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Abstract

We have applied a two-gene system based on the sequences of nuclear genes encoding multi-domain plastid acetyl-
CoA carboxylase (ACCase) and plastid 3-phosphoglycerate kinase (PGK) to study grass evolution. Our analysis
revealed that these genes are single-copy in most of the grass species studied, allowing the establishment of
orthologous relationships between them. These relationships are consistent with the known facts of their evolution:
the eukaryotic origin of the plastid ACCase, created by duplication of a gene encoding the cytosolic multi-domain
ACCase gene early in grass evolution, and the prokaryotic (endosymbiont) origin of the plastid PGK. The major
phylogenetic relationships among grasses deduced from the nucleotide sequence comparisons of ACCase and
PGK genes are consistent with each other and with the milestones of grass evolution revealed by other methods.
Nucleotide substitution rates were calculated based on multiple pairwise sequence comparisons. On a relative basis,
with the divergence of the Pooideae and Panicoideae subfamilies set at 60 million years ago (MYA), events leading
to the Triticum/Aegilops complex occurred at the following intervals: divergence of Lolium (Lolium rigidum) at
35 MYA, divergence of Hordeum (Hordeum vulgare) at 11 MYA and divergence of Secale (Secale cereale) at
7 MYA. On the same scale, gene duplication leading to the multi-domain plastid ACCase in grasses occurred
at 129 MYA, divergence of grass and dicot plastid PGK genes at 137 MYA, and divergence of grass and dicot
cytosolic PGK genes at 155 MYA. The ACCase and PGK genes provide a well-understood two-locus system to
study grass phylogeny, evolution and systematics.

Abbreviations: ACCase, acetyl-CoA carboxylase; Acc-1 and Acc-2, genes encoding plastid and cytosolic ACCase,
respectively; �-Acc-2, Acc-2, related partially processed pseudogene; PGK, 3-phosphoglycerate kinase; Pgk-1 and
Pgk-2, genes encoding chloroplast and cytosolic PGK, respectively; MYA, million years ago

Introduction

Our goal is to address various questions about evolu-
tion of grasses at different levels of genetic relatedness
using a multi-gene DNA sequence comparison. In this

The nucleotide sequence data reported will appear in the GenBank
database under the accession numbers AF343496–AF343536,
AF343459–AF343473, AF343454–AF343456, AF34357,
AF343458, AF343474–AF343495, and AF343447–AF343453.

paper we describe an analysis of the origin and evo-
lution of the multi-domain acetyl-CoA carboxylase
(ACCase) and its gene family (Acc) as well as plastid
and cytosolic 3-phosphoglycerate kinase (PGK) and
their genes (Pgk) in plants, focusing on the grass fam-
ily. A large set of new Acc and Pgk gene sequences
from selected species were analyzed and several mile-
stone events in grass evolution leading to the Triticum
and Aegilops lineage were examined.
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The grass family

The grass family (Poaceae) includes over 10 000
species belonging to the major subfamilies Pooideae,
Bambusoideae, Chlorideae, and Panicoideae (Devos
and Gale, 1997; Kellogg, 1998). The family in-
cludes some of the world’s major food and forage
crop plants. The tribes of the subfamily Pooideae
include Triticeae (wheat, barley and rye), Aveneae
(oats) and Poeae (Lolium and Festuca). The tribes
of the subfamily Panicoideae include Paniceae (Pan-
icum, Setaria, Pennisetum), Maydeae (maize) and
Andropogeae (Saccharum, Sorghum). The subfamily
Bambusoideae includes the tribe Oryzeae (rice) and
the subfamily Chloridoideae includes the tribe Chlo-
rideae (Eleusine). The various taxa range from annuals
to perennials, from herbaceous to woody trees, and
they vary in their habit, physiology (C3 and C4 pho-
tosynthesis) and reproductive systems. The genome
size in grasses varies from one of the smallest in rice
(440 Mb) to among the largest in wheat (16 000 Mb).
Some of the variation in genome size is due to ploidy
varying from diploid to highly polyploid, for example
in sugarcane.

Wheat and its relatives

The main genetic characteristic of the Triticeae tribe,
including wheat (Triticum), Aegilops, rye (Secale) and
barley (Hordeum), is the basic chromosome number
of 7 and a variable ploidy level. The 31 species of
the Triticum and Aegilops genera include 13 diploids
and 18 polyploids. Genetic relationships among bread
wheat (Triticum aestivum) and its wild and domesti-
cated diploid and polyploid relatives of the Triticum
and Aegilops complex have been studied extensively
(Dvorak and Zhang, 1990; Tsunewaki, 1991; Dvo-
rak et al., 1993; Wang et al., 1997; Dvorak, 1998),
prompted by its economic importance (reviewed in
Cox, 1998). The basic genomes of diploid species of
the Triticum/Aegilops complex have letter names: A,
B, D, G, and S. The designation of the genomes in
polyploid species reflect their origin. The hexaploid
bread wheat (T. aestivum) has the genome composition
AABBDD. It arose by spontaneous hybridization be-
tween the AABB-genome tetraploid T. turgidum and
the DD-genome diploid A. tauschii. The A genome of
the tetraploid was donated by the AA-genome diploid
T. urartu. The origin of the B genome remains con-
troversial but A. speltoides is the most likely living
relative of an extinct or yet to be discovered B genome
donor species.

Timeline of grass evolution

The early evolution of plants has been discussed re-
cently (Soltis and Soltis, 2000; Pryer et al., 2001).
Fossil records suggest that the grass family proba-
bly originated in the Upper Cretaceous period (Crepet
and Feldman, 1991) after the divergence of monocots
from dicots. The oldest monocot fossil was recov-
ered from Upper Cretaceous sediments, document-
ing the existence of this plant lineage earlier than
90 MYA, with some putative monocot fossils dated
even earlier (Gandolfo et al., 1998). The oldest fos-
sils of species representing different subfamilies were
dated, as discussed (Wolfe et al., 1989; Clark et al.,
1995), at ca. 40 MYA suggesting that the radiation
of the grass subfamilies may have occurred some
50–70 MYA. On this scale, hexaploid bread wheat is
a young species established by hybridization between
tetraploid T. turgidum and diploid A. tauschii about
8000 years ago (McFadden and Sears, 1946).

In the absence of reliable fossil records, estab-
lishing the timeline of the early events leading to the
diverse lineages of the grass family is difficult. This
lack of fossil records is reflected in difficulties in esti-
mating the time of monocot-dicot divergence based on
the molecular clock concept (Wolfe et al., 1989). The
divergence time of the grass subfamilies, 50–70 MYA,
has been frequently used to calibrate the molecular
clock and to calculate absolute nucleotide substitution
rates (Wolfe et al., 1987, 1989; Gaut and Doebley,
1997; Gaut, 1998). These calculations, however inac-
curate and tentative, proved useful in providing some
perspective on the sequence of evolutionary events
and allowing comparisons of results from independent
studies.

Molecular tools

Classical studies on grass classification and phylogeny
based on morphological and physiological characters
have been extended recently to analysis at the DNA se-
quence level (e.g. Clark et al., 1995, 2000; Hsiao et al.,
1995; Catalan et al., 1997; Peterson and Seberg, 1997;
Hsiao et al., 1998; Mason-Gamer et al., 1998; Math-
ews et al., 2000; Zhang, 2000). Questions concerning
selection, genetic diversity, domestication, nucleotide
substitution rates in nuclear and chloroplast genes,
molecular clocks, and divergence times were analyzed
for some grass lineages based on the DNA sequence
of several genes (e.g. Wolfe et al., 1987, 1989; Gaut
et al., 1996, 1997; Muse and Gaut, 1997; Cummings
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and Clegg, 1998; Eyre-Walker et al., 1998). Compara-
tive analysis was applied to multi-gene chromosome
regions (Chen et al., 1998) and to retrotransposons
(SanMiguel et al., 1999) aiming at a better understand-
ing of evolutionary processes in intergenic regions and
their effect on the neighboring functional genes.

Molecular tools based on DNA sequence com-
parisons, their successful applications and potential
problems for plants have been discussed recently (Kel-
logg et al., 1996; Clegg, 1997; Clegg et al., 1997;
Gaut, 1998; Doyle and Gaut, 2000; Muse, 2000; Soltis
and Soltis, 2000; Pryer et al., 2001). This approach
can provide much needed information if it is based on
sequences of a sufficiently large DNA fragment with
a significant number of variable characters. Its success
depends on proper selection and good understanding
of the origin, evolution, copy number, and structure
and function of the genes (or other DNA segments)
being analyzed. Different DNA segments (e.g. exons
or introns) can be used to analyze groups of species of
different genetic relatedness. Establishing orthologous
relationships between the genes is one of the key is-
sues. Gene- and chromosome locus-specific effects on
the nucleotide substitution rates and rate heterogene-
ity in different lineages are some others. Multi-gene
analysis and substantial sampling of taxa is highly
recommended.

ACCase and PGK and their functions in plants

The key steps in the evolution of plant ACCases re-
vealed by earlier analysis based on protein subunit
structure and sequence are summarized in Figure 1.
Plants have two forms of ACCase. The cytosolic iso-
form is a large multi-domain enzyme of eukaryotic
origin. It provides malonyl-CoA for the synthesis of
very-long-chain fatty acids and a variety of important
secondary metabolites, and for malonylation. A dif-
ferent ACCase isozyme found in the plastids catalyzes
the first step in de novo fatty acid biosynthesis. In
grasses, this ACCase is a multi-domain enzyme of
eukaryotic origin, which arose by duplication of an
ancestral cytosolic ACCase gene. In most other plants,
it is a multi-subunit enzyme of prokaryotic (endosym-
biont) origin. The multi-domain ACCase functions as
a dimer consisting of ca. 250 kDa subunits. The multi-
subunit ACCase contains four different subunits each
30–50 kDa in size.

Plant cytosolic and plastid PGK isozymes partici-
pate in glycolysis and the Calvin cycle, respectively.
Plant PGKs are small (ca. 44 kDa) monomeric pro-

teins. They are both encoded by nuclear genes that
arose by duplication of a gene of prokaryotic (en-
dosymbiont) origin. The origin, evolution and function
of plant PGK have been discussed recently (Martin
and Schnarrenberger, 1997).

ACCase and PGK and their genes followed two
different scenarios for the evolution of metabolic func-
tions in organelles and the flow of genetic material
between plastid and nuclear genomes (Martin et al.,
1998).

ACCase and PGK and their genes in wheat

Genes encoding wheat cytosolic and plastid ACCase,
both nuclear, are ca. 15 kb in size and have some 30
introns which are variable in size but located at equiv-
alent positions (Podkowinski et al., 1996; Gornicki
et al., 1997), except for introns in the leader and plas-
tid transit peptide coding region which are unique in
sequence and location (Figure 2). The cytosolic gene
has two introns fewer. All known plant genes encoding
the multi-domain ACCase have the same intron-exon
structure. Proteins encoded by the two wheat genes
are 2260 and 2311 amino acids long. Their sequences
are 67% identical. A putative plastid transit peptide is
present at the N-terminus of the plastid isozyme (Gor-
nicki et al., 1997). Multiple copies of the cytosolic
ACCase gene (Acc-2) exist in wheat (Gornicki et al.,
1994; Podkowinski et al., 1996; Faris et al., 2001) and
they are clustered on the long arms of chromosomes
3A, 3B, 3D, and 5D (Faris et al., 2001). An Acc-2-
related partially processed pseudogene (�-Acc-2) is
present in the Acc-2 locus on chromosomes 3A, 3B
and 3D (Faris et al., 2001). A single copy of the plastid
ACCase gene (Acc-1) is present on the short arms of
each of the homoeologous group 2 chromosomes 2A,
2B, and 2D (Gornicki et al., 1997).

The genes encoding wheat PGK isozymes, both
nuclear, are ca. 3 kb in size. The wheat plastid
gene (Pgk-1) has 5 introns. The wheat cytosolic gene
(Pgk-2) has at least four introns (this work) all located
at equivalent positions. Proteins encoded by plastid
and cytosolic PGK genes contain 480 and 401 amino
acids, respectively. Their sequences are 82% identi-
cal. A putative plastid transit peptide is present at the
N-terminus of the plastid isozyme. The chromosome
location of the Pgk genes in wheat is not known.
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Figure 1. The origin of plant ACCases was deduced from their
subunit structure and amino acid sequence comparisons (Sasaki
et al., 1995; Podkowinski et al., 1996; Gornicki et al., 1997; In-
cledon and Hall, 1997). Endosymbiont of cyanobacterial origin
took over fatty acid biosynthesis using its four-subunit ACCase to
provide malonyl-CoA. Three genes (accA, B and C, in bacterial
nomenclature, encoding α subunit of carboxyltransferase, biotin
carboxyl carrier protein, and biotin carboxylase, respectively) were
then transferred to the nucleus. The gene encoding the β subunit
of carboxyltransferase (accD) remained in the chloroplast genome.
ACCase of the ancestral host eukaryote was retained and functions
in the cytosol in fatty acid elongation and secondary metabolism.
Duplication of the cytosolic ACCase gene (Acc) led to the creation
of a new eukaryotic-type gene encoding a multi-domain plastid
ACCase (Acc-1). The multi-domain plastid ACCase appeared in the
plant kingdom independently in grasses and in some dicots, prob-
ably in multiple lineages (Schulte et al., 1997; Gimenez-Espinosa
et al., 1999; Christopher and Holtum, 2000). In Brassica napus,
both multi-subunit (prokaryotic-type) and multi-domain (eukary-
otic-type) ACCases exist in plastids. In grasses, both plastid and
cytosolic isozymes are of the multi-domain type and are encoded
by nuclear genes Acc-1 and Acc-2, respectively. No bacterial-type
multi-subunit ACCase has been found in grasses, although plastid
genomes of some grasses contain a remnant of the accD gene. In
the wheat lineage, more recent gene duplication event(s) created
new copies of the Acc-2 gene. A partially processed pseudogene
(�-Acc-2) is also present in at least some species of the Triticeae
tribe. Subunits of plastid and cytosolic ACCases and their genes are
shown in light and dark gray as coils and rectangles, respectively.
The plastid transit peptide and its coding sequence is indicated with
a black oval.

Materials and methods

Plant material

Seeds used in this study were obtained from the Wheat
Genetics Resource Center (Kansas State University),
except for Lolium (Lolium rigidum, AUS92) which
was provided by T. Niderman (Novartis, Basel). Plant
material used in this study is listed in Table 1.

PCR cloning and sequencing

The PCR cloning experiment was designed to allow
amplification and identification of multiple copies of
each gene from species of different ploidy and dif-
ferent genetic relatedness. A set of universal primers
targeted to highly conserved exon sequences was de-
signed for each gene (Table 2). Acc-specific PCR
primers were designed based on the available coding
sequences of ACCases from wheat and maize (Gen-
Bank AF029896, AF029897, AF305201, U39321,
AF305205 and U19183). Pgk-specific PCR primers
were designed based on the sequence of cDNA encod-
ing wheat cytosolic (GenBank X15233) and plastid
PGK (GenBank X15232), and of a genomic clone
encoding wheat plastid PGK (GenBank X73528).
Length of the primers, conditions of the PCR amplifi-
cation step, utilization of several primer combinations
for each gene, cloning of multiple amplification prod-
ucts were all designed to overcome potential PCR
bias.

DNA from plant material was extracted as de-
scribed before (Faris et al., 2000). High-fidelity PCR
was carried out according to the manufacturer’s pro-
tocol (Roche). All components of the PCR except for
the DNA polymerase were incubated for 2–3 min at
94 ◦C. The PCR was then initiated by the addition
of polymerase. Amplification was for 35 cycles, each
0.5 min at 94 ◦C, 0.5 min at 52–56 ◦C and 4–6 min at
68 ◦C, using 0.5–1.0 µg of genomic DNA as template
in a 50 µl reaction. The PCR products were cloned
and multiple clones were sequenced.

Several quality control measures were employed
to eliminate all cloning and sequencing artifacts, such
as chimeric DNA molecules (Faris et al., 2001). This
was achieved by sequencing multiple clones represent-
ing each gene. With a few exceptions, those cases in
which the PCR error rate was negligible in compar-
ison to the nucleotide substitution rates analyzed, all
the sequences used in the phylogenetic analysis were
derived from at least three independent clones.
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Figure 2. Structure of wheat cytosolic and plastid ACCases and their genes. ACCase functional domains – biotin carboxylase (BC), biotin
carboxyl carrier containing covalently attached biotin (BCC), carboxyltransferase (CT) – were identified by sequence comparison as described
before (Gornicki et al., 1994, 1997; Podkowinski et al., 1996). Gene fragment selected for the phylogenetic analysis of Acc genes is shaded
in gray. The diagram is based on partial sequence of Acc-1,1 (GenBank AF029897), full-length sequence of Acc-2,1 (GenBank AF305204 and
U39321) and partial sequence of �-Acc-2,1 (GenBank AF305209).

Sequence and phylogenetic analysis software

Sequencher (Gene Codes Corporation, Ann Arbor,
MI) was used to manage the sequencing project.
ClustalX (Thompson et al., 1994) was used to cre-
ate multiple sequence alignments. MacClade (W. P.
Maddison and D. R. Maddison, Sinauer Associates,
www.sinauer.com) was used for analysis of multi-
ple sequence alignments. PAUP (D. L. Swofford,
Sinauer Associates, www.sinauer.com) and MEGA
(S. Kumar, K. Tamura, I. Jakobsen and M. Nei,
www.megasoftware.net) were used to calculate ge-
netic distances and phylogenetic trees.

Phylogenetic analysis

All multiple sequence alignments were created using
ClustalX. Alignments of exon and intron sequences
were used separately to create phylogenetic trees and
to calculate nucleotide substitution rates. The align-
ment of Acc exon sequences and the corresponding
‘intronless’ pseudogene sequences was unambiguous
with only a few gaps (all multiples of three nu-
cleotides). This alignment included exons of the hu-
man ACC1 gene as an outgroup. Multiple alignment
of Acc-1 intron sequences was obtained in three steps.
First, gene sequences (exons and introns) from Trit-
iceae species were aligned. At this level, no manual
adjustments were required. In the next step, Lolium se-
quences were added. Alignment of Lolium sequences
was manually adjusted in a segment of one intron.
Multiple alignments of all Acc-1 sequences at once did

not provide any clear suggestions for possible further
improvements. Intron sequences of maize genes could
not be aligned in a meaningful way. Finally, exon
sequences were removed from the alignment. Align-
ment of the Acc-2 gene sequences was obtained by the
same step-wise approach beginning with independent
alignments of sequences of clades Acc-2I and Acc-
2II, aligning them together, adding Lolium sequences
and finally separating exons and introns (Faris et al.,
2001). A short stretch of sequence found only in an
Acc-2,1 intron was manually adjusted to be a single
insertion rather than aligning it with other sequences
in this region, as suggested by the outcome of the
ClustalX analysis. As described before (Faris et al.,
2001), alignment of intron sequences of the two major
Acc-2 clades (I and II) required only minor manual
adjustments. However, the sequences of some regions
of Lolium Acc-2 introns were too divergent to produce
reliable alignment. Alignments of Pgk-1 and Pgk-2 se-
quences from Triticeae species were created separately
and then separated into exon and intron parts. Exon se-
quences of all plant Pgk genes, including maize, plus
the Synechocystis Pgk gene as an outgroup, were then
aligned together. This alignment was unambiguous,
with only one 3 nt gap. The alignment of Pgk intron
sequences from Triticeae did not require any manual
adjustments, except for a single segment found in Pgk-
1 from rye but not in any other species. This segment
was treated as one insertion rather then aligning it with
some other sequences in this region, as suggested by
the outcome of ClustalX analysis. Intron sequences
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Table 1. Plant material

Species Genome Accession/cultivar Origin

Triticum urartu A TA763 Lebanon

Triticum monococcum Am

ssp. monococcum TA2025 Turkey

TA138 Unknown

TA142 Bosnia

ssp. aegilopoides TA291 Iraq

TA183 Iran

Triticum turgidum AB

ssp. dicoccoides TA73 Lebanon

TA1392 Israel

TA84 Turkey

TA51 Israel

Triticum timopheevii AG

spp. timopheevii TA103 Yugoslavia

spp. armeniacum TA2 Armenia

Triticum aestivum ABD TAM107 USA

Aegilops tauschii D

ssp. tauschii TA1704 Tadjikistan

ssp. tauschii TA1691 Unknown

Aegilops speltoides

ssp. speltoides S TA2368 Turkey

TA2780 Israel

TA1789 Iraq

TA1793 Syria

ssp. ligustica S TA2645 Turkey

TA2779 Israel

TA1770 Iraq

Aegilops searsii Ss TA2343 Syria

TA2355 Israel

TA1837 Jordan

TA1840 Israel

Aegilops longissima S1 TA1912 Israel

TA1921 Jordan

Aegilops sharonensis Ssh TA1966 Israel

TA2065 Turkey

Aegilops bicornis Sb TA1954 Egypt

Rye (Secale cereale, Triticeae) Imperial –

Barley (Hordeum vulgare, Triticeae) Betzes –

Ryegrass (Lolium rigidum, Poeae) AUS 92 –

of maize Pgk genes could not be aligned to the other
sequences in a meaningful way.

Phylogenetic trees were created in several different
ways. First, phylogenetic trees based on all avail-
able exon sequences of plant multi-domain ACCases
and all plant PGKs were created by the neighbor-
joining method. These trees were calculated including

all exon positions without correction for multiple sub-
stitutions and were characterized by very good support
for major clades indicated by bootstrap values higher
than 80% of 1000 replicates. Second, neighbor-joining
trees based on synonymous sites only, with or with-
out correction for multiple substitutions (Jukes-Cantor
and other methods), were calculated. The number of
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Table 2. Gene-specific primers used for PCR.

Forward primers Reverse primers

Acc-1

GTTCCTGGCTCCCCAATATTTATC TTCAAGAGATCAACTGTGTAATCA

CCCAATATTTATCATGAGACTTGCA CAACATTTGAATGAAThCTCCACG

Pgk-1

CACCTGGGTCGTCCTAAGGGTGTT ACCACCAGTTGAGATGTGGCTCAT

TCGTCCTAAGGGTGTTACTCCTAA AAGCTCGCGCCACCACCAGTTGAG

Pgk-2

CATCTGGGCCGCCCAAAAGGTGTC CCGCCCAAAAGGTGTCACCCCCAA

CACCGCCGGTGGAAATGTGGCTCA AAGCTGGCGCCACCGCCGGTGGAA

nucleotide differences between some groups of se-
quences was too high to calculate corrected distances.
Trees including subsets of sequences were then evalu-
ated. These trees had the same topology at those well-
supported nodes but differed at some of the nodes with
low bootstrap support. Finally, the same conclusion
was reached for trees generated by the heuristic max-
imum parsimony search (equally weighted characters
and nucleotide transformations, 1000 random-addition
replicates, tree bisection-reconnection branch swap-
ping). Twelve best trees (length 1045) were found
for the Acc gene based on 291 informative characters.
A single best tree (length 1486) was found for the
Pgk gene based on 376 informative characters. Par-
simony bootstrap analysis followed the same scheme
with 1000 replicates each with 10 random-addition
replicates. A subset of 40 sequences representing all
major clades was included in the parsimony bootstrap
analysis of the Acc gene.

Nucleotide substitution rates at nonsynonymous,
synonymous and intron positions were calculated for
major clades. Average values and standard deviations
were calculated for all feasible pairwise comparisons
of each type. Synonymous and intron substitution rates
were corrected for multiple substitutions using the
Jukes-Cantor method as implemented by MEGA. Di-
vergence times were calculated as described (Gaut,
1998). Substitution rate heterogeneity was assessed
for major lineages by a simple relative-rate test (Li and
Bousquet, 1992).

Results

Gene sequences for phylogenetic analysis

Obtaining reliable nucleotide sequence information is
a key issue in phylogenetic analysis. To assure proper
sampling, multiple species of different genetic related-
ness need to be included. The PCR cloning approach
is well suited for this task but it has to work reli-
ably for diverse species for which no gene sequence
is available. PCR errors and cloning artifacts need to
be eliminated. Quality control becomes especially crit-
ical for analysis of very closely related species. These
problems are compounded by plant polyploidy and by
the multicopy character of some genes, so multiple
copies of each gene must be analyzed.

We have developed a PCR-based method to obtain
DNA sequence information for phylogenetic analysis
of four different genes from grasses (this work, un-
published results and Faris et al., 2001): a 1.5–1.8 kb
fragment of the Acc genes and ca. 1.5 kb fragment of
the Pgk genes. The Acc-1 gene fragment encoding the
plastid enzyme spans 8 exons and 7 introns and the
corresponding fragment of the Acc-2 gene encoding
the cytosolic ACCase spans 6 exons and 5 introns (Fig-
ure 2). This fragment of the Acc genes encodes 236
amino acids of the biotin carboxylase domain (approx-
imately one-tenth of the mature ACCase). The Pgk-1
(plastid enzyme) and Pgk-2 (cytosolic enzyme) gene
fragments span 5 exons and 4 introns and encode 298
amino acids (approximately three-quarters of the ma-
ture PGK). The cloning method was tested on multiple
Triticum and Aegilops species as well as rye, barley
and Lolium (Lolium rigidum) (Faris et al., 2001, and
this work), maize and switchgrass (Panicum virgatum)
(this work and unpublished results).
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Acc-2 gene sequences (Faris et al., 2001), maize
and switchgrass Acc-1 sequences (unpublished re-
sults), as well as coding sequences of several plant
multi-domain ACCase and several PGKs available
from GenBank were also included in the analysis.

How many copies of ACCase and PGK genes exist in
grass genomes?

Southern analysis and chromosome mapping indicate
that a single copy of the Acc-1 gene is present in
each of the group 2 homoeologous chromosomes in
hexaploid wheat (Gornicki et al., 1997). Sequence
analysis of the Acc-1 gene from most species of the
Triticeae tribe showed a single copy of the gene per
diploid chromosome. A single copy was found in bar-
ley and rye. All Triticum and most Aegilops species
probed extensively have only one copy of the Acc-1
gene. The exceptions were A. speltoides species ac-
cessions 1789, 2779 and 1780, a diploid habitually
out-pollinated species. The presence of two copies
of the Acc-1 gene in this species may be explained
by heterozygosity or by the heterogeneous nature of
the populations. However, the existence of duplicated
genes cannot be ruled out. Two copies were detected
in maize, consistent with its chromosome constitution,
and in Lolium despite its diploid nature. These two
species, however, were not probed extensively.

Analysis of the Acc-2 gene in hexaploid wheat
(Faris et al., 2001) suggested that it is present in a
small number of copies clustered at two chromosome
loci. Two major clades, Acc-2I and Acc-2II, which
most likely arose by gene duplication, as well as addi-
tional possible gene duplication events which occurred
at a later stage in some Triticum and Aegilops lineages,
were identified by sequence analysis (Faris et al.,
2001). The exact copy number and strict orthologous
relationships among the Acc-2 genes of the Triticeae
tribe species have not been established. No evidence
of multiple copies of the pseudogene �-Acc-2 was
found.

The analysis of the Pgk-1 gene showed that, simi-
lar to Acc-1, it is present in a single copy per diploid
chromosome. The only exception is A. speltoides ac-
cession 1789, for which two sequences were detected,
with the same possible explanation as for the Acc-1
gene in this species. The Pgk-2 gene copy number re-
mains unknown. Too few genes were analyzed to reach
any conclusion in this regard.

Phylogenetic inferences based on the Acc and Pgk
genes

The phylogenetic tree based on exon positions
(synonymous and nonsynonymous) of multi-domain
ACCases genes was created by the neighbor-joining
method with distances not corrected for multiple sub-
stitutions and gaps excluded only from pairwise com-
parisons (Figure 3). The dicot clade was easily distin-
guished from the grass clade. The revealed relation-
ships of taxa within the dicot clade are consistent with
their taxonomic relationships. Within grasses, the phy-
logeny of the plastid Acc-1 gene showed clearly two
clades corresponding to the Panicoideae and Pooideae
subfamilies. It revealed distinctiveness of the tribes
Paniceae (Panicum) and Maydeae (maize) within Pan-
icoideae, and tribes Poeae (Lolium) and Triticeae (bar-
ley, rye, wheat) within Pooideae. It showed the close
relationship of Triticum/Aegilops species with rye, and
the Triticum/Aegilops/rye clade with barley. Despite
a loss of resolution, various species of Triticum and
Aegilops could be distinguished and the relationships
of some diploid donor species with polyploid wheat
were revealed. For example, the A genome of diploids
and polyploids formed one clade, and A. tauschii
ssp. meyeri (TA1691) clustered with the D genome of
hexaploid wheat.

The Pooideae Acc-2 clade includes four major
branches: Poeae (Lolium), two Triticeae clades (I
and II) and a clade consisting of the Acc-2-related
processed pseudogene (�-Acc-2) (Figure 3). It has
been suggested previously that the Acc-2 small gene
family was formed by recurring gene duplications and
possible gene loss, as well as intron loss (Faris et al.,
2001). These gene duplications occurred at differ-
ent times, from the early event that gave rise to the
Acc-1 gene to more recent events in Lolium, barley
and some Triticum and Aegilops lineages. Two in-
trons were lost in all grass Acc-2 genes, additional
introns were lost in one barley gene, and most in-
trons are not present in the pseudogene (Faris et al.,
2001). Despite the unresolved question of Acc-2 gene
copy number and difficulties in establishing orthol-
ogy, some phylogenetic relationships among Pooideae
species were clearly revealed and consistent with the
relationships deduced based on the Acc-1 phylogeny.
This includes relationships among the Lolium, barley,
rye and Triticum/Aegilops lineages as well as some re-
lationships among Triticum and Aegilops species. The
phylogeny based on the pseudogene sequences seems
to reflect correctly these relationships as well.
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Figure 3. Phylogenetic relationships among plant multi-domain ACCases. A phylogenetic tree was created by the neighbor-joining method
with distances not corrected for multiple substitutions and gaps excluded only from pairwise comparisons. All exons and all ‘intronless’
pseudogene positions were included in the calculation. Alignment length: 696 nucleotides (232 codons); outgroup: exons of human ACC1
gene (GenBank X68968); invariant positions: 290 (376 without outgroup); bootstrap values: % of 1000 trials (shown for selected nodes only).
The sequence alignment unambiguous with a single 3-nucleotide gap in the B.napus plastid sequence, and two gaps (one of 3 and one of 30
nucleotides) in the human outgroup sequence. Taxon names include genome composition (Triticum/Aegilops species), species name, accession
number/cultivar name, geographical origin (Triticum/Aegilops species and Lolium rigidum), sequence name/number and number of clones
analyzed. Taxon names of grass species other than Triticum and Aegilops are shown in bold. Genome composition of Triticum/Aegilops species
is shown using abbreviated names listed in Table 1. Acc-2 genes (GenBank AF306803–306029) were described in Faris et al. (2001). Other
sequences obtained from GenBank are identified by their accession numbers (GB). New gene sequences were deposited in GenBank under the
following accession numbers: Acc-1 genes, AF3434960–AF343536; �-Acc-2 (pseudogene), AF343459–AF343473; L. rigidum Acc-1 genes,
AF34357 and AF343458; and L. rigidum Acc-2 genes, AF343454–AF343456. Dots indicate nodes relevant for the analysis presented in this
paper which showed strong statistical support by the neighbor-joining method including synonymous sites only and by the maximum parsimony
method.
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Table 3. Substitution rates and relative timeline of grass evolution leading to the wheat lineage. Average values of all available
pairwise distances of each type are shown in nucleotide substitutions per site with standard deviations. Sequences included
in the calculation and exon sequence alignment are described in Figures 3 and 4. Distances shown in the ‘intron/all’ column
included intron positions for active genes and all positions for the ‘intronless’ pseudogene (�-Acc-2). Rates at ‘nonsynony-
mous’ and ‘synonymous’ positions of the pseudogene calculated as if it was an active gene are shown in parenthesis for
comparison. Distances at nonsynonymous positions were not corrected for multiple substitutions and distances at synonymous
positions and in introns were corrected for multiple substitutions using the Jukes-Cantor method as implemented by MEGA.
Gaps were excluded only from pairwise comparisons. Relative rates for Acc-1, Pgk-1 and Pgk-2 were calculated assuming
Pooideae-Panicoideae diverged 60 MYA (Introduction). Relative rates for Acc-2 and �-Acc-2 were calculated based on the
calculated rate for barley-Triticum/Aegilops (11.4 MYA). Relative synonymous Acc-1-Acc-2 rate was calculated based on an
average barley-Triticum/Aegilops rate for Acc-1 and Acc-2. Values in the ‘Timeline’ column are averages of the relative rates
calculated for individual genes (where available) excluding, for reasons discussed in the text, data points shown in brackets.
Assumed (set) values of the relative rates are shown in brackets. The relative rates are expressed in million years. N.d., not
determined.

Nonsynonymous Synonymous Intron/all Timeline

per site per site relative per site relative relative

Triticum

Rye Acc-1 N.d. 0.065 ± 0.007 8.9 0.056 ± 0.003 8.0 7.2±1.6
Secale Acc-2I N.d. 0.094 ± 0.019 (11.5) 0.047 ± 0.003 (8.6)

�-Acc-2 N.d. (0.105 ± 0.025) (7.2) 0.028 ± 0.005 6.9
Pgk-1 N.d. 0.064 ± 0.007 4.7 0.077 ± 0.005 7.6

Triticum/Aegilops

Barley Acc-1 0.003 ± 0.001 0.081 ± 0.010 11.1 0.080 ± 0.004 [11.4] 11.4±0.6
(Hordeum) Acc-2I 0.005 ± 0.001 0.093 ± 0.029 [11.4] 0.062 ± 0.006 [11.4] [11.4]

�-Acc-2 (0.013 ± 0.002) (0.166 ± 0.019) [11.4] 0.046 ± 0.004 [11.4] [11.4]

Pgk-1 0.008 ± 0.002 0.165 ± 0.008 12.1 0.116 ± 0.007 [11.4] [11.4]

Pgk-2 0.005 ± 0.000 0.104 ± 0.012 10.9 0.161 ± 0.002 [11.4] [11.4]

L. rigidum Acc-1 0.011 ± 0.001 0.252 ± 0.010 34 0.243 ± 0.006 35 35±1
(Lolium) Acc-2I 0.011 ± 0.001 0.297 ± 0.030 36 0.259 ± 0.005 (48)

Pooideae

Panicoideae Acc-1 0.012 ± 0.002 0.439 ± 0.019 60 N.d. N.d. [60]

Pgk-1 0.071 ± 0.001 0.820 ± 0.027 60 N.d. N.d. (set)
Pgk-2 0.042 ± 0.001 0.572 ± 0.031 60 N.d. N.d.

Other rates

Acc-2I–Acc-2II 0.211 ± 0.021 26 0.189 ± 0.008 35 31±5
Acc-1–Acc-2 0.981 ± 0.089 129 N.d. N.d. 129

grass Pgk-1–dicotPgk-1 1.869 ± 0.266 137 N.d. N.d. 146 ± 9
grass Pgk-2–dicotPgk-2 1.480 ± 0.145 155 N.d. N.d.

The phylogenetic tree based on exon positions
(synonymous and nonsynonymous) of the Pgk genes
was created by the neighbor-joining method with dis-
tances not corrected for multiple substitutions and
gaps excluded only from pairwise comparisons (Fig-
ure 4). This analysis included fewer species than the
Acc-based phylogenetic reconstruction. It has been
suggested previously that duplication of the bacterial-
type PGK gene occurred before the dicot-monocot
separation (Martin and Schnarrenberger, 1997). The
topology of this part of the Pgk tree is consistent
with this suggestion, although it is not unambiguous

as indicated by low bootstrap values. Resolution of
further questions about the sequence of early events
in the evolution of plant PGK would require a better
sampling that includes more sequences from dicots as
well as sequences from monocots other than grasses.
The relationships among the major lineages, Pooideae
versus Panicoideae, barley versus rye and rye versus
Triticum/Aegilops species are well supported. Several
clades of Triticum/Aegilops species could be distin-
guished and they were similar to the Triticum/Aegilops
clades found on the Acc tree (Figure 3). As discussed
above, the copy number of Pgk-2 genes in Triticeae is
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Figure 4. Phylogenetic relationships among plant PGKs. A phylogenetic tree was created by the neighbor-joining method with distances not
corrected for multiple substitutions and gaps excluded only from pairwise comparisons. All exon positions were included in the calculation.
Alignment length: 897 nucleotides (299 codons); outgroup: Synechocystis PGK gene (GenBank D90915); invariant positions: 398 (477 without
outgroup); bootstrap values: % of 1000 trials (shown for selected nodes only). The sequence alignment was unambiguous with a single
3-nucleotide insertion in the maize cytosolic sequences. Taxon names include genome composition (Triticum/Aegilops species), species name,
accession number/cultivar name, geographical origin (Triticum/Aegilops species), sequence name/number and number of clones analyzed.
Taxon names of grass species other than Triticum and Aegilops are shown in bold. The genome composition of Triticum/Aegilops species is
shown with abbreviated names listed in Table 1. Sequences obtained from GenBank are identified by their accession numbers (GB). New
gene sequences were deposited in GenBank under the following accession numbers: Pgk-1 genes, AF343474–AF343495; Pgk-2 genes,
AF343447–AF343453. Dots indicate nodes relevant for the analysis presented in this paper which showed strong statistical support by the
neighbor-joining method including synonymous sites only and by the maximum parsimony method.

uncertain, preventing the establishment of orthologous
relationships among the sequences of the Pgk-2 clade.

It is important to emphasize that, as indicated
in Figures 3 and 4, the topology of the neighbor-
joining tree at some major nodes is not only sup-
ported by statistical analysis (high bootstrap values)
but is congruent with the topologies of phylogenetic
trees reconstructed by heuristic maximum parsimony
searches. Reconstructing phylogenetic relationships
among Triticum and Aegilops species, based on both

exon and intron sequence analysis of Acc and Pgk
genes, will be presented elsewhere.

Nucleotide substitution rates at Acc and Pgk loci

Average nucleotide substitution rates at synonymous,
nonsynonymous and intron sites between several ma-
jor plant lineages for Acc-1, Acc-2, Pgk-1 and Pgk-2
genes, as well as the nucleotide substitution rate for
the �-Acc-2 pseudogene, were calculated (Table 3)
using multiple pairwise distances between sequences
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of well-defined and statistically supported clades iden-
tified in Figures 3 and 4. Distances at nonsynonymous
positions were not corrected for multiple substitutions
and distances at synonymous positions and in introns
were corrected for multiple substitutions using the
Jukes-Cantor method. In these calculations, gaps were
excluded only from pairwise comparisons. Rates at
‘nonsynonymous’ and ‘synonymous’ positions of the
pseudogene (�-Acc-2), calculated as if it was an ac-
tive gene, are shown in parenthises for comparison.
Finally, standard deviations were calculated for each
type of pairwise distances. With a few exceptions,
these standard deviations did not exceed 20%.

The nucleotide substitution rates show a consistent
pattern. First, nonsynonymous rates are 10 to 40 times
lower than the corresponding synonymous and intron
rates. This is in agreement with earlier observations for
other nuclear genes in grasses (Gaut, 1998). Second,
for each gene, synonymous rates are very similar to
substitution rates at all intron sites. Third, synonymous
rates as well as intron substitution rates between grass
lineages are very similar for both Acc and Pgk genes.

Substitution rates at all sites of the pseudogene are
2–3 times lower than synonymous and intron rates
for Acc and Pgk genes. At the same time, ‘nonsyn-
onymous’ substitution rates calculated for the pseudo-
gene, as if it was an active gene without introns, are
10-fold lower than substitution rates at synonymous
sites, a correlation typical of active genes such as Acc
and Pgk.

The nucleotide substitution rates were also com-
pared on a relative basis (Table 3), setting the clock
for the divergence of Pooideae and Panicoideae sub-
families at 60 MYA to reflect approximately what is
known about the historical timeline of grass evolution
(Introduction) and to enable comparisons with the re-
sults of other studies for which similar calculations
have been made (Wolfe et al., 1987; Wolfe et al.,
1989; Gaut, 1998). Most importantly, such relative
rates allow comparisons between multiple genes and
lineages by eliminating some locus-specific effects.
They enable establishment of a relative sequence of
evolutionary events based on analysis of multiple loci.
The relative rates discussed in this paper are expressed
in million years.

In general, the relative rates calculated for syn-
onymous and intron positions of Acc and Pgk genes
are very similar. The relative rate comparison also
indicates that the pseudogene sequence can be used
for the phylogenetic analysis. Some of these calcu-
lations are, however, less reliable (they are shown

in parenthesis in Table 3). First, there is a signifi-
cant variation of synonymous rates calculated between
rye and Triticum species. Second, calculations for the
Acc-2 gene of rye and Triticum species are not reli-
able because of the unresolved questions of the gene
copy number and orthology (discussed above). Third,
the Acc-2 intron substitution rate between Lolium and
Triticum/Aegilops lineages is questionable because of
uncertainties in the nucleotide sequence alignment
(Faris et al., 2001).

The relative timeline of evolutionary events pre-
sented in Table 3 derived from sequence compar-
isons at synonymous and intron sites of two or three
different genes was very consistent, except for the
rye-Triticum divergence based on synonymous sub-
stitution rates. This divergence time was 7.2 ± 1.6
when all available single values were averaged. When
the highly variable synonymous rates were excluded,
the average divergence time, 7.5 ± 0.6, was very
similar but had a lower standard deviation. The cal-
culated divergence times of barley and Lolium from
Triticum/Aegilops were 11.4 ± 0.6 and 35 ± 1, re-
spectively. An average grass-monocot divergence time
derived from Pgk synonymous substitution rates was
146 ± 9. Our estimate of the divergence time of barley
is very similar to an earlier estimate of 12 MYA based
on the molecular clock set exactly as in this study
but on the sequences of different genes (Wolfe et al.,
1989). Our estimate of the divergence of grasses and
dicots is lower than an earlier estimate of some 200
MYA (Wolfe et al., 1989).

On an absolute basis, the nucleotide substitution
rates presented in Table 3 are within the range of such
rates calculated for other plant nuclear genes (Wolfe,
et al., 1987; Gaut, 1998). The rates at synonymous
positions and in introns are 2–8 × 10−9 nucleotide
substitutions per site per year, assuming the diver-
gence time between Pooideae and Panicoideae to be
60 MYA.

No dramatic synonymous rate heterogeneity be-
tween the major grass lineages, outside of the
Triticum/Aegilops clade, was detected using a simple
relative-rate test (Li and Bousquet, 1992). Some het-
erogeneity was observed for the Acc genes for major
Triticeae lineages.

Acc- and Pgk-based analysis of plant phylogenies

The phylogenetic analysis presented in this paper fo-
cused on the Triticeae tribe but also included other
grasses as well as some dicot species. These results
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indicate that the approach can be applied to study var-
ious groups of plants, monocots including grasses, as
well as dicots.

The Lolium example shows that the analysis based
on rates at synonymous positions of the Acc genes can
be extended to analyze evolution of grasses above the
tribe level. Including the Pgk genes in this analysis
would make it even more significant. For species at
these levels of genetic relatedness, intron sequences
are too divergent to allow reliable multiple-sequence
alignments to be created. Exon-based phylogenetic
analysis above the family level can be expected to be
less reliable, as the number of nucleotide changes per
site at synonymous positions reaches values above 0.7
and calculations of rates corrected for multiple sub-
stitutions becomes difficult. Some results of phyloge-
netic analysis covering longer evolutionary distances
are shown in Figures 3 and 4 and in Table 3. Phyloge-
netic analysis over long evolutionary distances based
on the Acc and Pgk sequences and for plants other than
grasses was beyond the scope of this study.

The barley and rye example proves that the two-
gene approach (Acc-1 and Pgk-1) is suitable to study
evolution below the tribe level. For more diver-
gent species, synonymous positions, intron sites, and
pseudogene sites can be used. Intron sequences will
be more useful for closely related species as more
nucleotide changes can be analyzed. The observed
number of nucleotide differences in cloned fragments
of Acc and Pgk genes was about 2 and 5 changes per
million years at synonymous positions and in introns,
respectively, with the clock calibrated as described
above. The high consistency of the intron data is espe-
cially encouraging, for example, for the more detailed
analysis of the species of the Triticum/Aegilops com-
plex which will be presented elsewhere. However,
even the exon-based phylogenies (Figures 3 and 4)
provide important information on the pattern of evo-
lution of these species, such as the origin of the A
genome in tetraploid and hexaploid wheats (T. urartu)
and the origin of the D genome in hexaploid wheat
(A. tauschii).

Several potential sources of error in gene
sequence-based phylogenetic analysis were identified,
including difficulties in establishing orthologous rela-
tionships and in creating meaningful sequence align-
ments, greater variability in substitution rates for some
lineages and some genes, and too few or too many nu-
cleotide changes for species at the two ends of the ge-
netic relatedness scale. To overcome these problems,
a multi-gene approach was needed.

Discussion

We have established a two-gene system to study
grass evolution based on nuclear genes encoding the
eukaryotic-type (multi-domain) plastid ACCase (Acc-
1 genes) and the prokaryotic (endosymbiont)-type
plastid PGK (Pgk-1 genes). The single-copy nature
of these genes observed in most grass species an-
alyzed so far is essential for the establishment of
orthologous relationships between the genes. This is
critical for the use of gene sequences to reveal phy-
logenetic relationships between species with a high
confidence level. Genes encoding cytosolic ACCase
and PGK (Acc-2 and Pgk-2, respectively) can serve
as an additional source of information in cases where
the multiple-copy character of these genes is un-
derstood and does not affect the interpretation. The
Acc-2-related pseudogene also serves as a source of
phylogenetic information for the Triticeae tribe.

The ACCase and PGK genes included in this study
complement each other because of their different evo-
lutionary origin, the dual subcellular localization of
their products, their involvement in different metabolic
processes and their presumed different chromosome
location. Corroborating evidence from independent
data sets obtained for genes with such different char-
acteristics adds significantly to the confidence level
of any conclusions reached. The method has inherent
limitations as to the relatedness of species that can
be analyzed. For more divergent species, from the
tribe to the subfamily level, reliable alignment of in-
tron sequences becomes a problem. Exon sequences
can then be used to address some of the questions
by the analysis of nucleotide substitution rates at syn-
onymous positions. Phylogenetic analysis over even
longer evolutionary distances requires careful assess-
ment of synonymous and nonsynonymous nucleotide
substitution rates and their heterogeneity in different
lineages. At the other end of the spectrum, the method
will fail for very closely related species, for different
accessions of the same species or populations, because
there will not be enough nucleotide changes to count,
even in introns. The method is suitable for analysis
within the window defined by these two extremes.

Our data are consistent with the known facts on the
origin of ACCase and PGK in grasses, eukaryotic ver-
sus prokaryotic, respectively (see Introduction). Fur-
thermore, the Acc- and Pgk-based reconstruction of
the phylogenetic relationships between some grass lin-
eages is in full agreement with the known milestones
of grass evolution. Finally, nucleotide substitution
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rates at synonymous and nonsynonymous positions,
and in introns of Acc and Pgk genes, are similar to
each other and are within the range found for other
nuclear genes. These are all important check points.

Neighbor-joining trees, calculated including all
exon positions (synonymous and nonsynonymous),
were selected for the presentation to provide an
overview of all available information on plant multi-
domain ACCase genes (Figure 3) and all plant PGK
genes (Figure 4). The key steps in evolution of these
two enzymes in plants, revealed by our exon sequence-
based phylogenetic analysis, are consistent with ear-
lier findings (Introduction, Figure 1). Gene duplica-
tion, giving rise to the multi-domain plastid ACCase
isozyme in grasses, occurred early in the evolution of
the family, well before the divergence of the major
grass subfamilies. A similar gene duplication occurred
independently in Brassica napus, leading to a new
plastid ACCase isozyme in this species.

It was suggested that plant PGKs (cytosolic and
chloroplast) are more closely related to the cyanobac-
terial PGK than to PGKs from other eukaryotes (Mar-
tin and Schnarrenberger, 1997). Contrary to the his-
tory of the eukaryotic-type ACCase gene, duplication
of the bacterial-type PGK gene must have occurred
before the dicot-monocot separation. This is in agree-
ment with the phylogeny shown in Figure 4 although
the topology of this part of the tree is not unambigu-
ous.

The phylogenetic relationships among major grass
lineages deduced from nucleotide sequence compar-
isons of the two genes are consistent with each other,
with grass taxonomy and with the milestones of grass
evolution revealed by other methods (Wolfe et al.,
1989; Hsiao et al., 1994; Barker and Linder, 1995;
Clark et al., 1955; Bennetzen and Kellogg, 1997;
Kellogg, 1998; Soreng and Davis, 1998). These
milestones include divergence of the Pooideae and
Panicoideae subfamilies, divergence of Panicum and
Zea in the Panicoideae subfamily, and a series of
events leading to the Triticum/Aegilops complex, and
divergence of Lolium, Hordeum and Secale. These re-
lationships are supported by phylogenies derived by
different methods. The results of the phylogenetic
analysis of rye and barley based on Acc-2 and Pgk-
2 genes are difficult to interpret because gene copy
number and orthologous relationships in these cases
have not been established.

Other well-resolved clades include the two major
Acc-2 clades identified previously (Faris et al., 2001)
and the partially processed pseudogene (�-Acc-2)

clade. The topology of the phylogenetic tree (Figure 3)
suggests that the divergence of the two major Acc-2
clades occurred after the divergence of Lolium from
the Triticum/Aegilops lineage. The pseudogene was
probably formed at approximately the same time, al-
though this conclusion may not be accurate because of
the different nature of the genes being compared.

On a relative basis, with the divergence of the
Pooideae and Panicoideae subfamilies set at 60 MYA,
events leading to the Triticum/Aegilops complex oc-
curred at the following intervals: divergence of Lolium
at 35 MYA, divergence of Hordeum at 11 MYA and
divergence of Secale at 7 MYA. On the same scale,
gene duplication leading to the multi-domain plastid
ACCase in grasses occurred at 129 MYA, divergence
of grass and dicot plastid PGK genes at 137 MYA,
and divergence of grass and dicot cytosolic PGK genes
at 155 MYA. Our estimate of the divergence time of
Hordeum is very similar to an earlier estimate of 12
MYA based on the molecular clock set exactly as in
this study but on sequences of different genes (Wolfe
et al., 1989). On the other hand, if the divergence
of grass and dicot Pgk genes reflects divergence of
monocots and dicots, our estimate for the timing of
this event, 137–155 MYA, is below an earlier estimate
of about 200 MYA (Wolfe et al., 1989) but could still
be reconciled with the sparse fossil records (Introduc-
tion) and with the proposed timing of the Acc gene
duplication in grasses at 129 MYA. The absolute diver-
gence times calculated from a very crude fossil-based
estimate of the divergence time of the major grass sub-
families (Introduction) used to calibrate the molecular
clock have to be treated with caution. On a relative
basis, however, they probably reflect quite well the
sequence of events leading to the wheat lineage.

The significant amount of information for the Trit-
iceae tribe will allow us to revisit the problem of
phylogenetic relationships among wheat and it rela-
tives, and some unresolved problems of the origin of
their genomes. Good understanding of the evolution
of the Acc and Pgk gene families and the congru-
ence of different phylogenetic trees at major branch
points makes the approach suitable for the phyloge-
netic analysis of the grass family as well as other
plants.
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