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Early marker-based macrocolinearity studies between the
grass genomes led to arranging their chromosomes into
concentric ‘crop circles’ of synteny blocks that initially
consisted of 30 rice-independent linkage groups representing
the ancestral cereal genome structure. Recently, increased
marker density and genome sequencing of several cereal
genomes allowed the characterization of intragenomic
duplications and their integration with intergenomic colinearity
data to identify paleo-duplications and propose a model for the
evolution of the grass genomes from a common ancestor. On
the basis of these data an ‘inner circle’ comprising five
ancestral chromosomes was defined providing a new
reference for the grass chromosomes and new insights into
their ancestral relationships and origin, as well as an efficient
tool to design cross-genome markers for genetic studies.
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Introduction

The five socio-economically most important cereal crop
species are members of the grass (Poaceae) family and
belong to three major sub-families, that is, the Panicoi-
deae (sorghum, maize), the Ehrhartoideae (rice) and the
Pooideae (wheat, barley), cf Figure 1, that diverged from
a common ancestor 50-70 million years ago, hereafter
MYA (for reviews [1,2]). Comparative genomics studies in
grasses have provided insights into the evolutionary
forces that have shaped the actual species from a common
cereal ancestor and also supported the development of
genomic tools such as conserved orthologous sequences
(COS) markers (for reference see [3]). Recently, the

availability of high-density resources (e.g. genome
sequences and large collections of mapped ESTs) and
of improved methods of analysis (e.g. sequence alignment
tools, statistical tests) helped to refine the relationships
between the cereals genomes opening up new perspect-
ives for the reconstruction of an ‘ancestral cereal genome’.

Cereal genome macrocolinearity studies
suggest a 30 linkage blocks ancestor

Early marker-based comparative genetic mapping based
on restriction fragment length polymorphism (RFLP)
markers indicated that despite large differences in ploidy
level, chromosome number and haploid DNA content,
the linear order of markers remained largely conserved
between grass species over 50-70 MY of divergent evol-
ution. Alignments between the grass chromosomes were
visualized as concentric ‘crop circles’ that provided a
convenient representation of the relationships between
orthologous chromosomal segments of the rice, sorghum,
maize and Triticeae (wheat and barley) genomes [4].
Grasses were considered as a single genetic system built
from 30 rice-independent linkage blocks (Figure 2, Al1—
A30) that putatively reflected the ancestral grass genome
chromosome structure [4-6]. However, these results
obtained with low copy RFLP markers and low resolution
genetic maps did not allow the detection of whole gen-
ome duplication events and a clear differentiation be-
tween orthologous and paralogous gene families. The
deduced level of synteny between grasses was thus
largely overestimated owing to artificial redundancy cre-
ated by undetected intra-genome duplications (reviewed
in [3,7]).

Recently, the sequencing of the rice and sorghum gen-
omes [8,9] as well as the development of a high-density
anchored physical map of the maize inbred B73 [10°]
provided invaluable tools to compare these three grass
genomes. In parallel, the development of large mapped
EST collections from the Triticeae allowed in silico
genome-wide macrocolinearity analyses with these gen-
omes (for review see [6]). Comparative genome analyses
were first performed between the rice genome, used as a
reference and the individual wheat [11-14], sorghum
[15,16], barley [17,18] and maize [19] genomes. The
increased resolution of these analyses revealed additional
chromosomal rearrangements within the 30 original
ancestral linkage blocks and led eventually to a revision
of the ‘concentric crop circles’ representation [20]. The
evolutionary models that can be deduced from iz sifico
genome comparisons rely on the capacity to evaluate with
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Figure 1

i

Eudicots

Monocots

Arabidopsis "i
Qryza (rice) o |Ehrhartoideae

Avena (oats) r‘,'gﬁ

60 40

Time (million years)

13
Brachypodium (Brome) _‘\J{F .
! Pooideae
Hordeum (barley)
|
Triticum (wheat) '/
¥
Setaria (foxtail millet)
Pennisetum (pearl millet)y i
3 Panicoideae
Sorghum -
¥
Zea (maize) |
|
' Present

Current Opinion in Plant Biology

Phylogenetic relationships between cereals. Divergence times from a common ancestor are indicated on the branches of the phylogenetic tree (in

millions years).

confidence whether two or more genes found in the same
order on two chromosomal segments are truly ortholo-
gous. So far most of the studies were based on default
sequence alignment parameters and were not system-
atically validated statistically. Very recently, improved
sequence alignment criteria and systematic statistical
analyses were applied to the latest genome sequences
and EST releases of rice, wheat, barley, sorghum and
maize to reassess the colinearity between their chromo-
somes [21°]. The results showed that within 50-70 MY of
evolution ~70% of the genes retained conserved struc-
tural motifs, ~40% remained conserved as single copies,
while only ~20 remained orthologous. For example,
comparisons between the 42654 rice genes and 5003
non-redundant mapped wheat ESTs contigs revealed
that 1180 orthologous gene pairs, covering 83.1% and
90.4% of the rice and wheat genomes, respectively, are
conserved. A similar comparison between the rice gen-
ome sequence and 1411 mapped maize EST's contigs
showed 656 conserved orthologous pairs (Figure 3). Inter-
estingly, 27.2% and 21.8% of these were not found in the
expected orthologous position based on the rice gene
order, indicating previously unreported rearrangements
(inversions, translocations, deletions) in orthologous
regions between rice and wheat and between rice and
maize, respectively. In addition to genome wide analyses,
microcolinearity studies performed at target loci between
rice, maize, wheat, barley and sorghum [22,23,24°,25-28]
provided additional evidence for orthologous gene shuf-
fling before and after speciation in each species indepen-
dently, probably to prevent pairing of non-homologous
chromosomes.

Cereal paleo-duplications suggest an ‘inner
crop circle’ with five chromosomes
Comparative genomics studies have shown that genome
or segmental duplications have been a driving force
during the evolution of plant species [29]. Evidence for
intragenomic duplications were first provided by RFLP
mapping in maize where a large number of probes hybri-
dized systematically to two distinct loci [30,31]. Further
comparative analyses with sorghum showed a 2:1 relation-
ship between maize and sorghum loci for 85 DNA probes
[32], suggesting that the duplication observed in maize
originated from a specific tetraploidization event. Dupli-
cations were also detected by comparative mapping of
chromosomes 1 and 5 [33] as well as chromosomes 11 and
12 [34] in rice but no evidence was found for a 2:1
relationship at the genome level with another grass
species and therefore whole genome duplication was
not suggested at that time. The duplicated nature of
the grass genomes became obvious after the release of
the rice genome sequence drafts in 2002 and the first
comparisons at the sequence level with large collections
of mapped ESTSs from other cereal genomes. Two
methods were used for the identification and character-
ization of genome duplications within the grass genomes.
The most robust and direct approach called ‘Intra-gen-
ome Duplication’ (ID) consists in aligning a given gen-
ome sequence on itself. ID approach was undertaken in
rice and Yu ¢z a/. [35] found evidence for 10 chromosome
to chromosome duplication relationships (corresponding
to 18 pairs of individual duplicated segments) involving a
large number of genes and representing 65% of the Oryza
sativa ssp japonica and indica genome drafts that refined
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Figure 2

Reconstruction of ancestral grass chromosomes Bolot et al. 121
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Colinearity between the Ehrhartoideae (rice), Pooideae (wheat, barley) and Panicoideae (sorghum, maize) chromosomes (updated from Salse et al.
[21°]). Rice, wheat, barley, sorghum, maize orthologous chromosomes are displayed within 12 boxes that refer to the 12 rice chromosomes used as a
reference. The 30 ancestral linkage blocks (A1-A30) originally identified by RFLP analysis are shown at the right end side of the figure in regard to the
corresponding defined rice/maize/barley/wheat/sorghum syntenic blocks. Blocks with the same colour (purple, red, blue, yellow, green) and linked by
brackets at the left end side correspond to chromosomes sharing one of the seven paleo-duplications identified at orthologous position in the five
species. The five ancestral grass chromosome groups identified by the synteny and shared paleo-duplications analyses are shown on the far left of the

figure.

and extended previous ID analyses [8,36-38]. Moreover,
nucleotide substitution analyses led the authors to
suggest a whole genome duplication (WGD) of the rice
genome between 53 and 94 MYA (i.e. before the diver-
gence of the cereal genomes) and a recent (7.7 MYA)
segmental duplication between chromosomes 11 and 12
as well as numerous individual gene duplications [39].
Recently intragenomic duplications of the rice genome
were refined and 29 duplications covering 72% (267 Mb)
of the rice genome including the 10 major blocks pub-
lished by Yu ¢z a/. [35] were characterized [21°]. The ID
approach can be applied also to un-sequenced genomes as
demonstrated recently for wheat in which intra-specific
sequence comparisons using 6426 mapped wheat EST's
led to the identification and characterization of 10 dupli-
cation blocks covering 67.5% of the genome [21°].

A second indirect approach called ‘Double Synteny’ (DS)
has been largely used to detect intragenomic dupli-
cations. It is based on the detection of regions showing

a high proportion of gene matches on two different
chromosomes within a genome and corresponding to
two syntenic regions in another genome. DS was used
to detect interchromosomal duplications in cereal gen-
omes using synteny with the rice duplicates. Using a DS
approach, Paterson er a/. [16] provided evidence for the
existence of six duplications in sorghum that corre-
sponded to the rice rl-r5, r2-r4, 12-r6, r3-r7, 18-r9 and
r11-r12 duplications previously identified. In barley, Stein
et al. [17] assigned 475 EST markers to syntenic linkage
groups of rice and performed dot-plot comparisons be-
tween the barley and rice chromosomes. Duplications on
chromosomes 2H and 6H were analysed in more details
and the results showed that the rice duplication r4-r2 is
conserved in barley between chromosomes 2H-6H [17].
In maize, Wei er a/l. [10] provided evidence for nine
duplications in maize that correspond to the duplications
between the rl1-r5, r2-r4, 12-r6, r3-r7, r3-r10, r3-r12, 18-r4,
18-19 and r11-r12 chromosomes previously characterized
in rice. The ‘dual synteny’ approach was also used by
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Figure 3
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Cereal (rice, maize, wheat) synteny. Graphical representation of the synteny between wheat (seven chromosomes from w1 to w7 at the top), rice (12
chromosomes from r1 to r12 at the centre) and maize (10 chromosomes from m1 to m10 at the bottom). Vertical lines represent orthologous pairs
identified between rice and wheat [21°] or rice and maize [19]. The 30 previously defined ancestral linkage blocks are indicated into the 12 rice
chromosome. The five colours used to represent the orthologous relationships refer to the five ancestral chromosomes (A5 = purple, A7 =red,

A11 =blue, A8 = yellow, A4 = green) detailed in the text and in Figure 2.

Singh er a/. [40] on wheat using mapped ESTs and
provided evidence for five duplications in the wheat
genome that correspond to the previously characterized
r1-r5, r2-r4, r2-16, r8-19, r11-r12 duplications in rice.

While the DS strategy can help to identify shared dupli-
cated regions between the cereal genomes, it is limited by
the ability to detect syntenic relationships that can be
eroded by the so called diploidization process following
WGD. Diploidization results in disruption of microcoli-
nearity and the observation that genes that are not found
at orthologous positions, are nevertheless present in the
genomes but at non-orthologous locations [22,25,38]. One
copy may have been retained at one locus in the first
genome but has been lost in the second genome while the
second copy is retained in both species at orthologous
positions. By contrast, the ID approach allows a precise
and extensive identification of shared and lineage-specific
duplications. Independent intra-specific (i.e. paralogs)
and inter-specific (i.e. orthologs) comparisons are necess-
ary to infer precisely paralogous or orthologous gene
relationships in order to (i) define synteny accurately,

as well as (ii) identify a minimal ancestral genome struc-
ture. A recent integration of independent analyses of the
duplications within and synteny between the four major
cereal genomes (wheat, rice, maize, sorghum) led to the
identification of seven shared duplications in the four
species and the definition of five ancestral chromosomal
groups [21°], cf Figure 2. The identification of the seven
shared paleo-duplications provided the simplest picture
of orthologous relationships between the grass genomes
and allowed a revision of the ‘concentric crop circles’ by
introducing the ancestral inner circle with five chromo-
somes.

Cereal genome evolution from a five
chromosome ancestor

The characterization of the seven paleo-duplications and
the relationships between the different conserved regions
allowed us to identify evolutionary events that have
shaped the grass genomes since their divergence from
a putative ancestor with five chromosomes (A5, A7, Al1,
A8, A4 on the inner crop circle in Figure 4). After a WGD
event (5 +5 =10 chromosomes) about 50-70 MYA, the
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Figure 4

Reconstruction of ancestral grass chromosomes Bolot et al. 123
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The ‘inner circle’ of the cereal genomes. The Triticeae, maize, sorghum and rice chromosomes are represented as concentric circles according to their
genome size with the rice genome closest to the ancestral genomes at the centre. The maize genome is depicted with the 20 original chromosomes
that arose from the tetraploidization event. The 17 chromosomal translocations that followed this event and resulted in 10 rearranged chromosomes
are indicated with coloured arrows. Fusions between chromosomes are symbolized by black dots. The two inner circles represent the n = 12
chromosomes intermediate ancestor and the n = 5 chromosome ancestral grass genome. The five chromosome colours refer to the five ancestral
chromosomes (A5 = purple, A7 =red, A11 = blue, A8 = yellow, A4 = green) and the coloured arrows indicate the relationships between the 12
intermediate and the five ancestral chromosomes after the WGD as detailed in Figure 2.

ancestral genome underwent two interchromosomal
translocations and fusions that resulted in a # = 12 inter-
mediate ancestor, represented as the second circle
(5+5+2=12 chromosomes; A1-A12 in Figure 4) and
originally defined as the first circle in the previous repres-
entations [20].

In this model, rice (third circle from the centre) retained
the 12 original chromosome number whereas the other
grass genomes have evolved differentially from this
ancestral genomic structure. In rice, additional segmental
duplications occurred without modifying the basic struc-
ture of 12 chromosomes including the recent duplications
over ~3 Mb at the terminal ends of chromosomes r11 and
r12. The maize and sorghum genomes have evolved from
the intermediate 12 chromosomes ancestor through two
chromosomal fusions (between A3 and A10 and, A7 and
A9, Figure 4) that resulted in an Panicoideae ancestor

with =10 (5 + 5 + 2 — 2) chromosomes [10,21°]. Then,
maize and sorghum evolved independently from this
ancestor. While the sorghum genome structure remained
similar to the # =10 chromosome ancestral genome
(Figure 4), maize underwent a WGD event, resulting
into an intermediate with # =20 chromosomes. This
corresponds to the tetraploidization event described in
previous studies [41,42] leading to the representation of
the maize genome as a double circle (Figure 4). Rapidly
following this event, numerous chromosomal fusions led
to a genome structure with 10 chromosomes (7 =10
G+5+2—-2)x2—-10). At least 17 chromosomal
fusions (Figure 4) must have occurred to explain the
paralogous relationships that can be observed today be-
tween the different maize chromosomes. From the inter-
mediate ancestral genome with 12 chromosomes, the
Triticeae ancestor genome underwent five chromosomal
fusions (Figure 4) between A5 and A10, A6 and A8, A9
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and A12, A3 and Al11 and A4 and A7 that resulted in the
five chromosomes T'1, T7, 'T5, T4 and T2, respectively,
and a basic numberof z=7 (5 +5 + 2 — 5) chromosomes
for the wheat and barley genomes.

Thus, with this new version of the concentric circle
including the ancestral genome as the inner circle and
proposing a reconstruction of the rice, wheat, barley,
sorghum and maize colinearity from a ancestor with
7 =5 chromosomes, it is possible to immediately identify
in each of the four genomes the ancestral relationships
and the origin (WGD, breakage, fusion) of the different
chromosomes.

Conclusion

Whole genome sequencing projects in grasses including
sorghum [43], maize (www.genome.arizona.edu), Brachy-
podium (www.brachypodium.org [44]), foxtail millet
(www.jgi.doe.gov) and the perspective of the barley
and wheat genome sequences in the next decade
(www.barleygenome.org, www.wheatgenome.org) will
help to continue refining the degree of colinearity be-
tween the grasses as well as the evolutionary pathway that
has shaped their genomes within 50-70 million years of
speciation. Preliminary and recent large scale sequence
comparisons based on microcolinearity studies involving
the Brachypodium, maize and sorghum genome
sequences [27,45°°,46° 47] are consistent with the pattern
of paleo-duplications and the evolutionary model from a
5-chromosome inner ancestral cereal circle presented
here. With these new resources, comparative genomic
studies between cereal genome sequences will deliver
additional information about plant genome evolution and
will provide efficient tools to navigate from one genome
to the other to identify candidate genes and support crop
improvement.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Kellogg EA: Evolutionary history of the grasses. Plant Phys
2001, 125:1198-1205.

2. Gaut BS: Evolutionary dynamics of grass genomes. New Phytol
2002, 154:15-28.

3. Salse J, Feuillet C: Comparative genomics of cereals. In
Genomics-Assisted Crop Improvement. Edited by Varshney RK,
Tuberosa R. Springer Verlag; 2007:177-205. chapter 18.

4.  Moore G, Devos KM, Wang Z, Gale MD: Cereal genome
evolution: grasses, line up and form a circle. Curr Biol 1995,
5:737-739.

5. Devos KM, Gale MD: Comparative genetics in the grasses. Plant
Mol Biol 1997, 35:3-15.

6. Devos KM, Gale MD: Genome relationships: the grass model in
current research. Plant Cell 2000, 12:637-646.

7. Messing J, Bennetzen J: Grass genome structure and evolution.
Genome Dyn 2008, 4:41-56.

8. International Rice Genome Sequencing Project: The map-based
sequence of the rice genome. Nature 2005, 436:793-800.

9. Paterson AH, Bowers JE, Bruggmann R, Dubchak I, Grimwood J,
Gundlach H, Haberer G, Hellsten U, Mitros T, Poliakov A, Schmutz
J etal.: The Sorghum bicolor genome and the diversification of
grasses. Nature, in press.

10. Wei F, Coe E, Nelson W, Bharti AK, Engler F, Butler E, Kim H,

. Goicoechea JL, Chen M, Lee S, Fuks G et al.: Physical and
genetic structure of the maize genome reflects its complex
evolutionary history. PLoS Genet 2007, 3:e123.

From a sequence-ready fingerprinted contig-based physical map cover-

ing 93.5% of the maize genome, the authors identified colinear regions in

which 1 kb in rice corresponds to an average of 3.2 kb in maize. Com-
parative genomics data allowed the authors to propose an evolutionary

model of the maize genome from a Panicoideae progenitor with 10

chromosomes.

11. Sorrells ME, La Rota M, Bermudez-Kandianis CE, Greene RA,
Kantety R, Munkvold JD, Miftahudin, Mahmoud A, Ma X,
Gustafson PJ, Qi LL et al.: Comparative DNA sequence
analysis of wheat and rice genomes. Genome Res 2003,
13:1818-1827.

12. Sorrells M: Cereal Genomics research in the post-genomic era.
In  Cereal genomics. Edited by Gupta PK, Varshney RK. Kluwer
Academic Publishers; 2004:559-584.

13. LaRota M, Sorrells ME: Comparative DNA sequence analysis of
mapped wheat ESTs reveals the complexity of genome
relationships between rice and wheat. Funct Integr Genomics
2004, 4:34-46.

14. Singh NK, Raghuvanshi S, Srivastava SK, Gaur A, Pal AK, Dalal V,
Singh A, Ghazi IA, Bhargav A, Yadav M, Dixit A et al.: Sequence
analysis of the long arm of rice chromosome 11 for rice-wheat
synteny. Funct Integr Genomics 2004, 4:102-117.

15. Klein PE, Klein RR, Vrebalov J, Mullet JE: Sequence-based
alignment of sorghum chromosome 3 and rice chromosome 1
reveals extensive conservation of gene order and one major
chromosomal rearrangement. Plant J 2003, 34:605-621.

16. Paterson AH, Bowers JE, Chapman BA: Ancient polyploidization
predating divergence of the cereals, and its consequences for
comparative genomics. Proc Nat/ Acad Sci U S A 2004,
101:9903-9908.

17. Stein N, Prasad M, Scholz U, Thiel T, Zhang H, Wolf M, Kota R,
Varshney RK, Perovic D, Grosse |, Graner A: A 1,000-loci
transcript map of the barley genome: new anchoring points for
integrative grass genomics. Theor Appl Genet 2007,
114:823-839.

18. Stein N: Triticeae genomics: advances in sequence analysis of
large genome cereal crops. Chromosome Res 2007, 15:21-31.

19. Salse J, Piegu B, Cooke R, Delseny M: New in silico insight into
the synteny between rice (Oryza sativa L.) and maize (Zea
mays L.) highlights reshuffling and identifies new duplications
in the rice genome. Plant J 2004, 38:396-409.

20. Devos KM: Updating the ‘crop circle’. Curr Opin Plant Biol 2005,
8:155-162.

21. Salse J, Bolot S, Throude M, Jouffe V, Piegu B, Masood U,

. Calcagno T, Cooke R, Delseny M, Feuillet C: Identification and
characterization of conserved duplications between rice and
wheat provide new insight into grass genome evolution. Plant
Cell 2008, 20:11-24.

Re-assessment of the synteny between rice, wheat, maize and sorghum
genomes on a statistical basis led the authors to the identification and
characterization of seven shared duplications. On the basis of these data
the authors constructed an evolutionary model of the cereal genomes
from a five chromosome ancestor through a series of whole genome and
segmental duplications, chromosome fusions and translocations.

22. Lai J, Ma J, Swigonov Z, Ramakrishna W, Linton E, Llaca V,
Tanyolac B, Park YJ, Jeong QOY, Bennetzen JL, Messing J: Gene
loss and movement in the maize genome. Genome Res 2004,
14:1924-1931.

23. Swigonova Z, Bennetzen JL, Messing J: Structure and evolution
of the r/b chromosomal regions in rice maize and sorghum.
Genetics 2005, 169:891-906.

Current Opinion in Plant Biology 2009, 12:119-125

www.sciencedirect.com


http://www.genome.arizona.edu/
http://www.brachypodium.org/
http://www.jgi.doe.gov/
http://www.barleygenome.org/
http://www.wheatgenome.org/
MU
Zvýraznění

MU
Zvýraznění

MU
Zvýraznění


24. Chantret N, Salse J, Sabot F, Rahman S, Bellec A, Laubin B,

. Dubois |, Dossat C, Sourdille P, Joudrier P, Gautier MF et al.:
Molecular basis of evolutionary events that shaped the
hardness locus in diploid and polyploid wheat species
(Triticum and Aegilops). Plant Cell 2005, 17:1033-1045.

From a large scale sequence-based microcolinearity study at the Ha

(Hardiness) locus from seven wheat genomes in diploid, tetraploid and

hexaploid species and compared with barley and rice orthologous

regions, the authors suggest that illegitimate DNA recombination, leading
to various genomic rearrangements and shuffling, constitutes one of the

Reconstruction of ancestral grass chromosomes Bolot et al.

37.

38.

39.

125

Yu J, Hu S, Wang J, Wong GK, Li S, Liu B, Deng Y, Dai L,
Zhou Y, Zhang X, Cao M et al.: A draft sequence of

the rice genome (Oryza sativa L. ssp. indica). Science 2002,
296:79-92.

Wang X, Shi X, Hao B, Ge S, Luo J: Duplication and DNA
segmental loss in the rice genome: implications for
diploidization. New Phytol 2005, 165:937-946.

Rice Chromosomes 11 and 12 Sequencing Consortia: The

major evolutionary mechanisms in cereal species.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bruggmann R, Bharti AK, Gundlach H, Lai J, Young S,

Pontaroli AC, Wei F, Haberer G, Fuks G, Du C, Raymond C et al.:
Uneven chromosome contraction and expansion in the maize
genome. Genome Res 2006, 16:1241-1251.

Pourkheirandish M, Wicker T, Stein N, Fujimura T, Komatsuda T:
Analysis of the barley chromosome 2 region containing the

six-rowed spike gene vrs1 reveals a breakdown of rice-barley
micro collinearity by a transposition. Theor App! Genet 2007,
114:1357-1365.

Xu JH, Messing J: Diverged copies of the seed regulatory
Opaque-2 gene by a segmental duplication in the progenitor
genome of rice, sorghum, and maize. Mo/ Plant 2008, 1:1-10.

Xu JH, Messing J: Organization of the prolamin gene family
provides insight into the evolution of the maize genome and
gene duplications in grass species. Proc Natl Acad Sci U S A
2008, 105:14330-14335.

Paterson AH: Paleopolyploidy and its impact on the structure
and function of modern plant genomes. Genome Dyn 2008,
4:1-12.

Helentjaris T, Weber D, Wright S: Identification of the genomic
locations of duplicate nucleotide sequences in maize by
analysis of restriction fragment length polymorphisms.
Genetics 1988, 118:353-363.

Ahn S, Tanksley SD: Comparative linkage maps of the rice and
maize genomes. Proc Nat/ Acad Sci U S A 1993, 90:7980-7984.

Whitkus R, Doebley J, Lee M: Comparative genome mapping of
Sorghum and maize. Genetics 1992, 132:1119-1130.

Kishimoto N, Higo H, Abe K, Arai S, Saito A, Higo K: Identification
of the duplicated segments in rice chromosomes 1 and 5 by
linkage analysis of cDNA markers of known functions. Theor
Appl Genet 1994, 88:722-726.

Nagamura Y, Inoue T, Antonio B, Shimano T, Kajiya H, Shomura A,
Lin S, Kuboki Y, Harushima Y, Kurata N, Minobe Y et al.:
Conservation of duplicated segments between rice
chromosomes 11 and 12. Breed Sci 1995, 45:373-376.

YudJ, Wang J, LinW, Li S, LiH, Zhou J, Ni P, Dong W, Hu S, Zeng C,
Zhang J et al.: The genomes of Oryza sativa: a history of
duplications. PLoS Biology 2005, 3:266-281.

Vandepoele K, Simillion C, Van de Peer Y: Evidence that rice
and other cereals are ancient aneuploids. Plant Cell 2003,
15:2192-2202.

sequence of rice chromosomes 11 and 12, rich in disease
resistance genes and recent gene duplications. BMC biology
2005, 3:20.

40. Singh NK, Dalal V, Batra K, Singh BK, Chitra G, Singh A, Ghazi IA,
Yadav M, Pandit A, Dixit R, Singh PK et al.: Single-copy genes
define a conserved order between rice and wheat for
understanding differences caused by duplication, deletion,
and transposition of genes. Funct Integr Genomics 2007,
7:17-35.

41. Gaut BS: Patterns of chromosomal duplication in maize and
their implications for comparative maps of the grasses.
Genome Res 2001, 11:55-66.

42. Swigonova Z, Lai J, Ma J, Ramakrishna W, Llaca V, Bennetzen JL,
Messing J: Close split of sorghum and maize genome
progenitors. Genome Res 2004, 14:1916-1923.

43. Paterson AH: Genomics of sorghum. Int J Plant Genomics
2008:362451.

44. Ozdemir BS, Hernandez P, Filiz E, Budak H: Brachypodium
genomics. Int J Plant Genomics 2008:536104.

45. Giriffiths S, Sharp R, Foote TN, Bertin |, Wanous M, Reader S,
ee Colas I, Moore G: Molecular characterization of Ph1 as a major
chromosome pairing locus in polyploid wheat. Nature 2006,
439:749-752.
Map-based cloning of Ph1 locus controlling the correct pairing of
homologous chromosomes in wheat led the authors to the identification
of a 2.5 Mb interstitial region of wheat chromosome 5B containing a
structure consisting of a segment of subtelomeric heterochromatin that
inserted into a cluster of cdc2-related genes after polyploidization.
Comparative genomics analysis of the wheat locus to those orthologues
in rice and brachypodium makes cdc2 genes a good candidate for the
Ph1 locus.

46. Bossolini E, Wicker T, Knobel PA, Keller B: Comparison of

e orthologous loci from small grass genomes Brachypodium
and rice: implications for wheat genomics and grass genome
annotation. Plant J 2007, 49:704-717.

Sequence-based comparative analysis of a 371 kbp locus from Bra-

chypodium sylvaticum with orthologous regions inrice and wheat led the

authors to conclude from available genomic and expressed sequence

tag sequences that Brachypodium has diverged from wheat about 35—

40 Mya, significantly more recently than the divergence of rice and

wheat.

47. Faris JD, Zhang Z, Fellers JP, Gill BS: Micro-colinearity between
rice, Brachypodium, and Triticum monococcum at the wheat
domestication locus Q. Funct Integr Genomics 2008, 8:149-164.

www.sciencedirect.com

Current Opinion in Plant Biology 2009, 12:119-125



	The ‘inner circle’ of the cereal genomes
	Introduction
	Cereal genome macrocolinearity studies suggest a 30 linkage blocks ancestor
	Cereal paleo-duplications suggest an ‘inner crop circle’ with five chromosomes
	Cereal genome evolution from a five chromosome ancestor
	Conclusion
	References and recommended reading


