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Table 1. Ploidy, nucleotide di�ersity, and yield differences between domesticated crops and wild progenitors

Zea mays
Sorghum
bicolor

Orzya
sati�a

A�ena
sati�a

Hordeum
�ulgare

Triticum
ae�estium

Pennisetum
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% 71% 65% 117% 71% 67%
Wild Yield$ 0±16w ! 0±60c 1±12a 2±93a 0±65w 0±65w ! 0±55c

Yield in 1961% 2±5 2±4 4±1 1±8 2±4 2±4 1±1
Yield in 2000% 9±1 5±9 5±6 4±5 6±4 7±1 1±5
Recent Yield Gain 3±6 2±5 1±4 2±5 2±7 3±0 1±4
Gain Over Progenitor 55±9 " 9±9 5±0 1±5 9±8 11±0 " 2±7

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 (a). The field station
estimates are higher than would be expected in the wild. When wild estimates were unavailable, estimates from landrace
cultivars (c) 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 tb1 are consistent with reasonably

large effective population sizes being maintained

during domestication (Wang et al., 1999).

What gains in yield ha�e 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

(Evans et 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 Adh1 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, 1993a ;

Gaut and Clegg, 1993b), 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.
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