-grained discreti-
zation of the gamma distribution (by increasing the number
of categories) gives improved likelihood scores, alters the rel-
ative order of likelihood scores for the two best topologies
and reduces the differences in likelihood between these two
topologies. It is unlikely that the differences between method-
ological treatments are due to artifacts such as base composi-
tion differences (Phillips et al. 2004) or long branch attraction
(Felsenstein 1978). Composition differences were slight, and
given the relatively recent time scale of diversification in
Oryza, rate heterogeneity between lineages is unlikely to be
sufficient to cause statistical inconsistency.

In general, our BAC-end data is consistent with previous
studies that indicate that the evolution of the AA genome spe-
cies is more complex than it is for Oryza as a whole. The stron-
gest phylogenetic signal places O. sativa as the sister group to
the Asian O. rufipogon and O. nivara, but alternate resolutions
of these species do find support in some analyses and in some
genomic regions.

Missing Data—The use of BAC-end sequences induced
a high level of missing data in the alignments and this data
was unevenly distributed across the species. The results of
phylogenetic inference were affected by the presence of miss-
ing data, specifically the location of the model organism O.
sativa on the phylogeny and support for its placement. When
we included all sites, O. sativa was weakly supported as sis-
ter to the other four AA genome species. Removing all sites
with missing data produced a phylogeny where O. sativa was
weakly supported as sister to only the other two Asian spe-
cies (O. rufipogon and O. nivara). Simulating a random pattern
of missing data in the alignment of 1.2 million nucleotides
increases support for the three-species Asian clade to greater
than 95% in both ML and Bayesian reconstructions. Based on
these results, we hypothesize that obtaining a fully resolved
and highly supported species tree may require nearly com-
plete alignments of the length we have assembled here.
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Previous studies on the effect of missing data on likelihood-
based analyses have argued that the percent of missing data
is not important, as long as the total amount of data is large
(Wiens 2006; Philippe et al. 2004). In our alignment, it is the
pattern of missing data across the species that seems to be
affecting the phylogenetic reconstruction. This is despite hav-
ing a large total number of sites. We have complete genes for
O. sativa (i.e. no missing data), approximately 40-55% missing
data for the other AA genome species and >50% missing data
for species of the other genome types. Although this uneven
distribution of incomplete sites has been present in other stud-
ies, the effect may be different among closely related species
than over a tree of greater taxonomic breadth (for example,
the eukaryotic tree of Philippe et al. (2004)). The missing data
in the AA-genome species without a whole genome sequence
may be causing them to cluster in the phylogeny, especially in
the presence of high rate heterogeneity (Lemmon et al. 2009).
We note that missing data is less of a concern in the gene-
level analysis, because when whole fragments were missing,
we eliminate that species from the alignment and subsequent
inference of the gene tree.

Phylogenetic Incongruence—Discordance across the Oryza
genome becomes more evident when we construct phylog-
enies on the scale of whole chromosomes or individual genes.
The chromosome-level trees display statistically significant
differences between chromosomes and between reconstruc-
tion methods. This is despite the fact that each chromosome
is itself a large alignment on the scale of the phylogenomic
data sets for yeast (127,000 sites; (Rokas et al. 2003)) or insects
(101,000 sites; (Savard et al. 2006). Elimination of missing
data, which reduced conflict in the trees from the concate-
nated alignment, did not reduce the chromosome-level incon-
gruence, leading us to conclude that we are seeing differences
in phylogenetic signal rather than systematic bias.

Gene trees displayed even more severe incongruence, sup-
porting nearly half of the total number of possible trees in
the six-species alignments. Across the shortest branch in the
phylogeny, support for triplets of species roughly follows the
2:1:1 distribution suggested in cases of incomplete lineage
sorting (Pamilo and Nei 1988). Within the three-species Asian
clade of O. sativa, O. nivara, and O. rufipogon, the different res-
olutions were nearly equal, perhaps indicating the presence
of other biological factors such as hybridization / introgres-
sion. Triplets describing the relationship of O. sativa with the
two African species also showed some incongruence, with
nearly one-fifth of the triplets pairing O. sativa with one of
the African species. Overall, nearly one-quarter of the gene
trees were completely unresolved, highlighting cases where
our gene fragments were too short to be informative for spe-
cies this closely related.

There is growing interest in phylogenetic analysis of inde-
pendent gene trees (rather than simple concatentation) and
subsequent use of gene tree discordance in the inference of
a species tree. While the groundbreaking Rokas et al. (2003)
phylogenomic data set for yeast species display little statis-
tically significant incongruence (Jeffroy et al. 2006), Oryza is
very different due to much more recent speciation and sub-
sequent short branch lengths. Gene tree discordance can be
due to a number of issues, including incomplete lineage sort-
ing, gene duplication (if some genes are paralogs rather than
orthologs) or introgression/hybridization. A challenge for
low-level phylogenomic analyses of the type described here
for Oryza data is to apply new methods developed to use
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gene tree information, including some methods that explic-
itly model the process of lineage sorting as causing incon-
gruence (Ané et al. 2007; Liu and Pearl 2007; Edwards et al.
2007; Mossel and Roch 2007). The surprisingly extensive frac-
tion of the Oryza genome suggesting alternate phylogenetic
relationships merits further study to determine its implica-
tions for the history of introgression, incomplete lineage sort-
ing, and other processes in this species complex. Incomplete
lineage sorting has been singled out as an important fac-
tor leading to incongruence at deeper nodes outside of the
AA genome group (Zou et al. 2008). Within the AA genome,
we have begun to explore some of the technical challenges
and the biological results from methods that reconcile gene
and species trees across the rice genome (Cranston et al.
2009).

BAC-end Phylogenomics—Traditionally, generation of
data for phylogenetic analysis has been done through a priori
selection and sequencing of complete genes for each species.
This study instead examines the potential of high-through-
put BAC-end sequencing for phylogenetic reconstruction.
We have found both advantages and disadvantages of using
these data for phylogenomics. On the positive side, large-
scale sequencing projects provide a huge amount of data, cre-
ating alignments of a size rarely seen in phylogenetic studies.
The sheer number of nucleotides available allows for the use
of nuclear exons, even combined with a low level of sequence
divergence. The existence of fully sequenced and annotated
genomes for model organisms such as O. sativa permits cost-
effective low-coverage sequencing of related species when
there are insufficient resources to sequence full de novo
genomes (as compared to phylogenomic analyses with yeast
or Drosophila), where full genomes are available for a large
number of closely related species). Having a model organ-
ism as an “anchor’ species also allows for simpler detection
of orthologs and leveraging of information about genome
location. The massive amount of genomic data allows for
stringent filters for criteria such as sequence homology and
overlap or presence of particular species, while still resulting
in hundreds or thousands of genes appropriate for analysis.
However, next-generation sequencing technologies, such as
this BAC-end sequencing protocol, are often low coverage,
producing a very large matrix of species by genes, but with
many missing cells. These ‘gene’ level alignments are DNA
fragments rather than full genes, and some fragments can
be too short to be informative on their own. These issues of
missing data are, of course, balanced by the large amount of
total data.

As next-generation sequencing technologies develop and
sequencing costs decrease, large-scale sequencing efforts for
other genera are likely to produce data similar to our BAC-
end sequence matrix for Oryza. These data will be charac-
terized by a large number of sequences with genome-wide
distribution, DNA fragments instead of full genes, sparse
data matrices with high levels of missing data and a focus on
coding sequences. This is the first study to focus on the use of
BES for phylogenomics and highlights the potential for align-
ments built from high-throughput sequences to both identify
incongruence and resolve troublesome nodes in the plant tree
of life.
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