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Convergent Domestication of Cereal Crops by 
Independent Mutations at Corresponding 

Genetic Loci 
Andrew H. Paterson," Yann-Rong Lin, Zhikang Li, 

Keith F. Schet-tz, John F. Doebley, Shannon R. M. Pinson, 
Sin-Chieh Liu, James W. Stansel, James E. lrvine 

Independent domestication of sorghum, rice, and maize involved convergent selection for 
large seeds, reduced disarticulation of the mature inflorescence, and daylength-insen- 
sitive flowering. These similar phenotypes are largely determined by a small number of 
quantitative trait loci (QTLs) that correspond closely in the three taxa, The correspondence 
of these QTLs transcends 65 million years of reproductive isolation. This finding supports 
models of quantitative inheritance that invoke relatively few genes, obviates difficulties in 
map-based cloning of QTLs, and impels the comparative mapping of complex pheno- 
types across large evolutionary distances, such as those that separate humans from 
rodents and domesticated mammals. 

M o s t  calorie? consumed hv h~ imans  and 
livestock derive from the nialor cereals: 
rice, n.heat, maize, millet, and sorghum. 
T h e  cereal? are ~llemhers of the erass famill; 
(Poaceae) and were each doniesticate i troll1 ' 

t h e ~ r  lvild relatives 7cetn.een 7PP9 and 
12,999 years ago ( I ) ,  quite recently in hu- 
lnan history. I ~ i ~ i e p e ~ i d e ~ i t  donie?ticat~on ot 
the  four nialor cereal comnlexes-in Africa 
(sorghum and millet), ,Asia (rice) [but see 
(1 )], the Kear East (m-heat, harlel-, oats, and 
rye) and Allierica (ma~:e)-~~rociuce qimi- 
1 .  . -  a1 ~esul ts :  In all cases, ?mall-~eedeLl \v~ld 
grasses n-it11 natural seed d~spersal n-ere tor- 

\rerted into large-grained qymbionts that de- 
peniied o n  farllier? to harvest and son* their 
seed ( 1  ) .  

Although conservation of gene order 
along the chroiiiosome~ 12 \yell kno\vn to 
tran?gress species ho~mdarle?,  the extent of 
correspo~lde~lce in the QTLs tliat account 
for variation in complex phenotypes lias 
heen a point of conjecture. Comparative 
inaps re\-eal a conlnion order of gene? and 
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Staton n: 77843, USA 
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'To whom cor~esnontlence should be addressetl 

llloliogenlc phenotype? fiver large cliromo- 
somal tracts In grasses after 65 lllillio~l y e a r  
( h l y )  of divergence ( 2 )  and 111 ilianlillals 
after 129 MJ- of divergence (3) .  Hon.e\.er, 
models for cliiantitati~-e inlier~tallce that in- 
voke man!- gene?, each \ n t h  only t ~ n y  ef- 
fects (ii), n-oulcl predict little corre?pon- 
dence of QTLs airo\s taxa. Recelit Q T L  
lllappllig stuclies si~ggesteJ a simpler haqi? 
for ~lilantltatl \~e inheritance (5), althoupli 
?ucli qt~~ilies detecteJ onlv a sul??et of QTLs - 
nit11 relatively larpe effects (6). Corre,spon- 
dence of QTL? In conqenerlc plant species 
ha? l?een suggested (7), l7~1t tlie promiscuitv 
of plants carries the possihil~tl- of recent 
genetic exchange 1~eta.een specie?. 

If QTLs III disparate tasa niapped to 
correspondine locatio~is more often than 

u 

\voul~l be especteil hy il iance, such a find- 
ing would strongly su,oge?t that correspond- 
ing genes \\-ere invo11,ecl 111 tlie e v o l ~ ~ t i o n  of 
the relevant phenotypes. T o  1n1-estigate tliiq 
hypothe?is, we assessed ii)rrespondence he- 
t a e e n  QTLs that afkct  seed Illass and dl?- 
artic~llation of the inature ~liflorescence 
is l ia t ter in~)  in crosses hetween cu l t~ \ -a t e~I  
and n.ild sorghum specles, I~e t~veen  c ~ ~ l t i v a t -  
ed anii n.11ii malze specie?, and betneen 
divergent ?uh?pecies i)t cultivatecl rice (,3). 
Correspondence among sliort-da\- ilo\ver~ng 
mutations a a ?  evah~ated in these and adJi- 
tional tasa.  Use of interspecific (soryhum, 
maize) or ?ubspecific ( r ~ c e )  crosses masi- 
in~zed segreqation for allelic \.arialit? at both 
QTL? and D K A  markers. 

W e  studied three trait.; that \\.ere mde- 
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pendently altered during the domestication 
of grasses. The small seed mass (size) of wild 
grasses permits more rapid maturity, wider 
distribution, and deeper penetration of the 
soil, but seedling vigor is reduced and me­
chanical harvesting is more difficult rela­
tive to the larger seeds of the cereals. Wild 
grasses disperse seed by shattering, but non-
shattering mutants were selected during do­
mestication because humans could more ef­
ficiently harvest grains that adhered to the 
plant. Short-day flowering enables coordi­
nation of seed development with the season 
of optimal rainfall in the semiarid tropics, 
but it fails to maximally exploit incident 
solar radiation in temperate latitudes (9). 

Three QTLs that affect seed mass (size) 
correspond closely in sorghum, rice, and 
maize, and at least five additional QTLs 
correspond between two of these genera 
(Fig. 1). Among seven QTLs that account 
for 52% of phenotypic variance explained 
(PVE) in sorghum seed mass, five [on link­
age groups (LGs) A, C, E, F, and I] corre­
spond to five of the eight QTLs that ac­
count for 78% of PVE in rice (10). Four of 
the sorghum QTLs (on LGs A, B, C, and F) 
correspond to four of the eight QTLs that 
account for 69% of PVE in maize (11). Five 
maize QTLs correspond to rice QTLs. Only 
four QTLs [two on maize chromosome 2, 
one on rice chromosome 3, and one on 
sorghum LG ] (not shown)] showed no 
correspondence. The probabilities that seed 
mass QTLs in sorghum, rice, and maize 
would correspond so frequently by chance 
are conservatively estimated as 0.1 to 0.8% 
(8). 

QTLs that affect seed dispersal show 
similar correspondence across taxa. Shatter­
ing mapped to a single locus ( — 100% PVE) 
in sorghum, three loci (24% PVE) in rice, 
and 10 loci (60% PVE) in maize. The dis­
crete sorghum locus (12) corresponds to a 
rice QTL on chromosome 9 and to maize 
QTLs on duplicated regions of chromo­
somes 1 and 5 (II). Rice QTLs on chromo­
somes 2 and 3 correspond to maize QTLs on 
chromosomes 4 and 1. Six additional QTLs 
influence shattering in maize but not in rice 
or sorghum (Fig. 1). 

The ability of many cultivated cereals to 
flower in the long days of the temperate 
summer may be largely the result of muta­
tions at a single ancestral locus. A sorghum 
LG D QTL (probably Mal:13) explains 
—86% of PVE in flowering time and ac­
counts for the dichotomy of F2 phenotypes 
in our day-neutral (S. bicolor) X short-day 
(S. propinquum) cross; it also accounts for 
short-day flowering in each of the five races 
of S. bicolor (13). Short-day flowering of 
sugarcane is closely associated with the 
DNA probe pSBl88 (8), which lies near 
Mai. The corresponding region of maize 
chromosome 10 accounts for up to 26% of 

PVE in the flowering of a temperate X 
tropical cross (14)- The corresponding re­
gions in wheat and barley, the short arm of 
the group 2 homeologs (chromosomes that 
do not normally pair with each other but 
are descended from a common ancestral 
chromosome), all harbor photoperiodic 
flowering mutants (15). In rice, the or-
thologous (directly descended from a com­
mon ancestral locus) region on chromo­
some 4 harbors no known flowering mu­
tants; however, short-day flowering muta­
tions Sel and Se3 both map to a region of 
chromosome 6 (16, 17) that is orthologous 
to sorghum LG I and paralogous (derived by 
duplication and subsequent divergence 
from a common ancestral locus) to the sor­
ghum LG D region of Mai (Fig. 1). The 
Sel/Se3 region of rice corresponds to a re­
gion of maize chromosome 9 that harbors 
QTLs that affect flowering in at least four 
populations (13). This model implies an­
cient duplication of regions of maize chro­
mosomes 9 and 10 (which published data 
neither confirm nor contradict) and regions 
of rice chromosomes 4 and 6 [equivocally 
supported by the correspondence of Pi-2 
and Pi-5t genes that influence rice blast 
reaction (Fig. 1) (16, 18)]. These day-
length-insensitive flowering mutations are 
not in any of at least three genes for phy-
tochrome, a key regulator of photomorpho-
genesis (19). 

Convergent domestication of sorghum, 
rice, and maize appears to result from mu­
tations at corresponding genetic loci, which 
would suggest that few genes with large 
effects determine the phenotypes studied. 
This finding supports punctuational evolu­
tionary models proposed for other taxonom-
ic lineages, such as the transformation of 
the berrylike ovary of wild nightshades into 
the tomato "fruit" (5—7) and the transfor­
mation of the teosinte inflorescence into 
the maize "ear" (20). Moreover, it suggests 
that cereal domestication may have hap­
pened rather quickly, perhaps within a cen­
tury. Correspondence in the location of 
QTLs in different taxa does not prove that 
the underlying genes are identical, but does 
suggest that some of them may be identical; 
this suggestion is reinforced by the tenden­
cy of corresponding QTLs to show similar 
gene action (10, 11, 21). Domestication of 
other cereals such as wheat may have in­
volved mutations at loci corresponding to 
those reported here. Ongoing crop improve­
ment may be associated with yet additional 
mutations in these same genes or with mu­
tations in new genes that become rate-
limiting only after the initial suite of muta­
tions is fixed. 

Chromosomal duplications within taxa 
may partly account for polygenic inheri­
tance, a finding which and would reinforce 
the theme of functional correspondence be-
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tween genetic loci that have evolved inde­
pendently for millions of years. Such dupli­
cations occurred in many angiosperms that 
now have more than six to nine gametic 
chromosomes (22), and engineered duplica­
tions have been implicated in mammalian 
quantitative phenotypes (23). Putatively 
duplicated maize QTLs that affect shatter­
ing are found on chromosomes 1 and 5 and 
on chromosomes 3 and 8, respectively. Pos­
sible duplication of QTLs that affect the 
height of sorghum and maize has also been 
reported (13). 

The lack of correspondence of occasion­
al QTLs across taxa may result from heter­
ogeneity within taxa, pleiotropic effects of 
mutations in other traits (8), environmen­
tal effects (7, 20), differences in "genetic 
background" (7, 20, 24) [perhaps as a result 
of epistasis (10)], or false negatives in small 
study populations (25). Stringent statistical 
criteria make it unlikely that the QTLs 
reported here are false positives (5). These 
occasional incongruent QTLs may simply 
reflect that 65 My of divergence, followed 
by three independent episodes of domesti­
cation on different continents, did involve 
some genetic changes that were different. 

Some incongruities between QTLs may 
also illustrate the role of contingency in 
evolution. For example, the order in which 
mutations happened to occur may influence 
the selective advantage accruing to subse­
quent mutations. The African domestica-
tors of sorghum may simply have been for­
tunate to find a mutant in a critical step 
leading to grain abscission (Shi) that 
"turned off" the pathway, accounting for 
— 100% of PVE in crosses between shatter­
ing and nonshattering types. The American 
domesticators of maize may not have been 
as lucky but still succeeded in reducing 
disarticulation by "pyramiding" mutations 
with smaller effects on several distinct steps. 
The Asian domesticators of rice intention­
ally selected for intermediate degrees of 
nonshattering that would reduce field losses 
but not preclude hand-threshing; this may 
account for the smaller PVE in rice than in 
maize or sorghum. Moreover, independent 
and random occurrence of mutations in re­
lated genes may have formed new alleles 
with very different phenotypic consequenc­
es. For example, putatively homeologous 
nonshattering mutations on maize chromo­
somes 3 and 8 explain grossly different por­
tions of PVE in the same population (11). 

Map-based cloning of QTLs, previously 
a refractory objective (26), appears more 
feasible in view of our results. Independent 
mutations of the same genes in different 
taxa provide multiple mutant alleles that 
can be used to seek correlations between 
loss-of-function phenotype and mutant 
genotype. Repetitive DNA element families 
are a common obstacle in chromosome 
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Fig. 1. Comparative map- 
ping of QTLs that affect 1 
seed mass, shattering, 
and short-day (photoperi- 
odic) flowering in sor- 
ghum, rice, maize, and 
other Poaceae. The ge- 
netic maps are based on 
orders and recombina- 
tional distances that were 
determined as described 
18). DNA marker loci indi- ~. 
cated by a line (-) were di- 
rectly mapped in the cited 

Jl-- --  - I l l- 

populations; those indi- 
cated by an arrow were 
mapped in other popula- 
tions and the appropriate I P 

locations were inferred - 10 
from the map poslions of 
flanking markers. Inferred 

U m 
-auro6 

locations are based on 
our own results for sorghum (13) and rice (10) and on published results for chromosomal rearrangement, the QTL was drawn along the chromosome 
maize (2). For DNA markers that conflict with the most parsimonious interpre- that contained the likelihood peak. Correspondence among QTLs for seed 
tation of chromosomal correspondence between taxa, map positions are mass is inferred as follows (M, maize; S, sorghum; R, rice; and c, chromo- 
indicated in parentheses adjacent to the mapped sorghum locus. Compara- some): [M c 1 N S LG A//R c I ] ;  [M c 7 N S LG B]; [M c 1 // S LG C N R c 101; 
tive markers were mapped in as few as 56 individuals; thus, reversals in the [M c 1 // R c 31; [S LG W/R c 51; [M c 9 N R c 31; [M c 4 N S LG FN R c 21; and 
order of closely linked loci (<3 cM) are not conclusive evidence of chromo- [S LG I // R c 61. Correspondence among QTLs for shattering is inferred as 
somal rearrangement. QTL likelihood intervals (1 -LOD and 2-LOD) were follows: [M c 3 N M c 81; [M c 1 N M c 5 N S LG C N R c 91; and [M c 4 (UP only) 
drawn as described (5). In cases where the QTL likelihood interval spanned a N R c 21. 

walks, but because they are often species- 
specific, "parallel walks" to corresponding 
genes in different species may bridge such 
obstacles. Choosing a system that shows 
discrete variation (27), such as shattering in 
sorghum, simplifies a complex trait more 
quickly than i s  possible wi th breeding ap- 
proaches (6, 20). Finally, the quantity of 
DNA in the maize genome i s  about four 
times that of sorghum and about six times 
that of rice; hence, maize QTLs might be 
most expediently cloned by f i r s t  isolating 
the corresponding sorghum or rice genes. 

Our results impel comparative mapping 
of complex phenotypes in many other biota. 
For example, genes that affect diabetes, hy- 
pertension, obesity, alcohol and drug addic- 
tion, and other medically important pheno- 
types have been mapped in mouse, rat, pig, 
cow, and sheep (28); our findings support 
the often tacit assumption that these genes 
may be relevant to corresponding human 
phenotypes, despite 100 M y  of divergence 
(3). The conservation o f  gene order pro- 
vides a framework for the comparative anal- 
ysis of complex phenotypes in mammals 
and other biota, as shown herein for the 
cereals. 
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Activation of a G Protein Complex by 
Aggregation of p-1,4-Galactosyltransferase 

on the Surface of Sperm 
Xiaohai Gong, Daniel H. Dubois," 

Barry D. Shurt 
David J. Miller,t 

Fertilization is initiated by the species-specific binding of sperm to the extracellular coat 
of the egg. One sperm receptor for the mouse egg is 0-1,4-galactosyliransferase 
(GalTase), which binds O-linked oligosaccharides on the egg coat glycoprotein ZP3. ZP3 
binding induces acrosomal exocytosis through the activation of a pertussis toxin-sen­
sitive heterotrimeric guanine nucleotide-binding protein (G protein). The cytoplasmic 
domain of sperm surface GalTase bound to and activated a heterotrimeric G protein 
complex that contained the Gia subunit. Aggregation of GalTase by multivalent ligands 
elicited G protein activation. Sperm from transgenic mice that overexpressed GalTase had 
higher rates of G protein activation than did wild-type sperm, which rendered transgenic 
sperm hypersensitive to their ZP3 ligand. Thus, the cytoplasmic domain of cell surface 
GalTase appears to enable it to function as a signal-transducing receptor for extracellular 
oligosaccharide ligands. 

1 he species-specific binding of sperm to 
the egg coat initiates a series of events that 
culminates in the formation of the zygote. 
In the mouse, sperm recognition of the egg 
coat requires the binding of GalTase on the 
sperm plasma membrane to O-linked oligo­
saccharide ligands on the zona pellucida 
glycoprotein ZP3 (1). After egg activation, 
the block to polyspermy is facilitated by the 
release of hexosaminidase from the egg cor­
tical granules, which removes the binding 
site on ZP3 oligosaccharides for sperm 
GalTase (I). 

GalTase is a biosynthetic component of 
the Golgi complex in somatic cells. Howev­
er, in both somatic cells and sperm, GalTase 
is also expressed on the cell surface, where it 
functions as a receptor for extracellular oli­
gosaccharide ligands. GalTase's dual subcel­
lular distribution results, at least in part, from 
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the synthesis of two GalTase isoforms with 
different cytoplasmic domains (2). The 
shorter isoform, which contains an 11-ami­
no acid cytoplasmic domain, functions bio-
synthetically in the Golgi complex; the long­
er isoform contains an additional 13-amino 
acid sequence that overrides the Golgi reten­
tion signal and targets some GalTase mole­
cules to the cell surface. The longer GalTase 
isoform mediates the binding of sperm to 
ZP3 oligosaccharides in the zona pellucida 
and is the only isoform found in mature 
sperm (1, 3). Two other ZP3-binding pro­
teins have been identified on mouse sperm 
in addition to GalTase. One appears to be a 
cell surface protein with intrinsic hexokinase 
activity (4); the other behaves as a periph­
eral membrane protein (5). 

The binding of sperm to ZP3 induces the 
acrosome reaction, in which hydrolytic en­
zymes are released that aid penetration of 
sperm through the zona pellucida. The ac­
rosome reaction appears to be induced by 
multivalent oligosaccharides on ZP3 that 
aggregate sperm-bound receptors, thus elic­
iting intracellular signals. ZP3 glycopeptides 
that bind to sperm are unable to induce the 

acrosome reaction unless they are cross-
linked by antiserum to ZP3 (6). Induction 
of the acrosome reaction by ZP3 is inhibited 
by pertussis toxin (PTx), which suggests 
that a G protein complex that contains G{ 

or G0 is required (7). A G i a subunit has been 
identified in sperm, as assessed by PTx-de-
pendent adenosine diphosphate (ADP) ri-
bosylation and immunoblotting of a 41-kD 
sperm protein; mature sperm do not appear 
to contain the G0 subunit (7). Other signal 
transduction pathways elicited by ZP3 or by 
progesterone (8) that involve calcium mo­
bilization (9) or phosphorylation of tyrosine 
residues (4) also likely contribute to induc­
tion of the acrosome reaction. 

Although it is clear that sperm GalTase 
participates in fertilization by binding gly­
coside ligands on ZP3, and that ZP3 binding 
elicits a G i a cascade to induce the acrosome 
reaction, the relation between sperm 
GalTase and activation of the G i a cascade 
remains unknown. We determined whether 
sperm GalTase binds to and activates a G i a 

cascade by testing four predictions. Previous 
studies showed that intact antibodies to 
sperm GalTase (anti-GalTase) induce the 
acrosome reaction whereas Fab fragments 
do not unless they are cross-linked with a 
secondary antibody (10). Thus cross-linking 
GalTase mimics the effect of ZP3 binding. 
Because ZP3-induced acrosome reactions 
are inhibited by PTx (7), the first predic­
tion to be tested is that acrosome reactions 
induced by anti-GalTase might also be sen­
sitive to PTx, which would suggest the in­
volvement of a G i a cascade. Second, if 
GalTase functions through a PTx-sensitive 
cascade, then the cytoplasmic domain of 
GalTase might associate, directly or indi­
rectly, with a G i a subunit as well as with the 
P7 subunit. Third, because ZP3 binding to 
sperm membranes induces G protein acti­
vation (11), the aggregation of sperm 
GalTase by anti-GalTase should also elicit 
G protein activation. Finally, transgenic 
sperm that have elevated amounts of sur­
face GalTase (12), and which bind more 
ZP3 ligand than do wild-type sperm, should 
show enhanced G protein activation. 

We tested the ability of PTx to inhibit 
acrosomal exocytosis induced by anti-
GalTase (Fig. 1). Positive controls included 
sperm treated with ionophore or with solu-
bilized zona glycoproteins. Anti-GalTase 
and zona glycoproteins induced the acro­
some reaction to a similar degree. Neither 
pre immune immunoglobulin G (IgG) nor 
anti-GalTase Fab fragments had any signifi­
cant effect on acrosomal exocytosis (Fig. 1) 
(10). The addition of PTx inhibited zona 
glycoprotein-induced and anti-GalTase-in-
duced acrosome reactions to background 
rates. Because PTx inhibits only "physiolog­
ical" acrosome reactions, that is, those in­
duced by a ZP3-dependent cascade (7), these 
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