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Table 1. Ploidy, nucleotide diversity, and yield differences between domesticated crops and wild progenitors
Sorghum Orzya Avena Hordeum Triticum Pennisetum

Zea mays bicolor sativa sativa vulgare aevestium glaucum
Maize Sorghum  Rice Oats Barley Wheat Pearl Millet

Ploidy Tetraploid”  Diploid Diploid  Hexaploid  Diploid Hexaploid  Diploid

Progenitor Diversity 0-0210 0-0035 0-0035f 0-0014f 0-0070f 0-0036f

Cultivar Diversity 0-0163 0-0016f 0-0050 0-0024f

Cult./Prog. Diversity# 78 % 60 % 1% 65% 117% 1% 67 %

Wild Yield$ 0-16w < 0-60c 1-12a 2-93a 0-65w 0-65w < 0-55¢

Yield in 1961% 25 2:4 41 1-8 2:4 2:4 1-1

Yield in 2000% 91 59 56 45 64 71 1-5

Recent Yield Gain 36 2:5 1-4 2:5 27 30 1-4

Gain Over Progenitor 559 > 99 50 1-5 9-8 11-0 > 27

1. Maize has many duplications and may be an ancient tetraploid.
2. Ratio of cultivar to wild progenitor nucleotide diversity. If nucleotide diversity estimates were missing, isozyme data was
substituted. References for diversity estimates can be found in the text. Averages based on only one or two loci are indicated

by f.

3. Estimates of yield for wild progenitors come from both the wild (W) and agricultural field stations (3). The field station
estimates are higher than would be expected in the wild. When wild estimates were unavailable, estimates from landrace
cultivars (¢) in the region of domestication were substituted (ICRISAT, Murphy and Frey, 1984; Oka, 1988; Wilkes, 1967;

Zohary, 1969).

4. Yield estimates are from FAO average yields in France from 1961 and 2000.

estication events involving millions of plants. For
instance, the patterns of diversity at the maize
domestication gene th1 are consistent with reasonably
large effective population sizes being maintained
during domestication (Wang et al., 1999).

What gains in yield have been realized from grass
domestication and breeding?

The first targets of domestication were likely genes
that made harvesting easier and allowed expansion
into new environments. Soon after, yield must have
become a primary objective as greater yield would
have substantially reduced the labor input and land
needs. Domestication and breeding have been re-
markably successful at increasing yield in the grasses
for a small group of today’s cultivars. For the most
successful cultivars, the average yields of wild stands
were probably under 1 Mg/ha compared to today’s
yield of 4-9 Mg/ha (Table 1).

This represents a gain over the wild yield of roughly
5-10 fold, and this increase is continuing as most of
the major grass species have exhibited two to three
fold increases in yield over the last 40 years. Although
some of this gain is through intensification of
agricultural inputs, a substantial portion reflects gains
by genetics. Generally, estimates suggest that 40-80 %
of the yield gain in maize, wheat, and barley over the
last century has been from genetic improvements
(Evanset al., 1993 ; Hallauer et al., 1988). Impressively,
maize yield has increased 55 fold through its history of
domestication. This dramatic rise in yield from a

physiological perspective probably reflects the poor
yield of maize’s wild relatives. But from a genetic
perspective, this increase was likely possible only
through maize’s high diversity, which is 3-10 fold
higher than other grasses (Table 1).

Domestication has radically changed many grass
species, and in many cases human selection has moved
these species towards similar phenotypes and adap-
tations. It is likely that many of the same genes have
been involved in all of these domestication events, but
the origin of the genetic variation, which allows for
the modification of these species, still remains unclear.
The variation necessary for selection may come from
genome duplications, large effective population size,
and/or high mutations rates. The two most productive
domesticates (maize and wheat) both have many
duplicated loci, yet maize has higher diversity com-
pared to wheat. To more fully understand the
importance of genome structure and diversity in the
grasses it will be necessary to sample nucleotide
diversity and genome structure from some of the
domestication failures. For example, prior to the shift
to maize, Mexican Setaria species appear to have been
more productive than maize and more widely used
throughout Mexico, but domestication does not
appear to have occurred (Callen, 1967). Was this a
result of the species not responding to selection? One
method of addressing this question would be to
contrast nucleotide diversity at a sample of unlinked
loci from several cultivars of unsuccessful grasses with
nucleotide diversity in successful grass domesticates.
It would be important to do this for loci that are not
expected to play a role in domestication, as selection
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at specific loci can greatly skew diversity estimates.
The research at the Adhl locus for three grasses has
already been very informative in suggesting how
different life history traits may relate to diversity
(Cummings and Clegg, 1998 ; Gaut and Clegg, 1993 4;
Gaut and Clegg, 19935), but with high throughput
sequencing becoming more accessible, surveys across
multiple taxa and loci are now becoming feasible.

As the human population continues to grow and
arable land becomes limited, it is critical that
substantial yield increases continue. The grasses are
key to meeting these needs, and their similar genomes
provide a unique opportunity to use them as a single
evolutionary genetic and functional genomic system
(Freeling, 2001). Understanding why grass domes-
tication has succeeded or failed in the past should
provide important knowledge on how to exploit
diversity and genome structure for future agricultural
improvement.

We thank Gemma White for contributing unpublished data.
We also thank Carlyn Keith Buckler, Julie Ho, Sherry
Whitt, Ken Olsen, and Greg Gibson for commenting on this
manuscript. JMT was supported with supported by NSF
grant DBI-9872631.

References

Ahn, S., Anderson, J. A., Sorrells, M. E. & Tanksley, S. D.
(1993). Homoeologous relationships of rice, wheat and
maize chromosomes. Molecular and General Genetics 241,
483-490.

Badr, A., Muller, K., Schafer-Pregl, R., El Rabey, H.,
Effgen, S., Ibrahim, H. H., Pozzi, C., Rohde, W. &
Salamini, F. (2000). On the origin and domestication
history of barley (Hordeum vulgare). Molecular Biology
and Evolution 17, 499-510.

Barbier, P. & Ishihama, A. (1990). Variation in the
nucleotide sequence of a prolamin gene family in wild
rice. Plant Molecular Biology 15, 191-195.

Barbier, P., Morishima, H. & Ishihama, A. (1991).
Phylogenetic relationships of annual and perennial wild
rice: probing by direct DNA sequencing. Theoretical and
Applied Genetics 81, 693-702.

Bennetzen, J. L. (2000). Comparative sequence analysis of
plant nuclear genomes: Microcolinearity and its many
exceptions. Plant Cell 12, 1021-1029.

Blake, N. K., Lehfeldt, B. R., Lavin, M. & Talbert, L. E.
(1999). Phylogenetic reconstruction based on low copy
DNA sequence data in an allopolyploid: the B genome of
wheat. Genome 42, 351-60.

Callen, E. O. (1967). The first New World cereal. American
Antiquity 32, 535-538.

Chen, M., SanMiguel, P., deOliveira, A. C., Woo, S.S.,
Zhang, H., Wing, R. A. & Bennetzen, J. L. (1997).
Microcolinearity in sh2-homologous regions of the maize,
rice, and sorghum genomes. Proceedings of the National
Academy of Sciences of the USA 94, 3431-3435.

Cummings, M.P. & Clegg, M.T. (1998). Nucleotide
sequence diversity at the alcohol dehydrogenase 1 locus in
wild barley (Hordeum wvulgare ssp. spontaneum): An
evaluation of the background selection hypothesis. Pro-
ceedings of the National Academy of Sciences of the USA
95, 5637-5642.

Doebley, J., Stec, A. & Hubbard, L. (1997). The evolution
of apical dominance in maize. Nature 386, 485—488.

Evans, L. T. & Evans, T. L. T. (1993). Crop evolution,
adaptation, and yield. Cambridge University Press: New
York.

Eyre-Walker, A., Gaut, R. L., Hilton, H., Feldman, D. L. &
Gaut, B. S. (1998). Investigation of the bottleneck leading
to the domestication of maize. Proceedings of the National
Academy of Sciences of the USA 95, 4441-4446.

Feldman, M., Liu, B., Segal, G., Abbo, S., Levy, A. & Vega,
J. (1997). Rapid elimination of low-copy DNA sequences
in polyploid wheat: a possible mechanism for differen-
tiation of homoeologous chromosomes. Genetics 147,
1381-1387.

Freeling, M. (2001). Grasses as a single genetic system.
Reassessment 2001. Plant Physiology 125, 1191-7.

Galili, S., Avivi, Y., Millet, E. & Feldman, M. (2000).
RFLP-based analysis of three Rb¢S subfamilies in diploid
and polyploid species of wheat. Molecular and General
Genetics 263, 674-80.

Gaut, B. S. (2001). Patterns of chromosomal duplication in
maize and their implications for comparative maps of the
grasses. Genome Research 11, 55-66.

Gaut, B. S. & Clegg, M. T. (1993 a). Molecular evolution of
the Adhl locus in genus Zea. Proceedings of the National
Academy of Sciences of the USA 90, 5095-5099.

Gaut, B.S. & Clegg, M. T. (19935). Nucleotide poly-
morphism in the Adhl locus of pearl millet (Pennisetum
glaucum) (Poaceae). Genetics 135, 1091-1097.

Gaut, B. S. & Doebley, J. F. (1997). DNA sequence evidence
for the segmental allotetraploid origin of maize. Pro-
ceedings of the National Academy of Sciences of the USA
94, 6809-6814.

Gaut, B.S., Le Thierry d’Ennequin, M., Peek, A.S. &
Sawkins, M. C. (2000). Maize as a model for the evolution
of plant nuclear genomes. Proceedings of the National
Academy of Sciences of the USA 97, 7008—15.

Hallauer, A. R., Russell, W. A. & Lamkey, K. R. (1988).
Corn Breeding. Pp. 463-564 in G. F. Sprague and J. W.
Dudley, eds. Corn and Corn Improvement. American
Society of Agronomy, Inc.,: Madison, Wisconsin.

Hancock, J. F. (1992). Plant evolution and the origin of crop
species. Prentice Hall: Englewood Cliffs, NJ.

Hillman, G. & Davies, M. S. (1990). Domestication rates in
wild-type wheats and barley under primitive cultivation.
Biological Journal of the Linnean Society 39, 39-78.

Hirano, H. Y., Eiguchi, M. & Sano, Y. (1998). A single base
change altered the regulation of the Waxy gene at the
posttranscriptional level during the domestication of rice.
Molecular Biology and Evolution 15, 978-987.

Isshiki, M., Morino, K., Nakajima, M., Okagaki, R.J.,
Wessler, S. R., Izawa, T. & Shimamoto, K. (1998). A
naturally occurring functional allele of the rice waxy locus
has a GT to TT mutation at the 5 splice site of the first
intron. Plant Journal 15, 133-138.

Kellogg, E. A. (2001). Evolutionary history of the grasses.
Plant Physiology 125, 1198-205.

Lin, J.Z., Brown, A.H.D. & Clegg, M.T. (2001).
Heterogeneous geographic patterns of nucleotide se-
quence diversity between two alcohol dehydrogenase
genes in wild barley (Hordeum wvulgare subspecies
spontaneum). Proceedings of the National Academy of
Sciences of the USA 98, 531-536.

Lin, Y.R., Schertz, K.F. & Paterson, A.H. (1995).
Comparative analysis of QTLs affecting plant height and
maturity across the Poaceae, in reference to an interspecific
sorghum population. Genetics 141, 391-411.



E. S. Buckler IV et al.

Morden, C.W., Doebley, J. & Schertz, K.F. (1990).
Allozyme variation among the spontaneous species of
Sorghum section Sorghum (Poaceae). Theoretical and
Applied Genetics 80, 296-304.

Murphy, J. P. & Frey, K. J. (1984). Comparisons of oat
populations developed by intraspecific and interspecific
hybridization. Crop Science 24, 531-536.

Murphy, J. P. & Phillips, T. D. (1993). Isozyme variation in
cultivated oat and its progenitor species, Avena sterilis L.
Crop Science 33, 1366-1372.

Oka, H. 1. (1988). Origin of cultivated rice. Elsevier Science
Publishing Co.,: New York.

Paterson, A. H., Lin, Y. R., Li, Z., Schertz, K. F., Doebley,
J. F., Pinson, S. R. M., Liu, S. C., Stansel, J. W. & Irvine,
J. E. (1995). Convergent domestication of cereal crops by
independent mutations at corresponding genetic loci.
Science 269, 1714-1718.

Peng, J., Richards, D. E., Hartley, N. M., Murphy, G. P.,
Devos, K. M., Flintham, J. E., Beales, J., Fish, L.J.,
Worland, A.J., Pelica, F., Sudhakar, D., Christou, P.,
Snape, J. W., Gale, M. D. & Harberd, N.P. (1999).
‘Green revolution’ genes encode mutant gibberellin
response modulators. Nature 400, 256-61.

Petersen, G. & Seberg, O. (1998). Molecular characterization
and sequence polymorphism of the alcohol dehydrogenase
1 gene in Hordeum vulgare L. Euphytica 102, 57-63.

Petrov, D. A., Sangster, T., Johnston, J., Hartl, D. L. &
Shaw, K.L. (2000). Evidence for DNA loss as a
determinant of genome size. Science 287, 1060-1062.

SanMiguel, P., Tikhonov, A., Jin, Y. K., Motchoulskaia,
N., Zakharov, D., Melakeberhan, A., Springer, P.S.,
Edwards, K. J., Lee, M., Avramova, Z. & Bennetzen,
J. L. (1996). Nested retrotransposons in the intergenic
regions of the maize genome. Science 274, 765-768.

Shure, M., Wessler, S. & Fedoroff, N. (1983). Molecular

218

identification and isolation of the Waxy locus in maize.
Cell 35, 225-233.

Talbert, L. E., Smith, L. Y. & Blake, M. K. (1998). More
than one origin of hexaploid wheat is indicated by
sequence comparison of low-copy DNA. Genome 41,
402-407.

Tamayo, P., Slonim, D., Mesirov, J., Zhu, Q., Kitareewan,
S., Dmitrovsky, E., Lander, E. S. & Golub, T. R. (1999).
Interpreting patterns of gene expression with self-
organizing maps: Methods and application to hemato-
poietic differentiation. Proceedings of the National Acad-
emy of Sciences of the USA 96, 2907-2912.

Tarchini, R., Biddle, P., Wineland, R., Tingey, S. & Rafalski,
A. (2000). The complete sequence of 340 kb of DNA
around the rice Adhl-Adh2 region reveals interrupted
colinearity with maize chromosome 4. Plant Cell 12,
381-391.

Van der Meer, I. M., Stuitje, A. R. & Mol, J. N. M. (1993).
Regulation of general phenylpropanoid and flavonoid
gene expression. Pp. 125-155 in D. P. S. Verma, ed.
Control of Plant Gene Expression. CRC Press: Boca
Raton, Florida.

Wang, R. L., Stec, A., Hey, J., Lukens, L. & Doebley, J.
(1999). The limits of selection during maize domestication.
Nature 398, 236-9.

White, S.E. & Doebley, J.F. (1999). The molecular
evolution of terminal earl, a regulatory gene in the genus
Zea. Genetics 153, 1455-1462.

Wilkes, H. G. (1967). Teosinte: the closest relative of maize.
The Bussey Institute of Harvard University: Cambridge,
MA.

Zohary, D. (1969). The progenitors of wheat and barley in
relation to domestication and agricultural dispersal in the
Old World. Pp. 47-66 in P. J. Ucko and G. W. Dimbleby,
eds. The domestication and exploitation of plants and
animals. Aldine Publishing Co.,: Chicago.



