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FOUNDATIONS OF COMPARATIVE GENOMICS

 

Comparative genomics, the study of the similarities and dif-
ferences in structure and function of hereditary information
across taxa, uses molecular tools to investigate many no-
tions that long preceded identification of DNA as the heredi-
tary molecule. Vavilov’s (1922) law of homologous series in
variation was an early suggestion of the similarities in the ge-
netic blueprints of many (plant) species. Genetic analysis
based on morphological and isoenzyme markers hinted at par-
allel arrangements of genes along the chromosomes of various
taxa. These hints were later borne out at the DNA level, in
seminal investigations of nightshades (Tanksley et al., 1988;
Bonierbale et al., 1988) and grasses (Hulbert et al., 1990).

Over the past two decades, multiple investigations of
many additional taxa have delivered two broad messages:
(1) In most plants, the evolution of the small but essential
portion of the genome that actually encodes the organism’s
genes has proceeded relatively slowly; as a result, taxa that
have been reproductively isolated for millions of years have
retained recognizable intragenic DNA sequences as well as
similar arrangements of genes along the chromosomes. (2)
A wide range of factors, such as ancient chromosomal or
segmental duplications, mobility of DNA sequences, gene
deletion, and localized rearrangements, has been superim-

posed on the relatively slow tempo of chromosomal evolu-
tion and causes many deviations from colinearity.

 

COMPARATIVE MAPS IN CROP TAXA

The Brassicaceae

 

The Brassicaceae comprise 360 genera, organized into 13
tribes (Shultz, 1936; Al-Shehbaz, 1973). The most economi-
cally important species are in the genus Brassica (tribe
Brassiceae), six species of which are cultivated worldwide.
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 18), and three are amphip-
loid derivatives of the diploids (
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At least 15 molecular genetic maps have been constructed
for Brassica that include all of the major cultivated species
(Slocum et al., 1990; Landry et al., 1991, 1992; Song et al.,
1991; Chyi et al., 1992; Kianian and Quiros, 1992; Figdore et
al., 1993; Ferreira et al., 1994; Teutonico and Osborn, 1994;
Uzunova et al., 1995; Lagercrantz and Lydiate, 1996; Truco
et al., 1996; Lan et al., 2000a, 2000b; T.-H. Lan and A.H.
Paterson, manuscript submitted). These maps include at
least 935 different publicly available probes, with many
shared by multiple maps. Within a species, the maps show
almost complete colinearity (see Lydiate et al., 1993), except
for small inversions that differ among some 

 

B. oleracea

 

 mor-
photypes (Kianian and Quiros, 1992; Lan et al., 2000a).
Comparison of 

 

B. rapa

 

 with 

 

B. oleracea

 

 and 

 

B. napus

 

 sup-
ports the close evolutionary relationship between the two
diploids but indicates that deletions and insertions may have
occurred after divergence of the two species (Hoenecke
and Chyi, 1991). The genome of the synthetic 

 

B. napus

 

 is
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essentially unrearranged with respect to its 

 

B. oleracea

 

 and

 

B. rapa

 

 progenitors (Lydiate et al., 1993), although the evolu-
tion of wild 

 

B. napus

 

 (Cheung and Landry, 1996) has been
accompanied by more complicated rearrangements. Exten-
sive segmental duplications are found in both diploid and
amphidiploid maps, supporting the hypothesis that diploid

 

Brassica

 

 spp are derived from an ancestor with a lower orig-
inal basic chromosome number; however, no duplications of
whole linkage groups have been found. At least 22 chromo-
somal rearrangements differentiate 

 

B. oleracea

 

 homeologs
from one another (Lan et al., 2000a) (see Figure 1).

 

The Poaceae

 

Most of the world’s food and feed crops are members of the
family Poaceae, including rice, wheat, maize, sorghum, sug-
arcane, barley, oat, rye, millet, and others. Conservation
across large chromosomal tracts, spanning 

 

z

 

65 million
years of evolution

 

 

 

(Figure 2), is a recurring message from
many investigations of diverse Poaceae (see Bennetzen and
Freeling, 1993). Pioneering efforts in the comparative map-
ping of maize and sorghum (Hulbert et al., 1990) have been
supported by more detailed studies (Whitkus et al., 1992;
Berhan et al., 1993; Binelli et al., 1993; Chittenden et al.,
1994; Pereira et al., 1994) and supplemented by the com-
parative organization of maize and rice (Ahn and Tanksley,
1993), wheat and rice (Kurata et al., 1994), and maize,
wheat, and rice (Ahn et al., 1993). A host of investigations
additionally encompasses many other cultivated Poaceae,
with particular emphasis on the interrelationships among the
homeologous chromosome sets of the Triticeae and their
relatives (see Naranjo et al., 1987; Chao et al., 1989; Liu and
Tsunewaki, 1991; Devos et al., 1992a, 1992b, 1993, 1995; Liu
et al., 1992; Xie et al., 1993; Namuth et al., 1994; Hohmann et
al., 1995; Marino et al., 1996; Mickelson-Young et al., 1995;
Nelson et al., 1995a, 1995b, 1995c; Van Deynze et al., 1995).
Curiously, even in the relatively “conservative” Poaceae, cer-
tain lineages appear to be rapidly evolving. The genomes of
rye and wheat appear to differ by 

 

z

 

13 chromosomal rear-
rangements after only 

 

z

 

6 million years of divergence (Devos et
al., 1992a, 1992b), a rate of reshuffling more than twice the av-
erage calculated for nine taxa (Paterson et al., 1996) and ex-
ceeded only by the Brassica–Arabidopsis lineage.

 

The Fabaceae

 

The Fabaceae are the third largest family of flowering plants,
and like the Poaceae, they contribute substantially to the
sustenance of humans. The Fabaceae include major le-
gumes and oilseeds such as soybean (
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vegetable crops such as common bean (
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 22) and pea (
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forages such as alfalfa (

 

Medicago sativa
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 32). The
Fabaceae are distinguished from other major crops in that

 

z

 

90% of legume species interact symbiotically with Rhizo-
bium to fix nitrogen and thus supply themselves with an oth-
erwise costly fertilizer element. Detailed genetic maps have
been assembled in at least eight genera of the Fabaceae
(Arachis, Glycine, Lens, Medicago, Phaseolus, Pisum, Vicia,
and Vigna). A pioneering report established common gene
order across at least 40% of the lentil and pea genomes
(Weeden et al., 1992) and further suggested, based on
isoenzyme loci, conservation with many chromosomal re-
gions in Vicia

 

 

 

(Torres et al., 1993). Not surprisingly, mung
bean and cowpea, both species of the genus Vicia, also ex-
hibit a high degree of linkage conservation (Menacio-Hautea
et al., 1993). Arachis adds a unique dimension to legume ge-
nomics in that genetic maps of both diploid (Halward et al.,
1993) and tetraploid (M.D. Burow, J. Starr, C. Simpson, and
A.H. Paterson, unpublished data) genomes are available.
Further, the tetraploid map involves the use of a synthetic
polyploid derived from three species that are thought to be
quite distant from the cultigen, thereby introducing novel ge-
netic variation that has proven successful for the first trait
targeted (see Burow et al., 1996). Recent work on the small-
genome taxon 

 

Medicago trunculata

 

 promises to provide a
facile model and nodal point for comparative genomics of
legumes (Cook, 1999).

 

The Solanaceae

 

The Solanaceae include several economically important
plant species, such as tomato (

 

Solanum lycopersicum

 

 [for-
merly 

 

Lycopersicon esculentum

 

], 2

 

n

 

 

 

5

 

 2

 

x

 

 

 

5

 

 24), pepper
(

 

Capsicum annuum

 

, 2

 

n

 

 

 

5

 

 2x 5 24), potato (S. tuberosum,
2n 5 2x 5 24), eggplant (S. melongena, 2n 5 2x 5 24), and
tobacco (Nicotiana tabacum, 2n 5 4x 5 48). The genomes
of potato and tomato differ by only five chromosomal rear-
rangements (Bonierbale et al., 1988; Tanksley et al., 1992),
all of which involve a single break at or near a centromere,
resulting in paracentric inversions of the short arms of chro-
mosomes 5, 9, 11, and 12 and of the long arm of chromo-
some 10. These findings further reinforce the relatively high
propensity (or tolerance) of plants for intrachromosomal re-
arrangement. In contrast, the genomes of tomato and pep-
per are more extensively rearranged, with z30 chromosome
breaks since divergence from a common ancestor (Prince et
al., 1993; Livingstone et al., 1999).

POLYPLOIDY: COMPARATIVE GENOMICS WITHIN
A NUCLEUS

The joining of two divergent genomes into a common nu-
cleus, thereby establishing polyploidy, is arguably the single
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observed for other traits, including disease resistance
(Wright et al., 1998), plant morphology (Jiang et al., 2000),
and adaptations to arid conditions (Y. Saranga, M. Menz, C.
Jiang, R. Wright, D. Yakir, and A.H. Paterson, unpublished
data). An intriguing and perhaps significant observation is
that many families of dispersed repetitive DNA elements,
largely confined to A-genome diploid cottons, have spread
to the D subgenome of tetraploid cottons (Hanson et al.,
1998; Zhao et al., 1998). Together, these repetitive DNA
families represent a potentially powerful mutagen, with an
estimated 1.4 million copies present in the tetraploid ge-
nome (Zhao et al., 1998). Whether such repetitive DNA is re-
sponsible for generating the D-subgenome alleles that
contribute to the transgressive variation of tetraploid cottons
relative to their diploid progenitors remains to be deter-
mined.

Sugarcane: Genetic Buffering by Autopolyploidy

In autopolyploidy, multiple sets of chromosomes in a com-
mon nucleus retain the possibility of multipartner (poly-
somic) pairing of individual chromosomes at meiosis. Many
evolutionary models consider autopolyploidy to be a tran-
sient phase, with selection gradually leading to reestablish-
ment of disomic pairing relationships (allopolyploidy). The
extent of diploidization of chromosomes, as reflected by
bivalent inheritance, is considered one indicator of the antiq-
uity of autopolyploid formation. Comparative genetic meth-
ods permit the extent of preferential chromosome pairing to
be estimated directly (Al-Janabi et al., 1994).

The consequences of autopolyploid formation in plants
are exemplified by comparing the genus Saccharum (sugar-
cane) with the closely related genus Sorghum. In as few as 5
million years since Saccharum and Sorghum diverged from
a common ancestor (Al-Janabi et al., 1994; Sobral et al.,
1994), Saccharum spp have reached gametic chromosome
numbers ranging from 18 to 85 or more versus 10 for Sor-
ghum spp. The high numbers of chromosome duplication
and autogamous chromosome pairing in sugarcane pre-
clude genetic mapping based on codominant “alleles.” DNA
markers showing simplex (single-dose) segregation (Wu et
al., 1992) have been used to construct genetic linkage maps
of at least five sugarcane populations (Al-Janabi et al., 1993;
da Silva et al., 1993, 1995; Grivet et al., 1996; Mudge et al.,
1996; Ming et al., 1998). The sugarcane maps range from
160 (Mudge et al., 1996) to 2460 loci (Ming et al., 1998) and
collectively are estimated to cover z70% of the genome
(Ming et al., 1998).

The close relationship, high degree of colinearity, and
cross-hybridization of DNA probes in Saccharum spp com-
pel the use of the small genome of Sorghum to guide molec-
ular mapping and positional cloning. Dufour et al. (1997)
evaluated the colinearity of sugarcane and sorghum ge-
nomes based on 84 anchor probes distributed at intervals of
z20 centimorgans (cM) across the Sorghum genome.

most important genetic mechanism in plant evolution and
one that has affected the genomes of most angiosperms
(Stebbins, 1966; Masterson, 1994). Polyploid formation is
associated with extensive chromosome restructuring (Ahn
and Tanksley, 1993; Reinisch et al., 1994; Song et al.,
1995a, 1995b; Lagercrantz and Lydiate, 1996; Brubaker et
al., 1999) and possibly with retrotransposon amplification
(Matzke and Matzke, 1998; Zhao et al., 1998). Polyploidiza-
tion may also allow further mechanisms of genome restruc-
turing that result in additional gene duplications. For
example, among 10 groups of maize Myb genes that are
likely to have undergone duplication at the time of maize
tetraploidization, five groups contain three or more mem-
bers, indicating recent amplification above the number re-
sulting directly from genome duplication (Rabinowicz et al.,
1999).

Geneticists have long debated whether the prevalence of
polyploidy in plants simply reflects promiscuity or confers an
inherent selective advantage. Polyploidy appears to contrib-
ute substantially to the productivity of many crop plants
(e.g., see Simmonds, 1976), including cotton, wheat, oat,
soybean, peanut, canola, tobacco, coffee, and banana. Re-
markably, little is known about how divergent genomes co-
evolve within a common nucleus so as to function in
concert. Both cotton, an allopolyploid, and sugarcane, an
autopolyploid, exemplify successful polyploids, and some of
their unique features are currently being revealed by com-
parative genomics.

Cotton: Permanent Hybridity by Allopolyploidy

In allopolyploidy, multiple genomes that previously had ex-
isted separately from one another coexist within a common
nucleus, with strict one-to-one (disomic) pairing of chromo-
somes at meiosis. The predominant cultivated cottons, Gos-
sypium hirsutum and G. barbadense, are allotetraploids,
thought to have been formed z1 to 2 million years ago by
transoceanic migration of an Old World (A-genome) progen-
itor followed by hybridization with a New World (D-genome)
progenitor (Wendel, 1989). The tetraploid chromosomes
have been aligned with their diploid progenitors (Brubaker et
al., 1999).

Both A-genome diploid and AD-tetraploid Gossypium
taxa have been domesticated; however, intense directional
selection by humans has consistently produced AD-tetra-
ploid cottons with yield or quality (or both) superior to that of
A-genome diploid cultivars.

Curiously, the superior genetic potential of tetraploid cot-
ton over its A-genome progenitor is apparently attributable
to contributions from the D subgenome, from the diploid an-
cestor that does not produce spinnable fiber. Most quantita-
tive trait loci (QTLs) that account for genetic variation in fiber
traits of modern G. barbadense and G. hirsutum map to the
D subgenome (Jiang et al., 1998). A tendency toward rela-
tively high polymorphism of the D subgenome has also been
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Figure 1. Composite Restriction Fragment Length Polymorphism Linkage Map of Brassica oleracea, and Its Alignment to the Map of Arabidopsis thaliana.
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Figure 1. (continued).

The filled circles next to the loci indicate homoeologous Brassica loci (chromosomes 1 to 9, near right) or homologous Arabidopsis loci (chromo-
somes 1 to 5, far right) detected by the same probe. When all the circles are open, no polymorphism was detected for homoeologous (Brassica)
or homologous (Arabidopsis) loci. An R next to the probe name indicates that the probe hybridizes to a repetitive DNA sequence in Arabidopsis.
Specific colors were assigned to each homoeologous (Brassica) and homologous (Arabidopsis) chromosome. Markers that appear to represent
duplication of Brassica chromatin or orthology between Brassica and Arabidopsis (based on criteria described in Lan et al., 2000a) were con-
nected by colored columns. Open columns indicate possible triplicated (Brassica) or duplicated (Arabidopsis) regions. Vertical axis indicates
centimorgans. (Modified from Lan et al. [2000a], with permission.)

Guimaraes et al. (1997) compared Saccharum spp and Sor-
ghum by using only 68 probes, and 63 (69%) of the Saccha-
rum linkage groups they proposed contained two or fewer
loci, making it impossible to test whether intrachromosomal
rearrangements were present. Ming et al. (1998) found that
z84% of the loci mapped by 242 common probes were
colinear between Saccharum and Sorghum. At least five

homologous Saccharum groups correspond largely if not
completely to single Sorghum chromosomes. Only one in-
terchromosomal and two intrachromosomal rearrangements
differentiated Saccharum and Sorghum, but several possi-
ble cases of chromosome polymorphism were found within
Saccharum.

Evaluation of QTLs has provided a glimpse into the
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Figure 2. Comparative Mapping of Cereal Chromosomes.
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molecular basis of phenotypic buffering that may contribute
to the success of autopolyploid crops. The autopolyploidy
of sugarcane is apparent in the high degree of observed du-
plication of QTLs. For example, 36 QTLs for sugar content,
mapped in four different Saccharum genotypes, correspond
to only seven distinct regions of the genome, suggesting
that the 36 QTLs may be accounted for by many fewer
genes (R. Ming, S.-C. Liu, J.E. Irvine, and A.H. Paterson, un-
published data). In several cases, two or more loci detected
by the same DNA probe were each associated with variation
in the same trait. Such associations may reflect either the
multiplex segregation of individual QTLs or the coincidence
of different QTL alleles at nearby loci; in either case, the
consequences of multiple copies of a genomic region, each
associated with common phenotypic effects, are apparent.
In virtually all such cases, additional doses of QTLs are as-
sociated with diminishing returns, similar to the less-than-
additive epistatic interactions of unlinked QTLs in diploid to-
mato (Eshed and Zamir, 1996). Epistasis in sugarcane is
complicated by the possibility of nonlinear interactions be-
tween different alleles at homologous sites in addition to
nonlinear interactions between unrelated loci (Eshed and
Zamir, 1996).

Many Modern Diploids Appear to Be Ancient Polyploids

Contemporary polyploids provide further insight into in-
stances of gene and genome duplication that have contrib-
uted to the evolution of genomes (Figures 2 and 3C)
perceived today to be diploid. Indeed, most flowering plant
genomes are thought to have gone through one or more cy-
cles of polyploid formation (Stebbins, 1966; Masterson,
1994). A surprising discovery based on its near-complete
sequencing is that much of the Arabidopsis genome ap-
pears to be duplicated (Figures 4A and 4B), supporting prior
suggestions of segmental duplications (Kowalski et al.,
1994; Paterson et al., 1996; Lan et al., 2000a) based on map-
ping restriction fragment length polymorphisms (RFLPs).
Similar genetic mapping evidence of ancient duplication ex-

ists for sorghum (Chittenden et al., 1994; Pereira et al.,
1994; Paterson et al., 1996) and rice (Kishimoto et al., 1994;
Nagamura et al., 1995).

An important question concerns the fate of genes after
duplication. For example, the data depicted in Figure 4 sug-
gest that approximately two-thirds of the Arabidopsis ge-
nome has been duplicated; however, only z19% of the total
number of expressed sequence tags (ESTs) studied fell into
the linked groups that suggest duplication. The vast majority
of genes showed either no duplication or no discernible pat-
tern in the arrangements of duplicated copies. If indeed
there was a genome-wide duplication in an Arabidopsis pro-
genitor, the vast majority of duplicated genes have been
lost, moved to new locations, or diverged so greatly that
they are no longer recognizable. Isoenzyme and molecular
studies have provided evidence for gene silencing in poly-
ploid angiosperms and ferns (Soltis and Soltis, 1993). Only a
small proportion of the triplicated isoenzyme genes in
hexaploid wheat have been lost (Hart, 1983); however, for-
mation of hexaploid wheat is very recent. Duplicate isoen-
zyme loci have been reported in maize (Wendel et al., 1986,
1989) and sorghum (Morden et al., 1989), but many isoen-
zyme systems also occur in numbers typical of diploid
plants (Wendel et al., 1986; Morden et al., 1989), which sug-
gests gene loss. Molecular evidence suggests that both
gene silencing and functional divergence have occurred in
the leghemoglobin gene family in the polyploid angiosperm
soybean (G. max; Lee and Verma, 1984). Gene loss, to-
gether with localized rearrangements, may contribute to de-
viations from synteny that are found both in genetic maps
and in localized comparisons of bacterial artificial chromo-
some (BAC) sequences.

Consequences of Polyploidy for Physical Mapping

The combination of polyploidy and heterozygosity that is in-
herent to crops such as cotton and sugarcane but rare in
model organisms such as Caenorhabditis, Arabidopsis, and

Figure 2. (continued).

The genetic maps of relevant regions of the genomes of rice, wheat, barley, and maize are aligned to the map of sorghum. DNA marker loci indi-
cated by a line (at left of the gene name) were directly mapped in the cited populations, whereas those indicated by an arrow were mapped in
other populations and the appropriate locations were inferred on the basis of map positions of flanking markers. Approximate locations of cen-
tromeres (ovals within linkage groups), telomeres (circles at ends of linkage groups), and breakpoints of chromosomal rearrangements (double
squiggles) distinguishing taxa have been indicated. For DNA marker loci that conflict with the most-parsimonious interpretation of chromosomal
correspondence between taxa, alternative map positions have been indicated in parentheses, adjacent to the appropriate locus in sorghum. For
cases in which the exact determination of marker order in local regions could not be inferred, the order most parsimonious with that in other spe-
cies was assumed. Because the populations used to map “anchor loci” were small (56 to 90 individuals), local reversals in order of closely linked
markers (.3 cM) do not provide conclusive evidence of chromosomal rearrangement between taxa. Dark lines connecting selected probes on
sorghum linkage groups D and I represent evidence of segmental duplication of this chromosomal region, as previously described (Chittenden
et al., 1994). (Excerpted with permission from Paterson et al. [1995]. Copyright 1995, American Association for the Advancement of Science.)
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mouse poses a new challenge to genomics. Traditional
dot-blot hybridization or polymerase chain reaction–based
assays for identifying BAC clones corresponding to a
mapped DNA landmark usually do not provide sufficient in-
formation to distinguish between allelic and nonallelic loci.
Use of DNA fingerprint data to assemble locus-specific
contigs for duplicated chromosomal regions requires a
means for distinguishing not only between the genomic
DNA of the underlying clones but also between distinct loci
that have arisen subsequent to the establishment of poly-
ploidy. To assemble a contig that truly represents a continu-
ous sequence within a polyploid genome, it is necessary to
ascertain that the component BAC (or other) clones are de-
rived from the same genetic locus. Individual BACs can be
assigned to their source loci within the polyploid genome by
detecting sequence variation among homologous and ho-
meologous DNA sequences (i.e., alloalleles; Reinisch et al.,
1994); such detection is not possible by traditional dot-blot
or polymerase chain reaction–based screening methods. In
the BAC-RF method (Lin et al., 2000), DNA probes hybridize
to both restriction digestions of BAC DNA and dot blots. Re-
striction digestion of pools of BAC DNA indicates the size of
the hybridizing fragment or fragments, which can be com-
pared with the sizes of alleles that have been genetically
mapped to their chromosomal locations. Dot blots yield
qualitative data about which BACs hybridize to which
probes. BAC pools confer advantages similar to those real-
ized by use of radiation hybrid cell lines (Goss and Harris,
1975; Cox et al., 1990), obviating the need for DNA polymor-
phism to map loci to their chromosomal locations at fine-
scale resolution. BAC-RF will facilitate contig assembly for
many polyploid crops and similarly provides a facile means
to identify and isolate individual members of multigene or re-
petitive DNA families.

ANGIOSPERM CHROMOSOME EVOLUTION

As exemplified above, closely related genera often retain
similar gene order along large segments of their genetic

Figure 3. Examples of Colinearity of Monocot and Dicot Genes.

Arabidopsis cDNAs that show DNA sequence conservation (BLASTx .
150) with genes from monocots or more distant taxa were used to

detect RFLPs and were then added to existing genetic maps of Sor-
ghum bicolor 3 S. propinquum, Arabidopsis thaliana, B. oleracea
(T.-H. Lan et al., 2000a), and Gossypium trilobum 3 G. raimondii (C.
Brubaker, A.H. Paterson, and J.F. Wendel, unpublished data). Low-
ercase letters indicate that additional loci were detected by the same
DNA probe. Chromosomal locations of duplicate loci are shown
either directly or in parentheses. AEST, Arabidopsis cDNAs; pSB,
sorghum PstI genomic DNA clones. LG, linkage group. (Modified
from Paterson et al. [1996], with permission.)
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maps, punctuated by structural mutations such as inver-
sions and translocations. Several examples point to the pos-
sibility that conservation of gene order might extrapolate to
more distantly related taxa. The two major subclasses of
flowering plants, monocots and dicots, are thought to have
diverged from a common ancestor z130 to 240 million
years ago (Wolfe et al., 1989; Crane et al., 1995). The possi-
bility that discernible parallels in gene order may have per-
sisted over this time is supported in a general sense by the
observation that nine pairs of taxa for which both compara-
tive genetic maps and plausible estimates of divergence
time are available show an average of 0.14 (60.06) struc-
tural differences per chromosome per million years of diver-
gence (Paterson et al., 1996); in monocots and dicots, this
rate of divergence would suggest that 43 to 58% of the
chromosomal tracts that span <3 cM would remain uninter-
rupted by this type of major structural rearrangement. The
extent of parallel arrangement of common DNA probes
mapped in sorghum, cotton, Arabidopsis, and Brassica is
not explicable by chance (Paterson et al., 1996; see Figure 3
for examples). However, conservation of order among syn-
tenic but widely dispersed markers may not represent colin-
earity of all genes between the markers (see Paterson et al.,
1996), and determination of the shortest conserved evolu-
tionary unit sequence (SCEUS) depends on the density of
comparative markers (O’Brien et al., 1993). Indeed, recent
studies suggest that many localized rearrangements can be
accounted for by smaller scale events superimposed on
chromosome-level events.

Local Genomic Colinearity

Comparisons of recombination-based genetic maps are lim-
ited in sensitivity, partly by the number of orthologous
probes available and partly by population sizes relative to
the frequency of recombination. Most RFLP maps contain
only a few hundred comparable markers at most, confining
analysis of colinearity to 5- to 10-cM segments. Further-
more, many mapped populations are based on ,100 indi-
viduals, which means that unambiguous resolution of the
orders of genes is limited to those that are at least 1 cM
apart. This low sensitivity could miss many small deletions,
duplications, and inversions. In contrast, comparative re-
striction mapping or sequence analysis of orthologous ge-
nomic segments of 100 kb or so cloned into BAC or yeast
artificial chromosome vectors can provide highly detailed
comparisons, albeit for only a small portion of any genome.

Comparative studies of the restriction maps of yeast artifi-
cial chromosome or BAC clones (Dunford et al., 1995; Kilian
et al., 1995) and genomic sequence comparisons (Chen et
al., 1998; Tikhonov et al., 1999) continue to support the no-
tion of colinear gene orders; intergenic sequences, however,
are highly variable. In particular, the large maize genome
contains substantial amounts of intergenic DNA, most of
which consists of retrotransposons inserted within each

other (SanMiguel et al., 1996; Chen et al., 1997, 1998;
Tikhonov et al., 1999). These intergenic retrotransposons
show a preference for insertion between genes and have
been amplified within the last 2 to 6 million years to make up
.50% of the total maize nuclear genome (SanMiguel et al.,
1996, 1998; SanMiguel and Bennetzen, 1998). Hence, inter-
genic retrotransposons largely account for the greater phys-
ical distance between genes in large-genome grasses in
comparison to small-genome grasses (Chen et al., 1997;
Tikhonov et al., 1999). Clearly, these mobile DNAs are usu-
ally able to insert into genomic regions without affecting lo-
cal gene content or order.

Some exceptions to colinearity have also been observed
with genes in otherwise orthologous regions. For instance,
orthologous regions of the maize, sorghum, and rice ge-
nomes all exhibit tight genetic and physical linkage of sh2
and a1 homologs, but these two loci are not linked in Arabi-
dopsis (Bennetzen et al., 1998). Even in maize and sorghum,
two closely related species that descended from a common
ancestor z15 to 20 million years ago (Gaut and Doebley,
1997), some exceptions to colinearity were observed in
adh1 homologous regions (Tikhonov et al., 1999).

Sequence-Based Comparisons

Comparisons of DNA sequences from taxa whose genomes
have been only partially sequenced provide mixed results in
supporting or refuting the value of gene order in one taxon
for predicting gene order in other taxa (Gale and Devos,
1998). Occasional artifacts may result from “best available
matches” between genes that are in fact not orthologous
but merely similar, perhaps reflecting the suggestion that
the “universe of exons” may be as few as 5000, arranged in
various combinations and permutations into a much larger
universe of genes (Dorit et al., 1990). A modal SCEUS length
of 3 cM between monocots and dicots has been estimated
(Paterson et al., 1996), but variable rates of chromosome
structural divergence are evident in different lineages, con-
tributing to a coefficient of variation of z40% (0.06/0.14).
Given these considerations, along with well-established
variation in the relationship between genetic (cM) and physi-
cal (kb) distances, the observation that sampling of different
genomic regions from different taxa would show different
degrees of structural conservation is not startling.

A recent comparison of rice ESTs with the Arabidopsis
genomic sequence suggests that identification of orthologs
by using BLASTN may not always be reliable when dealing
with divergent, incompletely sequenced genomes (Devos et
al., 1999). That BLASTN encounters difficulties in identifying
orthologs is not surprising, given that the BLASTN algorithm
imposes a tradeoff between speed and accuracy (Altschul et
al., 1990) and does not recognize moderately distant nucle-
otide homologies efficiently. Indeed, Karlin and Altschul
(1990) have shown, using default scoring matrices, that
BLASTN targets matches of .98% sequence similarity.
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Figure 4. Evidence for Nearly Genome-wide Duplication of Arabidopsis Chromatin.
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Nucleotide sequence similarities between divergent species
may thus be eroded to the extent that sequence identity cal-
culated for orthologs is similar to that among other members
of the gene family. Alternatively, amino acid sequence simi-
larity has been shown to identify homologs that diverged as
much as 2.5 billion years ago (Pearson, 1997). A comparison
at the amino acid level would thus be more effective than
use of BLASTN to establish orthologous relationships be-
tween rice and Arabidopsis.

In addition, nucleotide or amino acid sequence identity is
inadequate for identifying orthologs from highly divergent
species (Tatusov et al., 1997). Gene loss after gene duplica-
tion complicates identification of orthologs when highest se-
quence identity is the sole criterion. If two genomes lose
different paralogs of an ancestral gene that was duplicated
before species divergence, the remaining paralogs will have
the highest sequence identity (Huynen and Bork, 1998).
Orthologs within large multigene families, which are com-
mon in angiosperms, may be especially difficult to identify
by using sequence identity.

In summary, comparative information about chromo-
some organization is of high value in closely related taxa, in
which deviations from colinearity are infrequent. Across
more distantly related taxa (such as different taxonomic
families), chromosomal rearrangements, together with gene
duplication, divergence, and localized rearrangement, grad-
ually reduce the value of comparative maps for predicting
gene content and order. Although patterns can still be dis-
cerned that reflect gene arrangements as ancient as those
tracing back to the common ancestor of monocots and di-
cots, or a lower ploidy ancestor of modern Arabidopsis
thaliana, such patterns are considerably obscured by ex-
tensive gene deletion or divergence. Ancient chromosomal
duplication, now suspected to have occurred even in the
streamlined genome of Arabidopsis, may also explain

some of the apparent incongruities in comparative maps.
However, even modest degrees of conservation across
large evolutionary distances are of interest in providing a
framework for studying the course of plant chromosome
evolution.

Comparative QTL Mapping

The molecular dissection of complex traits through breeding
approaches (see Paterson et al., 1990), coupled with the de-
velopment of comprehensive EST databases and their use
for high-throughput parallel analysis of gene expression (see
DeRisi et al., 1997), promises to add much to our under-
standing of the relationship of genes to phenotypes. At
present, however, the vast majority of phenotypes cannot
yet be assigned to specific genes and are known only to lie
within some chromosomal region perhaps 10 to 30 cM long,
with a specified level of confidence. Statistical assessments
continue to be the best available means of evaluating the
extent of similarity in the genetic determinants of such com-
plex traits across different taxa. A sampling of the following
three statistical studies illustrates the messages that are
emerging from comparative QTL mapping.

QTLs Associated with Domestication of Cereal Crops

An early study (Paterson et al., 1995) described the compar-
ative molecular analysis of the sets of genes associated with
domestication of three major cereal crops (Sorghum, Oryza,
and Zea), each on a different continent. A framework of
common DNA markers provided a basis for evaluating how
well the locations of genes that confer common phenotypes
corresponded. Correspondence was evaluated among

Figure 4. (continued).

(A) Dot plot showing locations of duplicated genes in Arabidopsis. The x and y axes each represent 1452 completely sequenced Arabi-
dopsis BACs, arranged in their chromosomal order, according to the reference genetic markers in (B). Points on the graph represent the
best two BLAST hits on the Arabidopsis BACs, for 15,199 Arabidopsis ESTs showing high similarity (,1 3 10214 likelihood of occurring by
chance) to two nonoverlapping BACs, selected from .30,000 Arabidopsis ESTs available in GenBank (accession numbers AV530001 to
AV560000). The 15,199 ESTs that were duplicated hit 5084 different BAC pairs, shown as points in the figure. Regions in which five or
more BAC pairs showed hits in a square 6 3 6 region of 36 BACs are shown in red, indicating regions of duplication. Because of the res-
olution of this figure, it is difficult visually to resolve the number of points in a region; a tight clustering of points may appear less significant
than a more dispersed grouping. A total of 42 segments appear to be duplicated. The 880 points that are shown in red represent 5780
(19.2%) of the total number of ESTs and 38% of the ESTs that were duplicated.
(B) Representation of duplications on Arabidopsis chromosomes. Duplicated regions from (A) are shown along the Arabidopsis genetic
map, including commonly used reference markers. Colored blocks represent the chromosomal location of the duplicated copy for the in-
dicated chromosomal region. Of the 1452 completely sequenced Arabidopsis BACs on which this comparison was based, 841 (58%) ap-
pear to have been duplicated. Because these BACs cover only z90% of the genome, this suggests that at least two-thirds of the
Arabidopsis genome has been duplicated. Only 49 (3%) appear to be represented in more than one duplicated region, suggesting that
relatively little of the genome is involved in higher order levels of duplication (such as triplication). Curiously, the regions surrounding the
centromeres show little evidence of duplication, although the physical maps and sequences of these regions tend to be less complete.
Centimorgans are shown to left of chromosomes.
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genes/QTLs associated with temperate (day-neutral) flower-
ing, restricted seed dispersal, and increased seed size in
crosses between divergent Sorghum, Oryza, and Zea taxa.
Genes/QTLs were found to correspond far more often than
would be expected to occur by chance, suggesting that cor-
responding genes may be involved in evolution of these
phenotypes. Convergent domestication of sorghum, rice,
and maize, as reflected by mutations at corresponding ge-
netic loci, suggests that a few genes with large effects may
mostly determine the phenotypes studied.

Correspondence in location of QTLs in different taxa does
not prove identity between the underlying genes, but it does
suggest the identity of some of them. Map-based cloning of
QTLs, a heretofore refractory objective, appears more trac-
table in view of these results. Specifically, “parallel walks” to
corresponding genes in different species may obviate some
obstacles often associated with positional cloning.

In all three taxa used in these studies, the crosses studied
were highly divergent. In both Sorghum and Zea, a culti-
vated type was crossed to a wild relative; in Oryza, diver-
gent subspecies were crossed to one another. Hence, the
genes that were mapped are likely to reflect fundamental
changes in the early stages of domestication, and the re-
sults may not therefore be predictive of the levels and pat-
terns of conservation of subtle differences among elite
cultivars.

Comparative Analysis of Pest Resistance Genes

The greenbug, Schizaphis graminum (Rondani), survives on
a wide range of grass species. The parthenogenetic nature
of this aphid’s reproduction leads to rapid propagation of
virulent biotypes: in only 30 years, S. graminum has given
rise to eight new biotypes that have overcome both host
plant resistance and susceptibility to organophosphate
insecticides. Sorghum, wheat, and barley each contain
greenbug resistance genes at comparable chromosomal lo-
cations—specifically, among sorghum linkage groups D, F,
I, and J, and Triticeae homologous groups 1, 6, and 7 (C.S.
Katsar, G. Peterson, Y. Lin, G.L. Teetes, and A.H. Paterson,
unpublished data). Crop rotation has long been a key com-
ponent of integrated pest management, with the tacit as-
sumption that different crops offer different obstacles to the
pest. The sorghum–wheat rotation commonly used in the
Southern Plains of the United States, however, may be inad-
equate to disrupt the life cycle of this pest, and correspon-
dence among resistance loci across various taxa suggests
the need for more effective “gene rotation” strategies. Thus,
positional and functional information about resistance genes
in different crops is vital to ensure that crop rotation truly ac-
complishes the goal of challenging pests with a series of
diverse resistance genes/mechanisms. Further, many of
sorghum’s greenbug resistance genes seem to fall within
duplicated chromosomal regions, heightening the possibility
of further redundancy of resistance mechanisms.

Diversity in QTLs Suggests That Brassica Is a Rapidly 
Evolving Genus

Comparing three morphologically diverse B. oleracea geno-
types, each crossed to a common rapid-cycling genotype,
we studied the extent to which apparently similar pheno-
types were under common genetic control in the Brassica
genus. Although this experiment was designed to investi-
gate the comparative evolution of the inflorescence, other
aspects of plant morphology were also studied to provide a
more detailed understanding of the suite of changes needed
to transform a small, ephemeral plant into, for example, cau-
liflower. For example, we inferred that the 47 QTLs found to
affect measures of plant size and shape in the three different
crosses reflected variation in z35 different genetic loci, illus-
trating that most QTLs differed between populations (T.-H.
Lan and A.H. Paterson, manuscript submitted). This picture
tends to contradict the pattern found in the grasses, which
showed highly similar genetic controls of a trait in different
genotypes. However, diversity of QTLs is reinforced by QTL
data for other traits in Brassica (Lan and Paterson, 2000b);
previously published data (Kowalski et al., 1994) also sug-
gest that the Brassica genome may be relatively rapidly
evolving at the structural level.

SYNTHESIS

Approximately a decade ago, the suggestion that diverse
plant species might resemble each other in terms of gene
content (Tanksley et al., 1988) and order (Bonierbale et al.,
1988; Hulbert et al., 1990) came as something of a surprise,
especially in view of the tremendous developmental, bio-
chemical, and morphological diversity that has arisen over
the 130- to 240-million-year history of angiosperm evolution.
Today, comparative genetic maps allow model species to
guide inquiry and provide insights into the genomes and
evolution of multiple experimental species. Widespread use
of heterologous DNA markers has accelerated genome
analysis in many crops.

Nevertheless, present-day comparative genomic maps
must be interpreted with caution. Most comparative genetic
maps continue to be based on a relative paucity of DNA
markers, and virtually all are dependent on the availability of
DNA polymorphism, which means that only a subset of loci
can be mapped. In addition, regardless of how much ge-
nomic colinearity may exist between two species, the very
fact of speciation means that a certain degree of nonco-
linearity is likely (see, e.g., Dubcovsky and Dvorak, 1995;
Leister et al., 1998).

Much current activity is centered on aligning the physical
maps and genomic sequences from models such as Arabi-
dopsis with genetic maps of major crops, potentially to aid
in the cloning of agriculturally important genes or QTLs.
Thousands of genetically mapped mutants of Arabidopsis,
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maize, rice, and other taxa might similarly be united into a
central tool for the comparative study of plant development.
However, although chromosomal parallels appear to have
persisted among distantly related plants, they are consider-
ably obscured by extensive gene deletion or divergence.
Ancient chromosomal duplication, now evident even in the
streamlined genome of Arabidopsis, may also cause appar-
ent incongruities that can be resolved only when compara-
tive maps become very detailed.

Colinear RFLP maps and a close phylogenetic relation-
ship are good indicators of local colinearity, but only de-
tailed analysis of the targeted local region can reveal
microcolinearity. Next-generation “gene maps” (Deloukas et
al., 1998), and ultimately additional genomic sequences, will
empower comparative studies at a level of resolution that far
exceeds present capabilities. Fine-scale scans of genomes
for features that implicate particular regions in the genetic
control of key phenotypes are on the horizon and will reveal
heretofore unappreciated evolutionary trends (G. Wang et
al., 1995; Aaltonen et al., 1997; Peltonen and Uusitalo, 1997;
Cohen, 1999; R. Wang et al., 1999). Predicted SCEUS
lengths will prove useful in identifying unusual features of
particular genomes. “Gene blocks” that are conserved be-
cause of advantages of particular structural features or gene
arrangements (“position effects”; see Lewis, 1950) that im-
pact expression and function will be of special interest.
Methods for parallel “expression profiling” of thousands of
genes simultaneously (DeRisi et al., 1997) will be indispens-
able to analyses of chromosome function on a global scale.
Taxa such as Brassica and Secale, which show particularly
high rates of chromosome structural rearrangement (see
Paterson et al., 1996), might be fertile systems for investi-
gating the structural mutation process. New methods also
promise to reveal more detail about the arrangements of re-
petitive DNA elements on a genome-wide scale (Lin et al.,
2000; Zhang et al., 2000). An especially intriguing issue is
how and why parallel gene order is preserved along the
chromosomes of taxa that have been reproductively iso-
lated for millions of years despite rapidly changing arrange-
ments of intergenic DNA.

Plant biology is entering a golden age in which high-
throughput genomic enterprises, such as those providing
the complete sequences for Oryza and Arabidopsis, will
provide powerful new approaches to solving puzzles that
have perplexed botanists for centuries. The extent of paral-
lelism in gene orders is only one example of the kinds of
learning opportunities that will reward public investment in
comprehensive plant genomics programs. It is particularly
exciting that such programs are beginning to expand be-
yond selected models to include the food, feed, and fiber
crops that sustain humanity. Crops are domesticated be-
cause they exhibit one or more extraordinary features, such
as the large carbohydrate-rich seeds of the cultivated cere-
als, the remarkably long and strong single-celled fibers of
cotton, the curd-like semi-sterile inflorescence of cauli-
flower, and the bulbous berry of tomato. Each crop is intrin-

sically an elegant “model” that offers unique opportunities to
make new advances in (comparative) plant biology. As such
advances are made, crop improvement will be equipped
with an unprecedented set of tools for further adaptation of
plants to better meet human needs.
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