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ABSTRACT
The r1 and b1 genes of maize, each derived from the chromosomes of two progenitors that hybridized

�4.8 million years ago (MYA), have been a rich source for studying transposition, recombination, genomic
imprinting, and paramutation. To provide a phylogenetic context to the genetic studies, we sequenced
orthologous regions from maize and sorghum (�600 kb) surrounding these genes and compared them
with the rice genome. This comparison showed that the homeologous regions underwent complete or
partial gene deletions, selective retention of orthologous genes, and insertion of nonorthologous genes.
Phylogenetic analyses of the r/b genes revealed that the ancestral gene was amplified independently in
different grass lineages, that rice experienced an intragenomic gene movement and parallel duplication,
that the maize r1 and b1 genes are descendants of two divergent progenitors, and that the two paralogous
r genes of sorghum are almost as old as the sorghum lineage. Such sequence mobility also extends to
linked genes. The cisZOG genes are characterized by gene amplification in an ancestral grass, parallel
duplications and deletions in different grass lineages, and movement to a nonorthologous position in
maize. In addition to gene mobility, both maize and rice regions experienced recent transposition (�3
MYA).

THE grass family (Poaceae) is well known for the specific clades. For instance, three translocations marked
the ancestral lineage of Panicoideae (Gale and Devoseconomic importance of its members, such as rice

(Oryza sativa), maize (Zea mays), barley (Hordeum vulgare), 1998) and genome replication, chromosomal fusion,
and rearrangements occurred on the Brassica lineageoats (Avena sativa), sorghum (Sorghum spp.), wheat

(Triticum spp.), and rye (Secale cereale). Even though after its divergence from the Arabidopsis thaliana lineage
(Lagercrantz 1998). However, evolutionary forcesnuclear DNA content among members of the family

varies extensively, �40-fold (Bennett and Smith 1976; that lead to speciation of closely related species work
locally within the genomes. Recently, to uncover charac-Bennett et al. 2000), comparative mapping studies

(Hulbert et al. 1990; Ahn and Tanksley 1993; Moore teristics of local evolution of plant genomes, several
researchers compared the genomic content and organi-et al. 1995; Gale and Devos 1998; Feuillet and Keller
zation of orthologous regions at the sequence level2002) have demonstrated that significant portions of
across various grass species. Regions analyzed to datethe genomes are conserved (collinear) and that, aside
are the sh2/a1 region (Chen et al. 1997, 1998), the Lrkfrom polyploidization, the large size of a genome is
region (Feuillet and Keller 1999), the adh1/2 regionmostly due to a high content of repetitive elements
(Tikhonov et al. 1999; Ilic et al. 2003), the 22-kD Zein(SanMiguel and Bennetzen 1998; Meyers et al. 2001).
cluster region (Song et al. 2002), the Vrn1 region (Rama-Large-scale studies using genetic maps based on DNA
krishna et al. 2002a), the Rp1 region (Ramakrishna etmarkers are limited to the detection of large-scale chro-
al. 2002b), the Rph7 region (Brunner et al. 2003), andmosomal rearrangements, such as translocations, in-
the lrs/lg region (Langham et al. 2004). Although thesetrachromosomal inversions, genome replication, chro-
studies generally confirmed gene conservation (micro-mosomal fusion, and rearrangements that characterize
collinearity) among orthologous segments of various
grass taxa, they also reported small-scale genic rearrange-
ments, such as gene insertions, deletions, amplifica-

Sequence data from this article have been deposited with the
tions, inversions, and translocations.EMBL/GenBank Data Libraries under accession nos. AY542311,

AF466202, AF466203, and AY542310. These studies are too few in number to produce a
1Present address: Department of Genetics, University of Georgia, Ath- general picture of genome evolution. Only a few of

ens, GA 30602-7223. them compare sequences from more than two species
2Corresponding author: Waksman Institute of Microbiology, Rutgers and very few studied duplicated (homeologous) regionsUniversity, 190 Frelinghuysen Rd., Piscataway, NJ 08854-8020.

E-mail: messing@waksman.rutgers.edu of polyploid species. Furthermore, evolutionary analyti-

Genetics 169: 891–906 (February 2005)
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cal methods accompanied only a small number of them. out the manuscript, despite the previously published
form, we use uppercase letters for loci and lowercasePhylogenetic analyses, providing interpretation of the

pattern and direction of genome evolution and facilitat- letters for genes.) Depending on the maize variety, the
R locus may contain one (Dellaporta et al. 1988) oring reconstruction of the common ancestor, when cou-

pled with small-scale comparative genomic studies, can up to four r genes (Eggleston et al. 1995). Unlike the
R locus, the B locus contains only one gene, the b1 geneprovide more accurate insight into the history of gene

duplication and genic rearrangements. In this respect, (Patterson et al. 1991). Both the r1 and the b1 genes
in maize can induce tissue pigmentation in other plants,rice (with 430 Mb of nuclear DNA per haploid genome),

sorghum (750 Mb), and maize (2400 Mb) represent such as wheat, barley, sorghum, petunia, Arabidopsis,
Nicotiana, and Lycopersicon (Lloyd et al. 1992; Bilangsuitable species to study the patterns of local genomic

evolution because of their moderate difference (5.8- et al. 1993; Casas et al. 1993; Quattrocchio et al. 1993;
Galway et al. 1994).fold) in genome size and known phylogenetic relation-

ships. Because the divergence of a rice ancestor from In this study, we present a comparison of genomic
content of orthologous chromosomal regions con-the lineage that gave rise to sorghum and maize repre-

sents the largest temporal distance within the grass fam- taining the r/b gene homologs from rice, maize, and
sorghum. We examine which types of genome evolutionily, �50–70 million years ago (MYA; Wolfe et al. 1989),

tracing genomic rearrangements between these taxa resulted in the observed genomic structure of these
regions across the three species and between the twomay allow us to reconstruct the genomic structure of

the common ancestor of grasses. The time of sorghum duplicated (homeologous) regions of maize. We pres-
ent a detailed analysis of molecular evolution of the r/band maize divergence from a common ancestor has

been estimated to be 11.9 MYA (Swigoňová et al. 2004). gene family in grasses and examine the evolutionary
pattern of gene duplication of the tightly linked cis-An additional benefit is that the rice genome has largely

been sequenced, with its chromosomes now available zeatin O-glucosyltransferase (cisZOG) gene. We also ex-
amine the content and history of retrotranspositionas 12 pseudomolecules (http://www.tigr.org/tdb/e2k1/

osa1/pseudomolecules/info.shtml). within these regions.
Here, we focus on the r/b chromosomal region mostly

because the r1 and b1 genes of maize have been subjects
MATERIALS AND METHODSof many genetic studies (Neuffer et al. 1997) and a

comprehensive analysis of molecular evolution of the Bacterial artificial chromosome isolation and mapping of
gene family in grasses was lacking. The r/b genes, to- r/b homologs: An r1 probe obtained from maize by PCR of
gether with members of the c/pl gene family, coregulate the lc gene sequence (GenBank accession no. M26227) was

used to screen high-density filters for maize (Zea mays L. cvtranscription of structural genes in the anthocyanin bio-
B73) and sorghum (Sorghum bicolor cv BTx623) bacterial artifi-synthetic pathway (Ludwig and Wessler 1990; Dooner
cial chromosome (BAC) libraries (Yim et al. 2002; http://et al. 1991). Red and purple anthocyanins, the common www.tamu.edu/bacindex.html). Positive clones were digested

plant pigments, are produced in a wide variety of tissues by NotI and HindIII for fingerprint analysis and further ana-
where they serve many different functions, such as at- lyzed by restriction mapping. The purified BAC DNA, isolated

using a BAC DNA isolation kit (QIAGEN, Valencia, CA), wastracting pollinators and dispersal agents and protecting
physically sheared and ligated into a pUC vector for shotgunagainst insects, pathogens, and UV light. Biochemical
libraries, as previously described by Song et al. (2001). Se-and molecular studies showed that one functional allele quencing was done on an ABI 3700 capillary sequencer using

from each gene family is required for activation of the the ABI PRISM BigDye Terminator Cycle Sequencing Ready
structural genes of the anthocyanin biosynthetic path- Reaction kit (Applied BioSystems, Foster City, CA). Base call-

ing and assembly were based on phred/phrap programsway and that the pigmentation pattern of a plant tissue
(Ewing et al. 1998). About 10� coverage was generated forreflects allelic constitution at both of the regulatory loci
all of the BACs and sequence gaps were finished by specific(Dooner 1983; Cone et al. 1986; Goff et al. 1991, 1992; primers identified with the help of consed (Gordon et al.

Bodeau and Walbot 1992; Tuerck and Fromm 1994; 1998) or by transposon minilibraries, constructed according
Sainz et al. 1997; Grotewold et al. 1998; Lesnick and to the manufacturer’s instructions (Finnzyme, Helsinki).

Sequence analysis: Genes predicted by FGENESH (http://Chandler 1998).
www.softberry.com/berry.phtml? topic�gfind&prg�FGENESH)The r/b gene family in maize is represented by the R
and GENSCAN (http://genes.mit.edu/GENSCAN.html), us-locus (Dellaporta et al. 1988) on the long arm of ing the monocots option, were further analyzed by homology

chromosome 10 (here referred to as maize-10L), the searches using a variety of BLAST searches (Altschul et al.
B locus (Chandler et al. 1989) on the short arm of 1997) against GenBank nucleotide, protein, and EST data-

bases. The intergenic regions were analyzed separately forchromosome 2 (maize-2S), and displaced genes, such
the presence of transposable elements using homology-basedas the lc (Ludwig et al. 1989) and sn (Consonni et al.
searches against GenBank and TIGR Gramineae repeat data-1992) genes located �2 cM distal to the R locus
base (http://tigrblast.tigr.org/euk-blast/index.cgi?project�

(Dooner and Kermicle 1976; Gavazzi et al. 1990) and plant.repeats).
the hopi gene located 4.5 cM distal to the R locus Genomic sequences of the r/b homologs identified within

the studied genomic intervals were aligned against the pub-(Petroni et al. 2000). (To obtain consistency through-
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TABLE 1

BAC clones used in this study

Organism BAC ID Size (bp) Accession no.

Oryza sativa japonica (Nipponbare) OSJNBa0065O17 (4)a 167,269 AL606682
OSJNBb0012E24 (4) 127,506 AL606647

Sorghum bicolor SB20O07 (?) 157,237 AY542311
Zea mays mays (B73) ZMMBBb0138BO4b and 290,350 AF466202

ZMMBBc0333J11c (10L)
ZMMBBb0092E12b (2S) 147,198 AF466203
ZMMBBc0566K20c,d (2S) �134,000 AY542310

a Chromosomal location of a BAC contig.
b Referred to as 5� BAC in the text.
c Referred to as 3� BAC in the text.
d This clone was partially sequenced; present assembly is in phase 2 (nine ordered pieces, 134,220 bp).

lished cDNA of the lc gene (Ludwig et al. 1989) using the to 50 MYA for the divergence of rice, sorghum, and maize
(Wolfe et al. 1989) and another to 11.9 MYA for the diver-BESTFIT program of the Wisconsin GCG package (Devereux

et al. 1984). Predicted ORFs of the cisZOG gene were aligned gence of sorghum and maize (Swigoňová et al. 2004).
Dating of retrotransposon insertion: Both long terminalagainst the published cDNA of cisZOG1 and cisZOG2 genes

of maize (AF318075 and AY082660, respectively). Multiple repeats (LTRs) of each identified LTR-retrotransposon were
aligned using ClustalX (Thompson et al. 1997) and the re-sequence alignment of full-length coding sequences per-

formed by ClustalX (Thompson et al. 1997) was manually sulting alignment was manually reviewed. Distance estimations
between pairs of LTRs were based on Kimura’s (1980) two-adjusted with reference to amino acid alignment using Mac-

Clade 4 (Maddison and Maddison 2000). In addition to the parameter model (K2P). According to the recent study by Ma
r/b genes identified within the studied intervals, 8 full-length and Bennetzen (2004) showing that nucleotide substitutions
and 15 partial sequences of r/b homologs were used from in the LTR-retrotransposons of rice (and, presumably, other
GenBank: maize lc (M26227), sn (X60706), hopi (AJ251719), grasses) occur at rates at least twofold higher than synonymous
rs (X15806), and b-Peru (X57276); rice plw-OSB1 (AB021079), substitutions in functioning grass genes, the proposed rate of
plw-OSB2 (AB021080), ra (U39860–65), and rb (AP003310, 1.3 � 10�8 substitutions/site/year was used for dating LTR-
U39867, U39868, U39866); Phyllostachys acuta r gene (U11448); retrotransposon insertion times.
Pennisetum glaucum r genes (U11444–47); and Tripsacum aus-
trale r gene (U11449).

Phylogenetic analyses and rate estimation: Coding se-
RESULTSquences of the r/b homologs corresponding to part of the

second through part of the ninth exons of the lc gene and Isolation and sequencing of r/b orthologous regions
the entire coding sequence of the cisZOG homologs were used

in maize and sorghum: Analysis of r/b homologs derivedfor phylogenetic analyses and rate estimations. Phylogenetic
from a common ancestral chromosome requires theanalyses were performed using PAUP* 4.0b10 (Swofford

1999). Maximum parsimony (MP) analyses were performed isolation of genomic clones of BACs from closely related
with branch-and-bound search, and maximum likelihood chromosomal regions that are orthologous. Screening
(ML) analyses were performed using heuristic searches with of the sorghum and maize BAC libraries with the r1
100 random taxon addition replicates with TBR branch swap-

probe yielded such clones that provided a single BACping. Evolutionary models used in ML analyses were selected
contig in sorghum and two BAC contigs in maize byusing Modeltest 3.06 (Posada and Crandall 1998) with the

Akaike Information Criterion. In the case of the r/b homologs, fingerprint analysis. This result was expected, given the
we also performed Bayesian analysis using MrBayes v3.0b4 duplicated nature of the r/b region within the maize
(Huelsenbeck and Ronquist 2001) on data partitioned ac- genome. To extend the sequence window for compara-
cording to variable and conserved regions (see below). Sup-

tive analyses, we selected and fully sequenced one addi-port for individual nodes within tree topologies was evaluated
tional BAC clone corresponding to the 3� extension ofby a nonparametric bootstrap analysis (Felsenstein 1985)

performed with 100 pseudoreplicates with 10 random taxon the maize-10L region (Table 1). To examine if con-
addition heuristic searches in each pseudoreplicate. Synony- served genes are located in a single BAC size extension
mous and nonsynonymous distances were estimated by the of the sequenced contig, another BAC clone, represent-
maximum likelihood method implemented in codeml of

ing the 3� extension of the maize-2S region, was onlyPAML (Yang 1997) under the F3x4 model (Goldman and
partially sequenced (assembly ended in phase 2, 9 or-Yang 1994). Gene rates at synonymous sites were calculated

as described by Swigoňová et al. (2004). For the cisZOG genes, dered contigs, 134,220 bp). Two additional conserved
the program r8s (Sanderson 2002a), which implements the genes were identified in this extension. See Table 1 for
semiparametric method using penalized likelihood (San- descriptions of the BAC contigs used in our study.
derson 2002b), was used to assess variance in evolutionary

Genomic comparison of orthologous regions: Genessubstitution rates and incorporate such variance into the esti-
identified within the studied segments are listed in Ta-mation of ages of lineages. The absolute ages of gene duplica-

tions were estimated using two calibration points. One was set ble 2. Three of the 15 candidate genes in rice and 3 of
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TABLE 2

Genes identified within the studied r/b chromosomal segments of rice, sorghum, and maize

Accession EST (% identity;
Organism Genea Gene homology b no. e-value source organism)c

Rice 1A Subtilisin-like proteinase (L.e.)d T06580 1.20E-174 No EST
1B Subtilisin-like proteinase (L.e.) T07184 1.50E-154 AU163615 (99; O.s.j.)
2 Putative acyl-CoA thioesterase (A.t.) BAC42016 9.40E-109 BQ906059 (99; O.s.)
3 Hypothetical protein (A.t.) NP_171887 5.00E-29 No EST
4A Transcription activator Ra (O.s.) S65802 0 No EST
4B R-type basic helix-loop-helix protein (O.s.) BAB64302 2.00E-131 No EST
4C R-type basic helix-loop-helix protein (O.s.) BAB64302 8.90E-151 No EST
5 Isr (genetic modifier; Z.m.) AAG17894 1.40E-125 CA759443 (99; O.s.i.)
6 Conserved unknown expressed protein (f; A.t.) NP_973513 NA No EST
7A cis-zeatin O-glucosyltransferase (Z.m.) AAK53551 3.20E-177 BM418761 (98; O.s.)
7B cis-zeatin O-glucosyltransferase (Z.m.) AAK53551 0 No full-size EST
7C cis-zeatin O-glucosyltransferase (Z.m.) AAK53551 7.30E-98 BI811986 (93; O.s.)
8 Glutathione peroxidase (T.m.) AAQ64633 2.80E-84 BI800245 (96; O.s.)
9 Putative copper-transporting ATPase 3 (A.t.) Q9SH30 0 CA766376 (96; O.s.i.)

10 Probable threonine ammonia-lyase (A.t.) T04211 8.70E-163 No EST
11 Actin depolymerizing factor (A.t.) P30175 1.80E-51 CA759593 (89; O.s.i.)
12 beige/BEACH domain-containing protein (A.t.) NP 182078 0 CB000865 (100; O.s.j.)
13 Pre-mRNA processing RNP-binding T02269 3.20E-127 CA765686 (99; O.s.i.)

region-containing protein (A.t.)
14 Putative glycerol-3-transporter (A.t.) NP_566891 0 CB647889 (100; O.s.)
15 Scl1 protein (O.s.; fragment) T51243 3.90E-106 BQ906849 (93; O.s.)

Sorghum 1 Hypothetical protein (O.s.) BAA99512 4.01E-36 No EST
2A Regulatory protein B-Peru (Z.m.) S16594 0 BE357449 (100; S.b.)
3A Kelch repeat-containing F-box family protein (A.t.) NP_974481 1.50E-117 BI351048 (99; S.b.)
3B Kelch repeat-containing F-box family protein (A.t.) NP_564347 3.10E-09 BI351261 (96; S.b.)
2B Regulatory protein B-Peru (Z.m.) S16594 0 BI096615 (90; Z.m.)
4 Isr (genetic modifier; Z.m.) AAL75477 4.80E-45 AW283838 (97; S.b.)
5 Conserved unknown expressed protein (A.t.) NP_973513 1.30E-22 BG412201 (100; S.b.)
6 Putative NAM (O.s.) NP_912423 4.10E-18 BG557594 (100; S.b.)
7A cis-zeatin O-glucosyltransferase (Z.m.) AAK53551 0 BG464169 (98; S.b.)
7B cis-zeatin O-glucosyltransferase (Z.m.) AAK53551 3.90E-138 BE594517 (98; S.b.)
7C cis-zeatin O-glucosyltransferase (Z.m.) AAK53551 6.70E-138 BE594517 (85; S.b.)
7D cis-zeatin O-glucosyltransferase (Z.m.) AAK53551 4.40E-150 BE594517 (85; S.b.)
8 Probable small nuclear ribonucleoprotein prp4 (A.t.) O22212 5.67E-24 No EST
7E cis-zeatin O-glucosyltransferase (Z.m.) AAK53551 1.20E-161 BG241630 (97; S.p.)
9 Glutathione peroxidase-like protein (H.v.) CAB59893 9.22E-88 BG559955 (95; S.b.)

10A Potential copper-transporting ATPase 3 (A.t.) Q9SH30 0 BM331692 (98; S.b.)
10B Potential copper-transporting ATPase 3 (A.t.) Q9SH30 0 BM325963 (83; S.b.)
11 Probable threonine dehydratase (A.t.) T04211 1.82E-113 BI098438 (98; S.b.)
12 Actin depolymerizing factor (L.l.) P30175 6.57E-63 BQ528336 (78; Z.m.)
13 beige/BEACH domain-containing protein (A.t.) NP 182078 5.50E-71 No EST

(continued)

the 13 candidate genes in sorghum are represented by its a density similar to those previously reported from
other sorghum regions (Chen et al. 1997; Tikhonov etmultiple copies. All 11 genes recognized in the maize-

10L segment and all 5 genes within the maize-2S interval al. 1999; Ramakrishna et al. 2002a). The gene density
significantly differed between the two duplicated re-are present in single copies. The rice and sorghum

regions (Figure 1) share 9 consecutive genes in the same gions of maize (26.4 kb/gene in maize-10L and 49.1
kb/gene in the maize-2S segment). Within the windoworder (collinear). The observed gene density in the rice

segment, 11.4 kb/gene, is slightly lower than estimates of 9 genes shared by rice and sorghum, the microcolli-
nearity of the two regions is disrupted by the presencefor the entire genome (7–9 kb/gene; Song et al. 2001;

Feng et al. 2002; Goff et al. 2002; Sasaki et al. 2002; Yu of genes 3A, 3B, 6, and 8 in the sorghum segment (Ta-
ble 2).et al. 2002; Rice Chromosome 10 Sequencing Consor-

tium). The sorghum r/b region with 7.9 kb/gene exhib- Six of the consecutive genes shared by rice and sor-
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TABLE 2

(Continued)

Accession EST (% identity;
Organism Genea Gene homology b no. e-value source organism)c

Maize-10L 1 NADP-dependent malic enzyme (f; Z.m.) AAL75485 3.30E-163 AA979812 (Z.m.)
2 Pinhead protein (A.t.) Q9XGW1 5.69E-59 No EST
3 Anthocyanin regulatory R-S protein (Z.m.) P13027 0 BI096615 (100; Z.m.)
4 Isr (genetic modifier; Z.m.) AAG17894 0 CA452435 (98; Z.m.)
5 Putative S-domain receptor-like protein kinase (O.s.) BAA94516 6.25E-42 No EST
6 Aldose reductase-related protein (H.v.) P23901 2.39E-92 AW191412 (98; Z.m.)
7 Conserved unknown expressed protein (A.t.) NP_973513 5.40E-19 CF054723 (96; Z.m.)
8 Glutathione peroxidase-like protein (H.v.) CAB59895 2.89E-82 BG842591 (100; Z.m.)
9 Putative glycerol-3-transporter (A.t.) NP_566891 0 BM259481 (99; Z.m.)

10 Response regulator (Z.m.) T50859 3.14E-12 No EST
11 Probable 4-coumarate-CoA ligase-like protein (A.t.) T46131 2.89E-09 BM317765 (78; S.b.)

Maize_2S 1 Anthocyanin regulatory R-S protein (Z.m.) P13027 2.80E-69 BI096615 (91; Z.m.)
2 zeatin O-glucosyltransferase (P.v.) Q9ZSK5 1.47E-62 AW065903 (94; Z.m.)
3 Conserved unknown expressed protein (f; A.t.) A84619 1.00E-14 BQ744651 (99; Z.m.)

NA, not applicable.
a Genes are listed according to their occurrence at the genomic sequences, from 5� to 3� end, as depicted in Figure 1.
b Genes showing significant sequence similarity with the predicted genes. The accession numbers of these genes are listed in

the fourth column and the e-values in the fifth column. f, fragmented genes.
c ESTs showing significant sequence similarity to the predicted genes.
d Source organisms are abbreviated as follows: A.t., Arabidopsis thaliana; H.v., Hordeum vulgare; H.v.v., H. v. vulgare; L.e., Lycopersicon

esculentum; L.l., Lilium longiflorum; O.s., Oryza sativa; O.s.j., O. s. japonica; O.s.i., O. s. indica; P.l., Phaseolus lunatus; S.b., Sorghum
bicolor; S.p., S. propinquum; T.m., Triticum monococcum; Z.m. Zea mays.

ghum (corresponding to rice genes 4, 5, 6, 7, 8, and 9) shared by the maize-10L region and sorghum, sug-
gesting that its insertion predated the time of sorghumwere also detected within the homeologous regions of

maize; however, only the genes corresponding to rice and maize divergence. Both maize chromosomal seg-
ments are rich in LTR-retrotransposons. The identifiedgenes 4, 6, and 8 are contemporaneously present in

both of the maize regions as homeologous duplicates. retrotransposons constitute 55% of the maize-10L and
76% of the maize-2S genomic sequences. Of the 17Two of these shared genes, the r/b gene homolog and

the glutathione peroxidase, are of full length. The third LTR-retrotransposons identified within the maize-10L
region, only 4 are nested. In the maize-2S region, 5conserved gene (corresponding to rice gene 6) is trun-

cated in both the rice and the maize-2S segments. Both LTR-retrotransposons are nested and 1 is present as a
solo LTR within another LTR-retrotransposon. In bothmaize segments experienced gene deletions, but the

pattern of deletion is different on the maize-10L and -2S maize regions the identified LTR-retrotransposons seem
to be full length.segments. Disregarding gene amplifications, the maize-

10L region experienced deletion of five genes (corre- Molecular analysis of the r/b homologs: To investi-
gate the relationship among the r/b gene homologs ofsponding to rice 7, 9, 10, 11, and 12) and the maize-2S

experienced deletion of at least one gene (correspond- sorghum and maize, we used rice as the outgroup. To
extend the taxon sampling, we also included full-lengthing to rice gene 5). Microcollinearity on maize-10L is

interrupted by the presence of two genes (5 and 6) not sequences of previously described r/b homologs from
maize (lc, sn, hopi, rs, and b-Peru) and rice (ra, rb, plw-found in this region in rice and sorghum and by the

absence of the cis-ZOG gene (rice gene 7). On maize- OSB1, and plw-OSB2). The aligned coding sequences,
containing 2016 nucleotides, correspond to part of the2S, genes 2 and 3 (corresponding to rice genes 7 and

6, respectively) are inverted relative to their positions second exon through part of the ninth exon of the lc
gene of maize (http://pgir.rutgers.edu/).in rice and sorghum (Figure 1).

The rice region was found to contain many frag- The rice region contains three r/b homologs (further
referred to as r/b-O1, r/b-O2, and r/b-O3), the sorghummented LTR-retrotransposons (not shown) and two in-

tact LTR-retrotransposons (Figure 1). We did not find region contains two (r/b-S1 and r/b-S2), and each maize
region contains one r/b homolog [r1 on maize-10L (rep-any fragmented or intact retrotransposons in the sor-

ghum segment, in accord with results for the adh1/2 resenting a simplex R-P allele) and b1 in the maize-2S
region]. [In this study, names of genes identified within(Tikhonov et al. 1999) and the orp1/2 regions (Lai et

al. 2004). One DNA transposon, the putative TNP2, is the studied segments are written as a name of a gene
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homolog (such as r/b or cisZOG) followed by a hyphen, logs that were already available in GenBank. Those se-
quences, covering only the conserved basic helix-loop-the first letter of the genus name of the organism (O

for Oryza, S for Sorghum, Z for Zea), and a number helix domains and the 5� end of the C-terminal domains
(exons 8 and 9 of the lc gene of maize), are from wildindicating its occurrence on the studied genomic region

from the 5� to the 3� end. In the case of the r/b genes species of rice and also from P. acuta (tribe Bambuseae),
P. glaucum (tribe Paniceae), and T. australe (tribe Andro-of maize, we follow the traditional nomenclature. The

r1 gene is from the maize-10L region (representing pogoneae). The recovered topology is largely in agree-
ment with the topology recovered from the full-lengtha simplex R-P allele) and the b1 gene is from the

maize-2S region.] The nucleotide sequences of the two sequences. In addition, the rice sequences were recov-
ered in two well-supported clades (Figure 2B). Oner/b homologs of sorghum are 89.8% identical and on

average they share 86.8 and 88.2% nucleotide identity clade contains only sequences from the rice Ra locus
(chromosome 4), while the other clade includes twowith the maize r1 (also as R-P in Figure 2) and b (as B-

b in Figure 2) genes, respectively. The two maize r/b sister clades, one containing r/b homologs mapping to
chromosome 4 (the Ra locus) and another containinghomologs are 87.5% identical in their nucleotide se-

quences. Rice r/b-O1 contains a premature stop codon sequences from chromosome 1 (the Rb locus). Ac-
cording to the recent study by Paterson et al. (2004),at position 520–522 in the nucleotide alignment (http://

pgir.rutgers.edu/) and is 99.2% identical to plw-OSB1 who reported that the ancestral lineage leading to cereal
taxa experienced whole-genome duplication at �70and 98.8% identical to the ra gene. Gene r/b-O2 is 99.8%

identical to plw-OSB2 and also lacks a C terminus, as MYA, we examined whether the Ra and Rb regions of
rice are indeed the product of the ancient duplicationpreviously reported for plw-OSB2 (Sakamoto et al.

2001). Both genes have premature stop codons at their by examining the surrounding genic structure of the Rb
locus. Using the Rice FPC map of the Arizona Genomicsequence, the first one at position 1648–1650 in the

alignment. Therefore, substitution rates were estimated Institute (http://www.genome.arizona.edu/fpc/rice/)
we identified three overlapping BAC clones (AP003432,for all pairs of genes excluding r/b-O1, r/b-O2, and plw-

OSB2, since these three are expected to evolve under AP003310, and AP002908) that produced a 361,635-bp-
long contig covering the Rb locus. Within this contigdifferent constraints. Rice r/b-O3 exhibits 70.1 and

60.9% nucleotide identity with r/b-O1 and r/b-O2, respec- we identified two r/b homologs, here called rb1 and
rb2, that were included in additional analyses. Sequencetively.

Phylogenetic analyses of amino acid sequences as well annotation did not recover any additional shared genes
between the regions of rice chromosome 4 (Ra locus)as nucleotide sequences recovered the same topology

for the gene tree (as shown in Figure 2A). All rice r/b and chromosome 1 (Rb locus), indicating that those
two loci are not the products of a genomic duplication.sequences were recovered in a monophyletic group with

two clades, one containing r/b-O2, plw-OSB2, and r/b-O3 Phylogenetic analysis using partial sequences of r/b ho-
mologs recovered rb1 and rb2 as sister taxa at the basesequences and the other containing the r/b-O1, plw-

OSB1, and ra genes. The two sorghum r/b homologs of the r/b homologs from the Rb locus of other rice
species (as shown in Figure 2B). Similarly, analysis ofwere recovered as a sister clade to the clade containing

maize b-Peru and the maize r/b homolog from chromo- the full-length sequences placed the two Rb genes as a
sister clade to the r/b-O2, r/b-O3, and plw-OSB2 cladesome 2S of B73 (b, also known as B-b). The r/b gene

homolog from maize chromosome 10L (r1, also known (Figure 2A), indicating that the ra and rb genes are
paralogs resulting from duplication of one single ances-as R-P) belongs to a clade that contains the r/b homologs

rs, lc, sn, and hopi, all mapped to the long arm of chromo- tral r/b gene at the lineage leading to rice. Using the
r/b sequence from Antirrhinum majus delila (M84913) assome 10.

To further examine the stability of the recovered rela- the outgroup we estimated that the duplication of the
ancestral r/b gene of rice occurred at �27.5 MYA.tionships among the 15 full-length sequences of the r/b

homologs (as shown in Figure 2A) and to investigate In addition, all four r/b homologs of P. glaucum are
from a monophyletic clade, indicating their origin bythe phylogenetic relationship of the r/b homologs among

other members of the grass family, we extended our duplication of a single ancestral gene. Furthermore, the
Tripsacum r/b gene is basal to sorghum and maize r/bdata for an additional 15 partial sequences of r/b homo-

Figure 1.—Graphical representation of microcollinearity at the r/b loci of rice, sorghum, and maize. Genes and putative genes
are numbered by the order of their appearance from the 5� to 3� end of a contig (as listed in Table 2). Copies of an amplified
gene are marked by the gene number and a letter in alphabetical order corresponding to their appearance on a contig. Red
arrows refer to genes (arrows depicting proposed directions of transcription), light blue arrows refer to DNA transposons, dark
rectangles show LTR-retrotransposons (hatching shows nested LTR-retrotransposons), and gray arrows refer to polyproteins.
The dashed line indicates the partially sequenced Z566K20 BAC. Lines connecting the contigs show conserved genes. Small
triangles show the positions of miniature inverted repeat transposable elements. P, partial; F, full-length LTR-retrotransposon.
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genes. However, the two sorghum r/b homologs were ZOG homologs varied in different analyses. Thus, the
chromosome 7 cisZOG gene is suspected to evolve underrecovered in polyphyletic position at the base of maize

genes from maize chromosome 2S (Figure 2B). Yet, one different constraints and was not used in further anal-
yses.has to keep in mind that this data set contains shorter

sequences and a larger number of terminal taxa. There- Five cisZOG genes were identified within the sorghum
interval (further referred to as cisZOG-S1 through cis-fore, we performed additional, Bayesian, analysis of the

full-length sequence data. We divided the data set ac- ZOG-S5), one of which is in an inverted position (7C in
Figure 1). While the maize-2S region contains one cis-cording to five variable and three conserved regions,

in which parameters of each partition were estimated ZOG gene (cisZOG-Z1), the orthologous region of
maize-10L lacks this gene. Martin et al. (2001) reportedindependently. Nevertheless, the recovered topology

supported the sister relationship of the two sorghum isolation of the cisZOG1 gene from maize that matches
exactly cisZOG-Z1 from the maize-2S region. Veach etr/b sequences, with the support of Bayesian posterior

probability of 100, further justifying the hypothesis that al. (2003) reported isolation of another gene, cisZOG2,
from the maize genome but its chromosomal locationthey represent paralogous genes that originated from

a duplication of an ancestral gene after sorghum and was not known. The nucleotide sequences of cisZOG-Z1
and cisZOG2 are 98.1% identical. We included se-maize lineages diverged from a common ancestor.

Molecular analysis of the cisZOG gene: Given the quences of both maize genes in our analyses. Maximum
parsimony analyses of nucleotides and amino acid se-range of mobility exhibited by the R/B locus in the last

50 million years, one wonders whether it might relate quences resulted in gene trees with the same topology
as the maximum likelihood tree shown in Figure 3A.to its function and position in its chromosomal region.

However, another locus in this region, just 43 kb down- The estimated phylogram shows several long branches,
for instance lineages of cisZOG-O3 and cisZOG-S5. A ratestream of the b1 gene, with even greater mobility, has

a completely different function. The CisZOG locus en- heterogeneity test revealed that rates of substitution vary
significantly among lineages. To decrease the effect ofcodes a protein that promotes cell division and plant

growth (Mok 1994). Using sequence divergence we in- long branches on the resulting phylogeny, we examined
the number of variable sites in nonoverlapping seg-vestigated the history of its gene duplication across the

three grass species. All identified cisZOG ORFs consist ments of 100 sites. In the following analyses, we excluded
the three most variable regions from the data. Analysesof one 1377- to 1407-bp exon. Three copies of the cisZOG

gene were predicted in the rice chromosomal segment of this reduced data set (1098 characters) resulted in a
tree topologically identical to that shown in Figure 3A.(see genes 7A, 7B, and 7C in Figure 1, hereafter referred

to as cisZOG-O1, cisZOG-O2, and cisZOG-O3, respectively). However, the rate heterogeneity test still uncovered sig-
nificant differences for several lineages of the gene tree.Genes cisZOG-O1 and cisZOG-O2 are 95.7% identical.

The cisZOG-O3 gene shares 73.95 and 74.95% nucleo- Thus we performed several additional analyses with
more extensive exclusion of variable characters and alsotide identity with cisZOG-O1 and cisZOG-O2, respectively.

Translation of the nucleotide sequences to the amino exclusion of sequences that showed significant increases
in their rate of change. The resulting trees, althoughacid sequences revealed the presence of premature in-

frame stop codons within the cisZOG-O3 gene at posi- often yielding less resolution (lineages were collapsing
to polytomies), all had the same backbone topology astions 1141–1143 and 1405–1407 of the sequence align-

ment (http://pgir.rutgers.edu/). A homology search us- shown in Figure 3A.
Using the estimated phylogenetic relationship amonging BLAST recovered another putative cisZOG gene on

rice chromosome 7 (GenBank accession no. AP004378). the cisZOG genes, as shown in Figure 3A, we traced the
history of gene duplication. For estimation of duplica-This gene is 72.2% identical at the nucleotide sequence

level to cisZOG-O1, 72.7% to cisZOG-O2, and 70% to the tion times we used the cisZOG homologs from soybean
(AF489873 and AF489874), Phaseolus (AF489876 andcisZOG-O3 gene. Phylogenetic analyses as well as a rate

heterogeneity test showed that this gene, from rice chro- AF489877), and Lycopersicon (AY082661) as the out-
groups. Rooting the gene tree at the outgroup speciesmosome 7, evolves at a significantly increased rate com-

pared to all other cisZOG genes from the four studied (as marked in Figure 3A) the cisZOG-S5 was recovered
at the base of the ingroup genes. Hence, the cisZOG-S5regions. Moreover, its relative position to the other cis-

Figure 2.—Phylogenetic relationships among the r/b gene homologs. (A) Phylogram resulting from ML analysis with a GTR �
I � G model of full-length r and b sequences (2016 nt). Numbers at the internodes refer to the bootstrap proportions from MP
(amino acids), MP (nucleotides), ML (nucleotides), and Bayesian-posterior probabilities, respectively. (B) Cladogram resulting
from MP analysis of partial sequences (434 nt); numbers show bootstrap values. (C) Proposed history of r/b gene duplication
in grasses. The three diagrams located near terminal branches of Oryza, Pennisetum, and Sorghum show the duplication pattern
of r/b gene in the corresponding lineage. The wavy line in the Oryza diagram depicts the transfer of one of the r/b homologs
to the rice chromosome 1 (the so-called Rb locus). X in the Zea lineage represents the tetraploidization event.
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Figure 3.—Phylogenetic relationship of cis-zeatin O-glucosyltransferase genes and a proposed history of their amplification and
removal. (A) An unrooted phylogram of cisZOG homologs from orthologous regions of rice, sorghum, and maize resulting from
ML(GTR � G) analysis. Numbers at the internodes show bootstrap values from MP (amino acids), MP (nucleotides), and ML
(nucleotides) analyses, respectively. The hexagon on the terminal branch of cisZOG-S5 depicts the position of the root of the
gene tree (see text). (B) Schema of a proposed pattern of cisZOG gene duplication and deletion in rice, sorghum, and maize.
Squares refer to genes. The dashed line between cisZOG-Z1 and cisZOG-Z2 illustrates that the two copies are not within the single
orthologous region of maize.

represents the oldest gene (here marked as a descen- A3, and A4; see Figure 3B). While the rice lineage expe-
rienced a duplication and two deletions of the ancestraldant of the A1 gene; Figure 3B) that was deleted inde-

pendently on the maize and rice lineages. Furthermore, genes, the sorghum still contains descendants of all four
ancestral genes. The most extensive gene deletion oc-rice cisZOG-O1 and cisZOG-O2 are close relatives to cis-

ZOG-S1, cisZOG-Z1, and cisZOG-Z2; therefore, they must curred on the maize lineage that contains only two du-
plicates of one ancestral gene, and nine genes werehave shared a common ancestor, which we will call the

A2 gene (Figure 3B). The ancestral A2 gene duplicated removed from its genome.
Retrotransposons and their times of insertion: Whileindependently on the lineage leading to rice (�32

MYA) and on the lineage leading to maize (�6.7 MYA). gene mobility has occurred throughout the evolution
of this chromosomal region even before speciation, se-While rice cisZOG-O1 and cisZOG-O2 are located within

the same chromosomal region, one maize gene, cisZOG- quence mobility of transposable elements in this region
occurred mostly during very recent times. Two full-Z2, was transferred to a nonorthologous location in

the maize genome. Since rice cisZOG-O3 and sorghum length LTR-retrotransposons, closely related to maize
Tekay and Huck, were identified in the rice segmentcisZOG-S2 form a clade in all analyses performed, they

must have shared a common ancestor, which we will (Figure 1). They inserted in the rice genomic sequence
at �0.8 and 0.02 MYA, respectively. Large numbers ofcall the A3 gene. Because the common ancestry of cis-

ZOG-S2, -S3, and -S4 genes can be traced to a later date fragmented retrotransposons were also found in the
rice region (not shown). The maize-10L region containsthan the split of rice and sorghum lineages, there must

have been a duplication on the ancestral lineage of 17 LTR-retrotransposons, representing 7 different fami-
lies, and the maize-2S region contains 12 LTR-retro-grasses that gave rise to genes A3 and A4. The ancestral

gene A3 gave rise to cisZOG-O3 and cisZOG-S2 and gene transposons from 5 families. The most common were
Ji (38%), Huck (24%), and Opie (17%). Eight LTR-retro-A4 gave rise to sorghum cisZOG-S3 and cisZOG-S4 genes.

The duplication of the A4 gene, however, happened transposons in the maize-10L regions are intact and not
in a nested organization. Both LTRs were identified forbefore the time when the two progenitors of the maize

genome diverged from sorghum (�40 MYA). Thus, the 22 retrotransposons. Six of the 22 LTR-retrotransposons
were inserted within another LTR-retrotransposon (seeimmediate ancestor of rice, sorghum, and maize had

four copies of cis-zeatin O-glucosyltransferase (A1, A2, Figure 1). In all six cases, the two LTRs of a recipient
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TABLE 3 sorghum and a window of 6 genes for simultaneous
comparison of all four genomic segments. Microcolli-Estimated distances (k) between pairs of LTRs and
nearity of the rice and sorghum genomic regions istimes of LTR-retrotransposon insertions
disrupted by 4 genes, here labeled 3A, 3B, 6, and 8.
They are not present in any of the other orthologousName k (�SE)a Time (�SE)b

segments, suggesting that they have been inserted
Chromosome 10L within the sorghum interval after sorghum divergedFourf 0.0094 (0.0029) 0.36 (0.11)

from maize. The duplicated gene 3 shows sequenceJi-2 0.0006 (0.0006) 0.02 (0.02)
similarity to the kelch repeat-containing F-box familyOpie-1 0.0230 (0.0045) 0.88 (0.17)
protein whose closest homologs are found on rice chro-TIM 0.0699 (0.0174) 2.69 (0.67)

Fasu 0.0000 (0.0000) 0 mosomes 10 and 1, respectively. Gene 6 shows similarity
Tekay-like 0.0230 (0.0029) 0.88 (0.11) to a no apical meristem (NAM) protein of rice and
Ji-3 0.0023 (0.0013) 0.09 (0.05) Arabidopsis and other NAC domain proteins. In a re-
Ji-4 0.0169 (0.0037) 0.65 (0.14) cent study, Ooka et al. (2003) found that NAM proteinsHuck-2 0.0316 (0.0043) 1.22 (0.17)

are members of NAC gene families that have at least 75Opie-2 0.0216 (0.0049) 0.83 (0.19)
predicted genes in the rice genome and 105 genes inJi-5 0.0000 (0.0000) 0
the Arabidopsis genome. Gene 8 is similar to a probableJi-6 0.0232 (0.0045) 0.89 (0.17)

Ji-7 0.0172 (0.0037) 0.66 (0.14) small nuclear ribonucleoprotein, and homologous se-
Opie-3 0.0049 (0.0020) 0.19 (0.08) quences were recovered from rice chromosomes 2, 3,

7, 9, and 12. The maize-10L region contains 2 inserted
Chromosome 2S genes, 5 and 6, that are not shared with any other ofHuck-3 0.0136 (0.0028) 0.52 (0.11)

the studied intervals. Gene 5 shows sequence similarityOpie-4 0.0532 (0.0066) 2.05 (0.25)
to an S-domain receptor-like protein kinase gene andJi-9 0.0192 (0.0036) 0.74 (0.14)
similar sequences were recovered from rice chromo-Ji-10 0.0086 (0.0026) 0.33 (0.10)

Huck-4 0.0110 (0.0025) 0.42 (0.10) somes 1 and 7. This gene family in maize contains at
Huck-5 0.0076 (0.0023) 0.29 (0.09) least 4 genes (Zhang and Walker 1993) and multiple
Milt 0.0432 (0.0081) 1.66 (0.31) members were also reported from Arabidopsis and Bras-
Huck-7 0.0081 (0.0022) 0.31 (0.08) sica (Braun and Walker 1996). Gene 6 is similar to

a The estimated number of substitutions per nucleotide site the aldose reductase-related protein and this gene was
(k), based on the K2P model, and its standard deviation (SE). also predicted from rice chromosomes 1 and 10. In

b The estimated time of LTR-retrotransposon insertion in summary, the genic interruption of microcollinearity
millions of years ago and its standard deviation.

between rice, sorghum, and maize is caused mostly by
insertion of high-copy-number genes in sorghum and
maize that probably occurred after sorghum divergedretrotransposon showed greater nucleotide variation

than the LTRs of an inserted retrotransposon. Using from the maize progenitors over the past 11.9 million
years (Swigoňová et al. 2004). The fact that gene move-an intergenic retrotransposon nucleotide substitution

rate of 1.3 � 10�8 substitutions/site/year (Ma and Ben- ment may be associated with gene amplification was
previously pointed out by other studies (Song et al. 2002;netzen 2004), we calculated the time of insertion of

the 22 LTR-retrotransposons (Table 3). All inserted in Lai et al. 2004).
In maize, deletion of homeologous copies of dupli-the maize genomic sequences within the last 3 million

years. The most pronounced activity has occurred within cated genes appears to be randomized across the home-
ologous regions of maize, since both segments experi-the last 1 million years, when �80% of the LTR-retro-

transposons inserted. enced gene deletions. While the r/b region of maize-10L
lost 56% (five of nine) of the genes that can be traced
to the common ancestor of grasses, the maize-2S region

DISCUSSION
lost only 17% (one of six) of the genes. This is in contrast
to the 40% gene loss reported from each of the homeo-Microcollinearity at the R and B loci in rice, sorghum,

and maize: While there was already genetic and molecu- logous regions surrounding the Adh locus of maize (Ilic
et al. 2003). This nonuniform deletion of duplicatedlar evidence that the r1 gene could exist in multiple

copies even in distant positions, we have now found genes from the homeologous loci of maize was also
observed in a recent report by Lai et al. (2004). Deletionsthrough comparison of genomic sequences that its dy-

namic properties have already existed throughout the of redundant homeologous copies of maize genes over
the last 12 million years has been accompanied by reten-evolution of the grass family. Moreover, the larger win-

dow of sequences surrounding this locus also shows that tion of at least one copy of each gene within the two
r/b regions, similar to that observed in the maize adhsuch properties are far more general than anticipated.

The orthologous r/b regions available for this analysis region (Ilic et al. 2003). Lai et al. (2004) found only
one gene that was conserved between sorghum and ricespan a window of 9 genes for comparison of rice and
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and was lost from both duplicated regions of maize. It it has been previously estimated that 60–80% of its ge-
nome is composed of repetitive DNA (SanMiguel et al.is not yet known whether this gene was deleted from the

maize genome or was transferred to a nonorthologous 1996; SanMiguel and Bennetzen 1998; Meyers et al.
2001). Consistent with reports from other regions ofposition.

The potential of homeologous duplicates to develop maize (SanMiguel et al. 1998), the r/b region contains
�65% LTR-retrotransposons that have inserted withinnew functions seems to be rarely realized, since the most

common fates of duplicated genes are gene silencing the last 2.7 million years. Unlike rice, most of the LTR-
retrotransposons in the maize r/b region are full length,of one copy (Walsh 1995), interlocus recombination

and concerted evolution of duplicates (Wendel et al. suggesting that maize may be on the route to genome
expansion.1995; Wendel 2000), or retention of subfunctional du-

plicates (Cronn et al. 1999; Adams et al. 2003). Within Evolution of the r/b gene family: Purugganan and
Wessler (1994) analyzed partial nucleotide sequencesthe studied r/b region, three genes are present as ho-

meologous duplicates. Both copies of the r/b gene and of r/b gene homologs (474 nt in total), covering the
most conserved region of the genes, the bHLH domainsglutathione peroxidase gene (gp) are full length. How-

ever, the third gene, which shows similarity to an un- and the C-terminal domains (exons 8 and 9), from six
grass species. They reported that the two maize r/b ho-known conserved expressed protein from A. thaliana

(corresponding to rice gene 6), is present only as a mologs, the r1 (chromosome 10L) and b1 (chromosome
2S) genes, are as old as sorghum and maize. Hu et al.fragment in the maize-2S region. For the r/b genes,

the estimated nonsynonymous substitution rate (Ka) was (1996), analyzing the amino acid sequences of the same
region from maize and different rice species, reported0.088 (�0.010) and the synonymous substitution rate

(Ks) was 0.309 (�0.042), yielding a Ka / Ks ratio of 0.284. that the r/b gene families arose recently and indepen-
dently in different grasses. Furthermore, they con-For the gp gene, Ka was 0.035 (�0.010) and Ks was 0.128

(�0.038), giving a Ks /Ka ratio of 0.273. Relative rate cluded that in rice there are two clades, Ra (grouping
sequences mapping to rice chromosome 4) and Rbtests (Muse and Gaut 1994) performed on the r/b and

gp duplicated genes from the maize B73 genome that (grouping sequences from rice chromosome 1), which
evolved by duplication of an ancestral gene. Having fullwe studied, using rice as the outgroup, did not recover a

significant difference in rates between the homeologous genomic sequences of the r/b genes from orthologous
regions of rice, sorghum, and maize, we reinvestigatedduplicates. Therefore, within the r/b region, one gene

encountered possible silencing of one of the homeolo- the pattern of molecular evolution of the r/b gene family
in grasses and examined the relationship of the maizegous copies by gene fragmentation and two genes ap-

pear to be under selection to retain their function, i.e., r/b homologs with the r/b genes of sorghum.
Phylogenetic analyses of full-length coding sequencespurifying selection (Yang and Bielawski 2000).

While the r/b region of sorghum has a low content of the r/b genes, based on nucleotide as well as on amino
acid sequences (Figure 2A), showed that genes formof transposable elements, as similarly reported for adh

(Tikhonov et al. 1999), orp (Lai et al. 2004), and zein clades according to the grass taxon they belong to, indi-
cating that the common ancestor of grasses had a single(Song et al. 2002) regions, other chromosomal segments

contain up to 15–20% of retrotransposons (Ramakrishna r/b gene and that this ancestral r/b gene duplicated
independently in the lineages leading to rice, sorghum,et al. 2002a,b). Unlike sorghum, the rice r/b genomic

sequence contains, in addition to two full-length LTR- and maize. Including r/b sequences from additional
grass taxa (Figure 2B), we recovered a gene tree topol-retrotransposons, numerous fragmented LTR-retro-

transposons in various states of truncation. Recently, ogy similar to that observed by Hu et al. (1996), confirm-
ing the independent amplification of an ancestral r/bMa et al. (2004) reported analysis of 1000 LTR-retro-

transposons from the rice genome, concluding that gene in different grasses. Unlike Hu and colleagues’
study, our study included multiple r/b gene homologs�75% of them are fragmented. They suggested that

fragmentation of LTR-retrotransposons in rice is pri- from both rice loci. Within the studied rice region we
identified three r/b homologs at the Ra locus. Two addi-marily due to unequal homologous and/or illegiti-

mate recombination that leads to removal of retro- tional genes were found on chromosome 1, the Rb locus.
We also included the two genes identified at the Ratransposons from the rice genome. In sorghum, one solo

LTR-retrotransposon was reported from the sh2/a1 locus of O. sativa T65-Plw, the plw-OSB1 and plw-OSB2
genes (Sakamoto et al. 2001). Interestingly, the rice(Chen et al. 1998) region and additional fragmented

LTR-retrotransposons have been also found within the genes are not recovered in monophyletic clades on the
basis of their chromosomal position. The r/b homologsvrn1-homologous (Ramakrishna et al. 2002a) and rp1-

homologous (Ramakrishna et al. 2002b) regions, indi- mapping to rice chromosome 1, the Rb locus, were re-
covered as a sister clade to a group of several r/b homo-cating that similar events that formed the rice genome

also influenced the evolution of the sorghum genome, logs mapping to rice chromosome 4, the Ra locus (Fig-
ure 2, A and B). According to the recent findings thatalthough the dynamics of such rearrangements seem to

significantly differ between the two species. For maize, the cereal genomes descended from a lineage that expe-
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rienced a whole-genome duplication at �70 MYA (Pat- and that the allelic diversity is inherent in differential
expression of the r and b genes. The strongest evidenceerson et al. 2004), we further examined whether the

rice Rb locus is in synteny with the Ra locus. Annotation for this argument comes from the finding that the ele-
ments controlling tissue specificity reside within the 5�of a �360-kb contig surrounding the Rb locus did not

recover any additional genes shared with the Ra locus, variable region (Radicella et al. 1992). Additional func-
tional differentiation occurred at the R locus, wheresuggesting that the genomic region bearing the Rb locus

is not a product of genomic duplication of the Ra locus. various alleles exhibit a diverse array of tissue-specific
expression patterns.Unlike the Rb region, the Ra region of rice chromosome

4 is syntenic with the r/b regions of sorghum and maize; History of the cisZOG gene duplication: Because the
cisZOG locus is intimately associated with the r/b genesthis finding indicates that the ancestor of rice had a

single r/b gene at the Ra locus of chromosome 4 that and has undergone extensive gene duplication and de-
letion, we felt that an analysis of its evolutionary historylater duplicated (�27.5 MYA). One of the duplicates

gave rise to the Ra-like paralogs and another to the Rb- would provide an interesting comparison with the dy-
namics of the adjacent r/b genes. The cis-zeatin O-gluco-like paralogs, one of which moved to a new chromo-

somal location (in the window of 5–13 MYA), the so- syltransferase genes encode for cytokinins, naturally oc-
curring plant hormones promoting cell division andcalled Rb locus of chromosome 1 (shown in Figure 2C)

where it further duplicated (�4.7 MYA). plant growth through regulation of tissue differentia-
tion, bud formation, senescence, and seed germinationOur data also show that while the r/b gene complex

at the maize R locus (maize chromosome 10L) arose (Mok 1994). Two cisZOG genes were previously identi-
fied in maize; the first was the cisZOG1 gene, reportedby recent amplification of a single ancestral r gene

(within the last 3 million years), the age of the two by Martin et al. (2001), which is 100% identical to the
one identified within our maize-10L region, and theparalogous copies in sorghum can be traced to the base

of the sorghum lineage (�8.3 MYA). In a study based other was the unmapped gene cisZOG2, reported by
Veach et al. (2003). The two genes are 98.1% identicalon systematic analyses of 11 homeologous duplicates

from five duplicated chromosomal regions of maize, in nucleotide sequences and 98.8% identical in their
amino acid sequences. Both genes were found to beSwigoňová et al. (2004) showed that the node of the

two maize progenitors and sorghum could not be un- highly expressed in roots, while their expression pattern
in kernels differed (high for cisZOG1 and low for cis-equivocally resolved; however, they also pointed out that

only the r/b gene tree differed significantly from the ZOG2). The observed difference in gene expression in
kernels was suggested to be the result of promoter se-unresolved tree in several tests. In this study, we per-

formed analyses of nucleotides as well as amino acid quence heterogeneity (Veach et al. 2003).
Within the studied intervals, we identified three cis-sequences on a data set containing additional sequences

from other maize varieties and several additional grass ZOG genes in tandem triplication in the rice interval,
five genes in sorghum, and one gene in the maize-2Sspecies (Figure 2). Our results consistently show that

the maize b genes (maize chromosome 2S) are more region. Using phylogenetic analyses of nucleotide and
amino acid sequences, we investigated the evolutionaryclosely related to both sorghum paralogs than to any

of the maize r genes (chromosome 10L). Therefore, pattern of cisZOG gene duplication in the three grass
taxa. The reconstructed history of cisZOG duplicationanalyses of the r/b genes support the hypothesis that

maize arose as an allotetraploid, as previously suggested (Figure 3B) showed that the most immediate common
ancestor of grasses contained four copies of the cisZOGfrom distance analyses of mdh and wx genes by Gaut

and Doebley (1997) and that the R and B loci are alle- gene. In the rice lineage, one ancestral gene duplicated
(�32 MYA) and two were lost. The sorghum lineagelic descendants of two different diploid maize progeni-

tors. retains descendants of all four ancestral genes, one of
which duplicated before the time when sorghum di-The maize r and b genes are homeologous duplicates

and both are selected to retain their function. The r verged from maize progenitors (�40 MYA). The two
maize cisZOG genes are the result of a recent duplicationand b genes differ in their tissue specificity and develop-

mental timing (Styles et al. 1973). The r genes specify of one ancestral gene (�6.7 MYA) that was followed by
a transfer of one of the paralogous copies to a non-anthocyanin pigmentation in the aleurone, anthers, or

coleoptiles, and the b genes determine pigmentation in orthologous location. The ancestor of the two maize
progenitors each had at least five copies of the cisZOGleaves, sheaths, and tassel (Styles et al. 1973). In seed

tissues, the r and b genes can functionally substitute gene. Nevertheless, all copies but one were deleted,
indicating extensive gene loss in maize. Hence, for bothfor one another to determine pigment accumulation

(Styles et al. 1973; Goff et al. 1990). Because the trans- the r/b genes and the cisZOG genes in this region, exten-
sive gene duplication has occurred. Interestingly, thelated amino acid sequences of the r and b genes are

highly similar (�91%) while the 5� controlling regions timing of the events and the regions duplicated appear
to be completely different, indicating that neither large-are significantly heterogeneous, it has been postulated

that the protein products are functionally equivalent scale tandem duplication nor large deletions occur at
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a detected rate in this region. It is not clear whether comparing the genomic structure at the bz region and
the region containing the 22-kD zein gene cluster ofthe numerous small rearrangements in this region are

an indication of an unusual lability of this chromosomal two different maize inbred lines (Fu and Dooner 2002;
Song and Messing 2003) demonstrated that severesegment in several grass species or whether it might be

an outcome of selective pressures for amplification and structural polymorphism can be observed even within
haplotypes of a single species. To understand the fulldiversification of these gene families.

Timing and nature of LTR-retrotransposons in maize: dynamics of plant genome evolution, finer-scale studies,
investigating the pattern of local evolution amongAs in all other studied maize segments, the exceptional

dynamism of transposon accumulation over the last few closely related taxa and different subspecies, will be
needed.million years has led to tremendous differentiation of

the chromosomal segments, as shown by the unique We thank H. K. Dooner for valuable comments on the manuscript.
configurations in the two homeologous regions and in We also thank W. Ramakrishna and V. Llaca for technical assistance in

sequencing. This work was supported by National Science Foundationcomparison to the apparently retrotranposon-free sor-
Plant Genome Program grant no. 9975618.ghum segment. In our study, the recognized LTR-retro-

transposons represented 55 and 76% of the maize-10L
and maize-2S segments, respectively, with Ji, Opie, and
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