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ABSTRACT 
Two quantitative  trait loci (QTL) controlling  differences in  plant  and inflorescence architecture 

between maize and its progenitor  (teosinte) were analyzed. Complementation tests indicate that  one of 
these, which is on  chromosome  arm  lL, is the locus for the maize mutant teosinte branchedl ( t b l ) .  This 
QTL has effects on inflorescence sex and  the  number  and  length of internodes in the lateral branches 
and inflorescences. This  QTL  has strong phenotypic effects in  teosinte  background but  reduced effects 
in maize background. The second  QTL, which is on  chromosome  arm X, affects the same traits as the 
QTL on 1L.  We identify two candidate loci for this QTL. The effects of this QTL on several traits are 
reduced in both maize and teosinte  background as compared to a maize-teosinte F2 population.  Genetic 
background appears  to affect gene action for  both QTL. Analysis of a population in which both QTL 
were segregating revealed that they interact epistatically. Together, these two QTL substantially transform 
both  plant  and inflorescence  architecture. We propose that tbl is involved in the teosinte  plant’s  response 
to local environment  to  produce  either  long  or  short  branches  and  that maize evolution involved a 
change  at this locus to  produce  short  branches  under all environments. 

T HE evolution of cultivated maize (&a mays L. ssp. 
mays) from its probable wild progenitor teosinte 

(Z. mays ssp. pamiglumis Iltis and Doebley)  provides one 
of the most striking and complex examples of morpho- 
logical evolution in plants. These taxa differ extensively 
in both  plant and inflorescence architecture. The dif- 
ferences  are so extreme  that when teosinte was first 
discovered, taxonomists failed to recognize its close  re- 
lationship to maize, placing it in a  separate genus and 
tribe (WILKES 1967). After subsequent research demon- 
strated  that teosinte and maize  were  fully interfertile 
and  in essence members of the same biological species, 
BEADLE (1939) proposed  that maize  is  simply a domesti- 
cated form of teosinte and that as few  as  five major 
genes largely controlled its morphological evolution 
from teosinte. 

Our group has been investigating the  inheritance of 
the morphological differences between  maize and teo- 
sinte using quantitative trait locus (QTL)  mapping with 
molecular markers (TANKSLEY 1993). Initially, we dem- 
onstrated  that  there  are five regions of the  genome 
that largely control  the key morphological difference 
between maize and teosinte, a result consistent with 
BEADLE’S 1939 hypothesis (DOEBLEY et al. 1990;  DOE- 
BLEY and STEC 1993).  Subsequent investigation of one 
of these five regions demonstrated  that it encompassed 
a single Mendelian locus [teosinte glume architecture1 
( t g a l ) ]  that controls the development of the cupulate 
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fruitcase, a protective covering on teosinte seeds that is 
lacking in maize (DORWEILER et al. 1993). This result 
provided further  support  for BEADLE’S hypothesis, al- 
though  the question of whether the  other  four regions 
also  possess single loci of large effect remains unan- 
swered. 

In this paper, we report  the analysis of two QTL  with 
large effects on the aspects of plant and inflorescence 
architecture  that distinguish maize and teosinte. We use 
complementation tests to demonstrate  that one of these 
QTL  is the locus for the known  maize mutant teosinte 
branched1 ( t b l ) .  Based on map location and  their mor- 
phological effects, we identify the maize  loci terminal 
earl ( t e l )  and tassel  replaces upper-earl ( t ru l )  as candi- 
dates for the second QTL. We also characterize the 
effects  of the maize  alleles  of both QTL in teosinte 
background and the effects of the teosinte alleles  in 
maize background. These analyses indicate that  the 
maize  alleles  behave  in a  more  dominant fashion in 
maize background relative to teosinte background, and 
that these QTL interact epistatically.  Finally, a model 
for how tbl could alter morphogenesis and thereby con- 
tribute to the morphological evolution of maize is pre- 
sented. 

M A T E W S  AND METHODS 

Plant materials: The source of teosinte used  in all experi- 
ments w a s  2. mys ssp. paruiglumis collected near Teloloapan, 
Guerrero, Mexico by HUGH ILTIS and  TED COCHRANE (Collec- 
tion No. 81) of the University  of Wisconsin-Madison. The prim- 
itive maize race Reventador (Collection Nay 15) was obtained 
from MAJOR GOODMAN, North Carolina State University.  Maize 
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FIGURE 1.-Target regions on chromosome  arms ZL and 
3L. FB, target regions moved into different  genetic back- 
grounds. The molecular markers analyzed in each  target re- 
gion are shown. Beneath each  target  region, the positions of 
the QTL for  each trait as estimated by  MAPMAKER-QTL are 
shown (solid lines for  the T-MI and T-MS populations, and 
stippled lines for  the M-TI and M-T3 populations). Distances 
(Haldane cM) between the molecular markers are from the 
T-MI and T-M3 populations for target regions on ZL and X ,  
respectively. The location of tbZ is taken from DOERIXY et nl. 
(1995b). For the M-TI population, the target region extended 
only from NP1255 to NP158Z. 0, centromeres. For a key to 
trait acronyms see  Table 2. 

inbred  line W22  was obtained frOmJERRY KERMICIX, University 
of Wisconsin-Madison, and a  line carrying tbl-wfwas obtained 
from CHARLES BURNHAM of the University  of Minnesota who 
originally described this mutant (BURNHAM 1959). 

Line  construction: We used backcross breeding with molec- 
ular marker-assisted selection to  transfer  chromosomal re- 
gions on chromosome  arms ZL and 3L (hereafter target re- 
gions) encompassing previously identified QTL into two 
different  genetic  backgrounds  (Figure 1). The starting mate- 
rial for this backcross breeding program was the RXP F2 popu- 
lation based on a cross of Reventador maize (R) and pnrui- 
glumis teosinte (P) that was previously analyzed by DOERLEY 
and STEC (1993). Individual F2 plants were selfed, providing 
a series of  FJ families. For each  target  region,  a single FJ plant 
homozygous for  the maize allele at all marker loci  in a  target 
region but which carried teosinte alleles at most marker loci 
outside the target region was selected. The selected F3 plants 
were backcrossed to teosinte for three generations  before 
selfing to produce two  BC3F2 populations. Molecular markers 
were employed each generation  to  insure we were retaining 
the maize alleles in the target regions as well as eliminating 
maize alleles outside the target regions. Marker loci outside 

the target regions were specifically chosen to eliminate re- 
gions of the  genome that possess QTL contributing  to  the 
morphological differences between maize and teosinte. One 
BC3F2 plant  for  each  target region was selfed to  produce lines, 
Teosinte-M1L and Teosinte-MSL, homozygous for the maize 
alleles in the target regions on ZL and X, respectively. Lines 
Teosinte-M1L and Teosinte-M3L were each crossed again to 
teosinte, and the hybrids were selfed to  produce two  BC4F2 
populations in which the individual target regions were segre- 
gating in teosinte background  (Table 1). Additionally, Teo- 
sinte-M1L and Teosinte"3L were crossed to  each other,  and 
the hybrid was selfed to produce a  population in  which the 
two target regions were segregating simultaneously in teosinte 
background. 

Transfer of the teosinte target regions on chromosome 
arms ZL and 3L into maize genetic  background was accom- 
plished in a similar manner. For each  target region, a single 
FJ plant from the RXP F2 population  that was homozygous 
for  the teosinte alleles at all marker loci  in a  target region 
but that  carried maize alleles at most loci outside this target 
region was selected (Figure 1). The selected FJ plant was then 
crossed to maize inbred W22. The hybrids of these crosses 
were backcrossed to W22 for four generations before selfing 
to produce two  BC4F4 populations: one segregating for  the 
target region on ZL and  the  other  for that on 3L (Table 1). 
During this backcrossing program, selection was placed only 
on marker loci within the target region. 
Quantitative trait analysis: Teosinte and maize have  strik- 

ingly different  plant  architectures. In teosinte, the main culm 
produces many lateral branches, each terminated by a 
branched male inflorescence or tassel (Figure 2).  The ears 
or female inflorescences of teosinte are  borne in clusters at 
the nodes  along the primary lateral branches. Maize produces 
relatively few lateral branches,  each  terminated by a normally 
unbranched  and female inflorescence, ie., an ear (Figure 2). 
We refer  to  the inflorescence terminating  the primary lateral 
branch as the primary lateral inflorescence whether it is a 
tassel as in teosinte or an ear as in maize. To analyze these 
differences, we measured four traits (Table  2): the  number of 
in ternodes in the primary lateral branch (INNO),  the average 
length of these internodes (LBIL), the proportion of male or 
staminate spikelets in the primary lateral inflorescence 
(STAM), and  the  number of branches in the primary lateral 
inflorescence (LIBN). 

Teosinte and maize also show extreme differences in female 
inflorescence (ear) architecture. The teosinte ear is com- 
posed of a series of roughly 6-12 cupulate fruitcases (Figure 
SA). These fruitcases are situated one on top of the  other in 
the ear. The  cupule of the  cupulate fruitcase is formed from 
an invaginated rachis internode (Figure 3C).  The cupule con- 
tains a single sessile spikelet that  produces  a single kernel. 
The cupulate fruitcases are separated from one  another by 
abscission  layers, enabling the  ear to disarticulate at maturity 
for seed dispersal. The  cob (rachis) of the maize ear, like 
that of its teosinte counterpart, is composed of invaginated 
internodes or cupules (Figure 3D). Maize cupules are ar- 
ranged in several ranks around  the  ear so that  cupules are 
both side-by-side and  one  on top of the other. There  are 
usually 100 or more  cupules in a single ear (Figure 3B). In 
contrast  to teosinte, there  are two spikelets associated with 
each  cupule, one pedicellate and  the  other sessile.  Finally, 
the maize ear lacks  abscission  layers as found in teosinte, so 
the  ear remains intact at maturity. To analyze these differ- 
ences, we measured five traits (Table 2): ear disarticulation 
(DISA), using a scale from 1 (100% disarticulating) to 5 (0% 
disarticulating); the  number of cupules  along  a single row in 
the  ear (CUPR); the average length of the cupules (in- 
ternodes) in the  ear (CUPL); the  degree to which the cupules 
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TABLE 1 

Populations for QTL analysis 

Population (abbreviation)  Genetic  background  Generation Population size 

Teosinte-M1L X Teosinte (T-MI) Teosinte BCdF2 111 
Teosinte-M3L X Teosinte (T-M3) Teosinte BGF? 79 
Teosinte-M1L X Teosinte-MSL (T-M1+3) Teosinte BCsF2 183 
W22-T1L X W22 (M-T1) Maize BC4F2 87 
W22-T3L X W22 (M-T3) Maize RCdF2 87 
Reventador X paniglumis  (RXP)" Maize-teosinte F? 290 

"This population previously analyzed by DOERLEY and STEC (1993). 

were strictly one  on  top of the  other like teosinte (a score of 
1) or side-by-side to form yoked (YOKE) pairs as in maize (a 
score of 5 ,  this trait  measured only in populations with teo- 
sinte  genetic background);  and the  proportion of cupules 
possessing single (sessile) spikelets as in teosinte vs. paired 
(sessile-pedicellate) spikelet5 as in maize (PEDS). 

Plants for morphometric analyses were grown in a winter 
(1993-1994) nursery on the island of Molokai, Hawaii (T- 
M1, T-M3, and T-M1+3 populations) or a summer (1994) 
nursery in  St. Paul, Minnesota (M-TI and M-T3 populations). 
In both nurseries, plants were grown  in  15-ft-long rows  with 
plants spaced 1 ft apart. Plants for the two complementation 
tests  with t h l  were grown in a nursery in St. Paul during  the 
summers of 1993 and 1994. 

Molecular  marker lock For molecular markers, we em- 
ployed restriction fragment  length polymorphisms following 
procedures previously described by DOEBLEY and STEC 
(1993). Plasmid clones of lowcopy-number  nuclear DNA se- 
quences of maize for use as probes were available from Brook- 
haven National Laboratory (BURR rl al. 1988),  Pioneer Hi- 
Bred International (BFAWS and GRANT 1991), Native Plants 
Incorporated ( HEI.ENTJARIS et al. 1988),  and University of Mis- 
souri-Columbia (GARDINER ~t al. 1993). We also used a clone 
of le1 (BV302) generously provided by BRUCE VElT and SARAH 
HAKE, US Department of Agriculture-Plant Gene Expression 
Center (Albany, CA). Figure 1 shows the target regions on 
chromosome arms 11, and 3L that were  followed in the back- 

TEOSINTE MAIZE 

FIGURE 2.-Mexican annual teosinte and maize plant archi- 
tectures. Adapted from ILTIS (1983) and D O E R I . ~  et al. 
(1990). 
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crossing program and  the molecular marker loci  in each re- 
gion that were assayed. 

Statistical analysis: Linkage maps for the marker loci  in each 
target region were assembled using MAPMAKER version 3.0 
(LANDER et al. 1987). Interval mapping of QTL was performed 
using the computer program MAPMAKER-QTL version 1.1 
(LANDER and BOTSTEIN 1989). Interval mapping was used pri- 
marily for the  purpose of estimating the chromosomal loca- 
tions of the QTL. Single factor analysis  of variance was used to 
test for significant associations between the molecular markers 
(UMCl07and BV302) and morphological traits and to estimate 
the R' values (the proportion of the phenotypic variance  ex- 
plained by a QTL) for each significant association (EDWARDS 
et al. 1987). We chose UMC107because it lies 1.3 cM from thl 
(Figure l ) ,  the  candidate for one of our QTL, and BV302 (&I) 
because it is a candidate for our  other QTL. The dominance/ 
additivity ratio for each QTL was calculated as 

d/a = 
MT - (MM + V ) / 2  

(MM-  TT)/2 ' 

where MM, T T ,  and  MT designate the mean trait values for 
plants having homozygous maize, homozygous teosinte or het- 
erozygous genotypes at  either UMCIO7 or BV302 (EDWARDS 
et al. 1987). To test for  digenic epistatic interactions, trait 
performance  for the  nine possible two-locus genotypic classes 
at UMCI07 and BV302 ( t e l )  was subjected to two-factor  analy- 
sis  of variance. A significant interaction  term was interpreted 

TABLE 2 

List of morphological traits analyzed 

Trait Description 

CUPL 

CUPR 
DISA 

INN0 

LBIL 

LIBN 

PEDS 

STAM 

YOKE 

Average length of cupules (internodes) in the 

Number of cupules in a single rank of the ear 
Tendency of ear to  shatter (1 -5 scale) 1 = 100% 

Number of vegetative internodes in the lateral 

Average length of  vegetative internodes in the 

Number of branches in primary lateral 

Percentage of cupules lacking the pedicellate 

Percentage of staminate spikelets in primary 

Degree to which the fruitcases are in  yoked pairs 

inflorescence 

disarticulating, 5 = 0% disarticulating 

branch 

primary lateral branch 

inflorescence 

spikelet 

lateral inflorescence 

(1 -5 scale) 1 = 0% yoked fruitcases, 5 = 
100% yoked fruitcases 



336 J. Doebley,  A.  Stec and C. Gustus 

ABSCISSION 
LAYER 

A 

C 

B 

D 
FIGURE 3.-Architecture of Mexican annual teosinte and 

maize ears (female  inflorescences)  adapted from ILTIS (1983), 
GALINAT (1969) and DOEBIXY (1993). (A) Teosinte  ear. (B) 
Maize ear. (C-D) Longitudinal  cross-sections of teosinte (C) 
and maize (D), both  showing  cupules (hatched). 

as evidence of epistasis. Each interaction was further  parti- 
tioned into four contrasts, additive by additive,  additive by 
dominant,  dominant by additive  and  dominant by dominant 
( COCKERHAM 1954). 

RESULTS 

QTL on chromosome arm IL: Chromosome arm IL 
has significant effects on each of the  nine morphological 
traits in at least two of the  four populations analyzed 
(Tables 3 and 4). We recognize that  the effects on differ- 
ent traits could represent multiple linked QTL; however, 
for simplicity  of discussion, we will consider all  effects 
to represent  the action of a single QTL, namely QTL 
1L with alleles QTL-lLM and  QTLILT for maize and 
teosinte, respectively. QTLIL has significant effects on 

all traits except INNO in teosinte background (T-MI 
population), suggesting that QTLlL" has strong phe- 
notypic expression in teosinte background. However, 
there were significant effects on only five of the  nine 
traits in maize background ("TI population). While 
the lack of significant effects in maize background could 
be  a statistical artifact of the smaller population size, 
it is striking that some traits were invariant in maize 
background. For example, all ears were completely non- 
disarticulating (no variance for DISA) and  unbranched 
(no variance for LIBN). The sex  of the inflorescence 
(STAM) was affected in a similar way. Although there 
was a significant effect on STAM in all four populations, 
this effect is much larger in teosinte background (popu- 
lations T-MI and T-M1+3) than in maize background 
(Table 4). These observations indicate that QTLILT has 
a  reduced phenotypic effect on these traits in maize 
background relative to teosinte background. 

Two other traits show noteworthy patterns of expres- 
sion in the  different backgrounds. An effect on  ear 
DISA  was detected in teosinte background but not in 
the original F2 population despite a much larger sample 
size. Its effect in the F2 population may have been o b  
scured by other segregating QTL affecting this trait. 
The effect on PEDS  is much larger in the F2 population 
than in either maize or teosinte background (Table 4). 
This  could  occur if the effect of QTL-IL is dependent 
on epistatic interactions with other QTL that would be 
segregating in the F2 population  but not in either maize 
or teosinte background  (see below). 

QTLILM reduces the length of the  internodes in 
both  the primary lateral branch (smaller LBIL) and 
inflorescence (smaller CUPL) (Table 4). This maize 
allele also acts to increase the  number of internodes 
in both  the  branch  (higher  INNO) and inflorescence 
(higher CUPR). Thus, QTLILM acts to produce  a 
larger number of shorter  internodes, and it is expressed 
in both  the primary lateral branch and inflorescence. 
The degree  to which the cupules are side-by-side  as 
opposed to one  on top of the  other (YOKE) is another 
manifestation of this effect on internode elongation. If 
the  internodes in the  ear do  not fully elongate,  then 
the cupules will develop side-by-side. 

Plants of the T-MI population show  how QTLlL may 
have altered  the morphology of the plant during  the 
early evolution of  maize. Plants homozygous for  the 
teosinte allele tend to have long lateral branches tipped 
by tassels,  while those homozygous for  the maize allele 
have short  branches  tipped by ears (Figure 4). Ear struc- 
ture is also altered with QTLILM producing ears that 
show some yoking of the cupules, have a larger than 
normal  number of cupules and fail to fully disarticulate 
(Figure 5). 

Finally, the  map positions of the effects on  the indi- 
vidual traits associated with QTLlL in the T-MI and M- 
TI populations are distributed within a narrow region 
surrounding tbl (Figure 1). 
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TABLE 3 

@ values for the QTL 

Chromosome arm (marker  locus) 

1L (UMC107) 3L (SV302) 

Population 

Traits T-MI RXP F2 M-T 1 T-MI +3 T-M3 RXP F2 M-T3 T-M1+3 

CUPL 35.8  3.4 52.2  35.2 37.6 30.7  39.2  37.8 
CUPR 63.1  15.0 42.0 34.3 42.8 18.1 - 23.3 
DISA 28.6 - Nv 26.9 8.2* 31.3 Nv 19.5 
INNO - 4.6 11.7  7.4 - 14.8  26.9  10.3 
LBIL 16.3  12.5 35.8  7.2 - 13.5 - 13.1 
LIBN 21.1 7.7 Nv 24.8 - - Nv 
PEDS 13.8 5.9 - 8.7 13.9 24.2  21.3 13.3 
STAM 30.1  21.8 20.4  40.0 - 8.6  16.0 
YOKE 19.8 4.0 Nv 29.8 - 37.2 Nv 27.9 

- 

- 

R2 values are  expressed as percentages; *, statistical  significance at P = 0.05, otherwise  significant at P = 0.01; -, no  significant 
effect; N v ,  no  variance  for  the  trait. 

Complementation testing of tbl: teosinte  branched1 ( tbl )  
is a recessive mutant of  maize that affects plant architec- 
ture and maps to chromosome arm 1L (BURNHAM 1959; 
BURNHAM  and YAGYU 1961). Plants  homozygous for  the 
reference allele (tblqefi have long lateral branches 
tipped by  tassels at  upper nodes of the main culm, thus 
resembling teosinte in plant architecture. tbl-refarose as 
a spontaneous  mutant in a maize population and was 
not derived from teosinte (C. BURNHAM, personal com- 
munication). The effects of tbl-refare  similar to those of 
Q m l L T ,  and tb l  and QTLlL map to the same region 
of chromosome arm 1L (DOEBLEY and STEC 1991) (Fig- 
ure 1). Because of the coincident map positions and 
similar phenotypes, we proposed that QTGlL’ and tbl- 
ref are allelic (DOEBLEY and STEC 1993). 

To test this hypothesis, we performed two comple- 

mentation tests. Plants heterozygous for QTLlL  in 
maize (W22) background were crossed to a maize plant 
carrying Tbl+Maize/tbl-refand a second  plant homozy- 
gous for tbl-ref: We considered two possible outcomes: 
complementation  in which  case  all plants should have 
normal maize plant  architecture and noncomplementa- 
tion, if QTLILT is  allelic to tbl-ref; in which  case 1/4 or 
1/2 of the plants should have teosinte branched  plant 
architecture.  These tests assume that QTL-lLT (= 
t b l+  teosinte)  is recessive to the  dominant maize allele 
(Tbl+Maize = QTLIL‘), an assumption supported by 
the fact that heterozygous (QTL-1L”’) plants exhibit 
normal maize plant  architecture. 

In  both tests, we observed two classes  of progeny: 
plants with normal maize plant and  ear architecture and 
plants with a tbl-like phenotype, having primary lateral 

TABLE 4 

Phenotypic effects for the QTL 

Chromosome  arm  (marker  locus) 

1L (UMC107) 3L (BV302) 

Population 

Traits (units) T-M 1 RXP F2 M-TI  T-MI + 3 T-M3 RXP F2 M-T3  T-MI + 3 

CUPL (mm) -1.74  -0.79  -1.05  -2.95  -2.86  -2.71  -0.79  -3.17 
CUPR (number) 2.49  3.93  5.13  3.69  1.48  4.60 - 3.01 
DISA (1-5 scale) 1.13 - - 2.10  0.25  2.06 - 1.80 
INNO (number) - 0.49  0.88  0.52 - 0.93  1.34  0.60 
LBIL (cm) -5.68 -2.13  -2.51  -3.05 - -2.17 - -4.08 
LIBN (number) -2.29  -1.61 - -4.30 - - - 
PEDS (%) 
STAM (%) 
YOKE (1-5 scale) 0.75 0.74 - 2.07 - 2.35 - 1.92 

1.9 14.3 
- 

- 2.4 2.0  28.0  0.1  2.4 
-40.6  -34.8  -2.1  -65.8 - -23.9 -0.5 - 

Effects are  reported as the  change in trait  units  observed by substituting two maize  alleles for two teosinte  alleles  at  the  marker 
locus. -, signifies  no  significant  effect  observed.  Mean  trait  values  for  teosinte  and  maize  (Table 8) provide a context for the 
interpretation of  the magnitude of  these  phenotypic  effects. 
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FIGURE 4.-Plants from the T-M1 
population. Plants homozygous for 
the teosinte (left)  and maize (right) 
alleles at  the  marker loci in  the target 
region on  chromosome  arm  IL  are 
shown. These plants demonstrate 
how QTLlL" severely reduces lat- 
eral  branch  length.  These plants 
were grown in a growth chamber s e p  
arately  from the main  population 
that was grown in a nursery in 
Hawaii. 

inflorescences that were part tassel and part  ear (Figure 
6). The proportions of these two phenotypic classes fit 
the  3:l and 1:l segregation ratios expected  for our two 
complementation tests if QTL-lLT failed to complement 
th1-rpS (Table 5 ) .  Although none of the progeny had a 
strong teosinte-branched phenotype, since the  appro- 
priate proportions of the progeny in both tests  showed 
a weak teosinte branched  phenotype, we conclude  that 
QTL-lLT is  allelic to tf)l-rpJ; but  that QTL-lLT represents 
a weak, semiquantitative allele (tbl+ teosinte) relative to 
the qualitative maize mutant ( thl-rq) .  

QTL on chromosome arm 3L: Chromosome arm 3L 
has an effect on all traits except LIBN in at least two of 
the  four  populations analyzed (Tables 3 and 4). As with 
chromosome  arm IL, we  will consider  the effects on all 
traits to  represent  the action of a single QTL, namely 
QTL-3L  with alleles QTL-3LM and QTL-3LT for maize 
and teosinte, respectively. Again, differences in the p o p  
dation sizes complicate interpretations of the  absence 
of a significant phenotypic effect in one population 

TABLE 5 

Complementation tests with teosinte branchedl 

Progeny 
phenotype" 

Expected  Normal 
Cross ratio maize thl-like 

"22:  QTL-1L"" X Tbl/tbl  3:l 57  15 
"22: QTL-lLT'" X tbl/tbl 1:l 56 48 

"The  number of progeny in each phenotypic class is indi- 
cated.  The observed  ratios do  not differ significantly from 
those expected [x' = 0.67 (3:l)  and 0.62 (1:l). P > 0.251. 

relative to  another; however, the absence and reduction 
of some effects do  not  appear  to  be statistical artifacts. 
For example, DISA  was invariant in the M-T3 popula- 
tion (all ears were fully nondisarticulating), indicating 
that QTL-3LT has no effect on this trait in maize  back- 
ground. PEDS  shows a much reduced effect in both 
maize and teosinte backgrounds relative to the F2 popu- 
lation. Below, we will give evidence that  the effect on 
PEDS  is influenced by epistasis (a primary source of 
genetic  background  effects), and thus this reduction in 
its expression is not simply an artifact of differential 
sampling. Similarly, there is a large effect on  cupule 
yoking (YOKE) in the F2 and T-M1+3 populations but 
no significant effect in  either maize or teosinte back- 
grounds  (Table 4). Other evidence for  the  importance 
of background  for QTL-3L is that it has a large effect 
on inflorescence sex (STAM) in the F2 population,  but 
only a negligible or  no effect in both teosinte and maize 
backgrounds  (Table 4). Overall, this QTL has its great- 
est effects in the F2 population and shows reduced phe- 
notypic expression when moved into  either maize or 
teosinte background.  These observations suggest that 
QTL3L is influenced by epistatic interactions with 
other loci (see below). 

QTL3LM alters the morphology of the  plant in a 
manner similar to  that  for QTL-lL", namely it produces 
a larger  number of shorter  internodes in both the pri- 
mary lateral branch and inflorescence (Table 4). Thus, 
both QTL affect a common developmental process. 
Plants of the T-M3 population reveal  how QTL-3L"  may 
have altered  ear morphology during  the early evolution 
of  maize (Figure 7). The effects are slight and seem 
almost trivial. QTL3LM renders  the  cupulate fruitcases 
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FIGURE 5."Immature ears from plants of the T-M1 popula- 
tion. Ears from plants homozygous for  the teosinte (left) and 
maize (right) alleles at  the marker loci  in the target region 
on chromosome  arm IL are shown. These  ears  demonstrate 
how QTLILM alters ear morphology by producing some yok- 
ing of the cupulate fruitcases and a  larger number of 
fruitcases. These plants were grown in a growth chamber sepa- 
rately from the main population that was grown in a nursery 
in Hawaii. Bar, 1 cm. 

shorter or plumper  and increases the  number of 
fruitcases per ear. There is  very little effect on ear disar- 
ticulation, cupule yoking, or the overall appearance of 
the ear (Figure 7; Table 4). 

The effects  associated  with QTL3L on all  of the traits 
except one in the T-M3 and M-T3 populations map  to 
the middle of the target region near tel (Figure 1). The 
one exception is  DISA in the T-M3 population that 
maps near UMCGO. The effect on DISA  was rather small 
(Table 4), and thus  the estimation of  its position is 
subject to greater variance. 

Genetic  background  and  gene  action: The fact that 
we studied  the QTL in teosinte, F2 and maize  back- 
grounds  enabled us to assess the effects  of genetic back- 
ground on  gene action. This was done by calculating 

FIGURE 6."Inflorescences  terminating  the primary lateral 
branch  from  the  complementation test discussed  in the text. 
A female inflorescence (ear) showing the phenotype of the 
Tbl+Muize allele (left) and a mixed male-female inflores- 
cence showing the phenotype of a tbl-ref/tbl+teosinte plant 
(right). 

the dominance/additivity ratio for each trait as affected 
by each QTL. This ratio will equal - 1 .O when the maize 
allele is  fully  recessive, 0.0 when  additive and +1.0  when 
fully dominant. In the six  cases where a significant effect 
on a trait was seen in both maize and teosinte back- 
grounds,  the d/a ratio is  always larger in  maize  back- 
ground (Table 6). For QTL-lL, the mean d/a ratio is 
smallest  in teosinte background, intermediate in the F2, 
and largest in  maize background. For  QTLSL, the 
maize allele shows its least dominance in teosinte back- 
ground, its greatest dominance in the FZ, and interme- 
diate  dominance in maize background. As a rough 
guide to  the significance  of these numbers, we regressed 
the d/a  ratios onto the percentage of  maize germplasm 
in the population (0% for T-MI and T-M3, 50% for the 
F2,  and 100% for M-TI and M-T3). This test suggests a 
significant association (R2 = 0.26, P < 0.01). 

The effect on the presence of the PEDS  shows the 
greatest change in gene action among  the populations 
(Table 6). QTL3L" is almost fully  recessive for PEDS 
in teosinte background and almost fully dominant in 
maize background. Similarly,  QTL-lLM  is  almost  fully 
recessive for PEDS in teosinte background but partially 
dominant in the F2. This might reflect the fact that 
epistasis plays a significant role in the expression of 
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PEDS. The situation for inflorescence sex  (STAM)  is 
similar, with the maize allele at both QTL  showing  full 
dominance in  maize background. 

The T-M1+3 population in  which both target regions 
were segregating enabled us to ask  if each of these 
regions affected the type  of gene action exhibited by 
the  other. We calculated the mean d/a ratio of the 
traits for QTL-lL when QTL3L was homozygous for 
the teosinte ( d / a  = -0.40) and maize (d /a  = -0.08) 
alleles.  Similarly, we calculated the mean d/a ratio for 
QTL3L when QTLlL was homozygous for  the teosinte 
( d / a  = -0.44) and maize (d /a  = -0.15)  alleles. In 
both cases, the maize allele at  one QTL  shows greater 
dominance when the plants are fixed for  the maize 
allele at the second QTL. 

Epistasis: In our first QTL study  of a maize-teosinte 
F2 population, we detected a significant epistatic inter- 
action between QTLlL  and QTL3L for the presence 
of the pedicellate spikelet (DOEBLEY and STEC 1991). 
In our second study  involving different types  of  maize 
and teosinte, we did not detect significant epistasis  be- 
tween these QTL, although  the results  were just below 
the level of statistical significance, P = 0.08 (DOEBLEY 
and STEC 1993, unpublished). The combined results of 
these two F2 populations were  suggestive but did not 
provide compelling evidence that these two QTL inter- 
act epistatically. 

The T-M1+3 population was constructed to test 
whether QTLlL and QTL3L interact epistatically. Be- 
cause this population has a uniform teosinte genetic 
background, other segregating QTL should  not inter- 
fere with the  detection of  epistasis as they could in a 
maize-teosinte F2 population. Analysis of this popula- 

FIGURE 7.-Mature ears  from the T-M3 population. Ears tion confirms that these two  QTL interact epistatically 
from Plants homOVgous for  the teosinte (left)  and maize to control PEDS and YOKE (Table 7). For PEDS, the 
(right) alleles at  the marker loci in the target  region on chro- R2 for epistasis is nearly as large as the R2 for the main 
mosome arm 3L are shown. These  ears  demonstrate how 
QTL3LM alters ear morphology by producing somewhat effect associated  with BV302 and larger than  the R2 for 
shorter  (or  plumper) cupulate fruitcases and a larger number the main effect associated  with UMc107- For YOKE, the 
of fruitcases in the ear. Bar, 1 cm. epistatic variance is smaller. The interaction term from 

TABLE 6 

Dominance/additivity ratios for QTL 

Chromosome  arm (marker locus) 

IL (UMC107) 3L (BV302) 

Population 

Traits T-M 1 RXP Fy M-T 1 T-M3 RXP F2 M-T3 

CUPL 0.20 0.33 0.23 -0.23 0.35  -0.20 
CUPR 0.03 0.39 0.53 -0.39  0.45 
DISA - - - -0.62  0.36 
I N N 0  - -0.40 0.23 - 0.25 -0.35 
LBIL -0.44 0.60 0.24 - 0.43 
LIBN 0.52  0.28 - - 
PEDS 
STAM 0.44 0.52 1 .oo - 0.36 0.99 
YOKE -0.28 0.08 - - 
Mean  -0.05 0.25 0.45 -0.51  0.41 0.29 

- 
- 
- 

- - 
-0.84  0.23 - -0.80 0.64 0.71 

- - 
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TABLE 7 

Epistatic  interactions between QTL 

Main effects Interaction Contrastsa 

Trait UMCl07 BV302 UMC107 X BV302 A X A   D X D   D X A   A X D  

PEDS 8.6 13.3 
YOKE 30.1  27.9 

12.3 
3.4 

R2 values expressed as percentages for the individual QTL, the  interaction between them,  and  the  four contrasts are shown. 
Values in  parentheses  are  not statistically signficant. * signifies P = 0.05, otherwise P = 0.01. R2 values for  the main effects here 
and  in Table 3 differ slightly because of missing data. 

"A, additive; D, dominance. 

the analyses  of variance approached significance ( P  < 
0.20) for four  additional traits (INNO, LBIL,  LBIN and 
STAM), suggesting that with a larger population size 
further evidence for epistasis may  have been observed. 

Another way of  visualizing the  contribution from epis- 
tasis  is to look at  the effects  of substituting two maize 
for two teosinte alleles at each QTL when the other 
QTL is homozygous teosinte in the T-M1+3 population. 
One can then  compare  the sum of these values to  the 
effect of substituting maize for teosinte alleles at both 
QTL simultaneously. For example, QTL-1LMIM plants 
have an average  of 1 .I % more pedicellate spikelets in 
their ears (PEDS) than do  QTLILTIT plants among 
plants that  are homozygous teosinte at QTL-3L (Table 
8). Similarly,  QTL-3LMIM  have 0.8% more pedicellate 
spikelets than QTL-3LTIT plants among plants that  are 
homozygous teosinte at QTL-1L. Thus, without epista- 
sis, these two QTL should have a  combined effect of 
1.9%. The actual combined effect is a 7.3% increase, 
suggesting that  there is a  much  greater  contribution 
from the  interaction  than from the main effects of the 
individual QTL.  Similarly for YOKE, the individual ef- 
fects are 1.1 and 0.4 (on a  1-5 scale) for  an  expected 
total main effect of 1.5 without epistasis (Table 8). How- 

ever, the actual combined effect of both QTL is 3.5, 
indicating the  contribution from epistasis exceeds the 
total main effects  of the two individual QTL. 

The fact that these two QTL  show  epistasis is not 
surprising given that  both affect a  common develop- 
mental pathway that regulates the  number  and  length 
of internodes. Plants from the T-M1+3 population 
demonstrate how these two QTL can radically trans- 
form the teosinte ear from one that is  fully disarticulat- 
ing and without any yoking to one that is fully nondisar- 
ticulating and with all yoked cupules (Fig. 8). 

DISCUSSION 

Teosinte bmnchdl: tbl-refis a recessive, null or loss  of 
function mutant  that  produces plants with long lateral 
branches tipped by tassels at some upper nodes of the 
main  culm and tillers at the basal nodes (BURNHAM 
1959; VEIT et ul. 1993;  IRISH et al. 1994). This contrasts 
with normal maize plant  architecture  conferred by the 
dominant maize allele (Tb l+Muiz ) :  short lateral 
branches  tipped by ears at some upper nodes and few 
or  no tillers at  the basal nodes. Since both tillers (basal 
lateral branches) and  upper lateral branches arise from 

TABLE 8 

Mean trait values for the T-M1+3 population 

Genotypic classes 

UMC107 TT TT TT M T  M T  M T  M M  MM MM 
BV302 TT M T  MM TT M T  MM TT MT M M  

Trait Teosinte Maize 

CUPL (mm) 11.9  11.5  10.7 8.7 10.7 9.1  7.4 8.9 7.8  6.5  3.9 
CUPR (number) 4.6  6.1  7.1 8.3 7.7 9.2 10.5 9.2  10.6  12.4  44.5 
DISA (1  -5 scale) 1 .o 1.2 1.8 2.4 1.7 2.9 3.6  2.9  3.9  4.8 5.0 
INNO  (number) 2.7  2.7  2.6  3.0  2.4  3.0 3.1  3.0 3.2  3.4 9.7 
LBIL (mm) 173.4  101.7  66.5  61.1  83.6  47.6  40.9  47.8  54.6  18.0  6.9 
LIBN (number) 5.2  4.9 4.4  5.9  0.6  2.4  2.5  0.6  0.6 0.0 
PEDS (%) 

0.0 
0.0 0.0 0.0 0.8 0.3  0.2 1.3 1.1 0.4  7.3  100.0 

STAM (%) 94 94 72  72 38  49  40 10 15  5 0 
YOKE (1-5 scale) 1 .o 1.0 1.1 1.4 1.1 2.0 3.2 2.1 3.1 4.5 5.0 

The  mean trait values for  the race  Reventador maize and Z. mays ssp. puruiglumis teosinte parents  are based on plants grown 
in a different year (DOEBLEY and STEC 1993). Thus, they provide only a rough  guide  for comparison with the  mean values of 
the different  genotypic classes from  the T-MI +3 population. 
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F k x w  X.--lmmatllrc can from the T-MI+J population. 
Ears from  plants  homozygous  for the teosinte (left) and maize 
(right) alleles at the marker loci  in  both  target regions on 
chromosome arms IL and 3L. and one ear  from a plant hetero- 
zygous  for  the  marker  loci on IL and homozygous  for teosinte 
alleles for the marker loci on 3L (center) are shown. These 
ears demonstrate  the  dramatic effect that  the combination of 
the  maize alleles at QTLlL and Q T M L  has on ear morphology 
bv producing a non4isarticrrlating  ear with fully yoked  cupulate 
fnlitcases  and twice the number of fnlitcases. Bar, 1 cm. 

axillary meristems, in a general sense, th1 governs the 
fate of the axillary meristems. As discussed above, QTL- 
l i ‘  transforms upper lateral branches in a manner simi- 
lar to tbl-r$ QTL-IL’r was also found to promote tiller- 
ing in another study (DOERLEY and STEC 1991), al- 
though we did not measure tillering in the populations 
analyzed for this paper. 

The complementation tests indicate  that thl-ref 
and QTL-lL”’ (= thl+teosintP) are allelic. Although 
complementation tests cannot provide  absolute 
proof  that two mutants  are allelic, they offer powerful 
evidence  for that  conclusion. The morphology of the 
tbl-rpf/t1)1+tGosintG plants showed only  a weak or in- 
termediate thl-like phenotype  (Figure 6),  indicating 
that tbl+tPosinteis a weak “mutant” allele. The inter- 
mediate  nature of tbl+teosinte suggests that  the fully 
dominant maize allele (Th1+ Maize) evolved from 

tb l+  teosinte by enhancement of the ability to suppress 
axillary meristems,  as  might be accomplished by over- 
expression of the  gene  product.  Thus, tbl-ref (loss 
of function)  engenders a strong teosinte branched 
phenotype, tbl+teosinte (weak function) a  partial  teo- 
sinte  branched  phenotype,  and TbI+Muize (en- 
hanced  function)  the  normal maize phenotype. 

A model for tbl: Plants of  many species can respond 
to unfavorable environmental conditions (such as a 
high level  of competition from surrounding vegetation, 
shading, and restricted moisture) by growing into slen- 
der unbranched plants (strong apical dominance), or 
correspondingly they can respond to favorable  local 
environmental conditions by growing into robust highly 
branched plants (weak apical dominance). Based on 
the observations of one of us (J.D.), teosinte also a p  
pears capable of this same type  of  plastic response to 
local environment where it grows naturally in  Mexico. 
Given the phenotype it produces, it is  easy to imagine 
that tbl  is involved in regulating this response by speci- 
fying the fate of  axillary meristems. Thus, we propose 
the following model for the function of tbl in teosinte 
(Figure 9). Under favorable environmental conditions, 
tbl+ teosinte is turned off, allowing  axillary meristems to 
develop fully into tillers or long lateral branches tipped 
by tassels. Under unfavorable conditions, tbl+ teosinte is 
turned  on so that  the  plant produces few or  no tillers 
and only short lateral branches tipped by ears. Thus, 
tbl is hypothesized to be  a locus  involved  in the plastic 
response of the teosinte plant to its  local environment 
by altering plant architecture. 

This model can be extended  to explain the evolution 
of maize plant  architecture by hypothesizing that in 
maize the expression of tbl is no longer tied to  an 
environmental signal (e.g., degree of shading)  but 
rather  that Tbl+Muize is expressed during  the  develop 
ment of the  branches in all environments, keeping both 
tillering and full elongation of the  upper lateral 
branches repressed (Figure 9). Under this model, both 
the tbl+teosinte and Tbl+Muize alleles  would encode 
functional products, although  ones  that  are differen- 
tially regulated. tbl+teosinte is more or less  recessive to 
TbI + Maize in maize background because the  latter will 
be expressed whether or not  the  former allele is acti- 
vated by an environmental signal.  Finally, under this 
model, the maize mutant (tbl-refl can be explained as 
a recessive  loss  of function allele. With complete loss 
of function,  the axillaly meristems of  homozygous tbl- 
ref plants elongate to produce  either basal  tillers or 
elongate  upper lateral branches tipped by tassels  (Fig- 
ure 9). 

Candidates for QTLSL: There  are two known  mu- 
tant loci that map near QTL-3L and  that have pheno- 
types suggesting that one of them could be this  QTL. 
First, terminal eurl is a recessive mutant on chromosome 
arm 3L that affects internode elongation in the main 
vegetative  culm and sex expression in the msel. Mutant 
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FIGURE 9.-Model for the  function of tee 
sinte branched1 in  teosinte and maize (see 
text). 

MAOZE 
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tel-refplants have a larger number of shorter  internodes 
in the vegetative culm of the  plant (MATTHEWS et al. 
1974; VEIT et al. 1993; IRISH et al. 1994). tel-ref also 
typically converts the basal portion of the terminal tassel 
into  an  ear,  the feature after which the locus was 
named. tel-refhas no reported effects on the  internodes 
of the ear  or primary lateral branch  (ear  shank).  A 
model considered by  B. VEIT (personal communica- 
tion) is that Tel functions to restrict the initiation of 
lateral organs (leaves) such that when this function is 
lost, the  plant  produces  a larger number of  leaves and 
the  nodes  to which  they are  attached. 

Like tel-rg QTL3LM affects internode  number  and 
length and sex expression but in a spatially different 
pattern. Specifically, this QTL  effects the  numbers and 
lengths of internodes in the  ear  and  the primary lateral 
branch (not  the main stalk), as  well as the sex  of the 
primary lateral inflorescence (not  the terminal tassel 
on  the main culm). Based on these phenotypic effects 
and the  map positions of tel and QTL-3L (Figure l) ,  
tel can  be  considered  a  candidate  for QTL-3L.  If tel is 
QTL-3L, then tel should have some effect on the num- 
bers and lengths of internodes in the  ear and  the pri- 
mary lateral branch of  maize and/or teosinte. These 
effects may be difficult to detect in maize because its 
internodes in both  the  ear  and  ear shank are already 
very short. 

A second  candidate is tassel replaces uppewarl   ( trul) ,  
which has a  phenotype somewhat similar to tbl (SHERI- 
DAN 1988). In trul plants, the ears and  ear shanks at the 
upper nodes of the  plant  are replaced by long lateral 
branches  tipped by tassels, although  the lower nodes 
produce ears. trul maps in or near  our target region 
on chromosome  arm 3L (W. F. SHERIDAN, personal 
communication). The phenotype of trul is similar to 
that of  QTL-3LT, making it an attractive candidate locus 
for our QTL. 

Pleiotropy us. Wage: The two target regions we 
have  analyzed each affect a  number of different aspects 
of plant morphology (Table 4). These multiple effects 
indicate either pleiotropy or linkage of  several QTL 

each affecting different traits. We prefer  the  former 
interpretation because the traits involved are  often si- 
multaneously affected by single pleiotropic mutants in 
maize and  other plants. The most relevant examples 
are tbl-rg which  affects internode lengths (CUPL and 
LBIL) and inflorescence sex and structure (STAM and 
LIBN), and tel-rg which  affects internode lengths 
(CUPL and LBIL) and numbers (CUPR and INNO) 
and inflorescence sex  (STAM). Ethylene response mu- 
tants of Arabidopsis affect both  internode elongation 
(CUPL and LBIL) and abscission  layer formation 
(DISA) (KIEBER and ECKER 1993). Finally, suppessor of 
sessile spikelets1 of  maize  affects both  branching in the 
inflorescence (LIBN) and  the presence of single us. 
paired spikelets in the  ear (PEDS) (DOEBLEY et al. 
1995a).  Thus,  there is ample precedent for extensive 
pleiotropy of the  nature we envision. 

Genetic  background  and  dominance: The expres- 
sion of our two QTL is affected by genetic background. 
QTL-lLM shows strong expression for most traits in teo- 
sinte background, while the effects of QTLILT  on sev- 
eral traits are  absent or much  reduced in maize  back- 
ground.  The  strong expression in teosinte background 
indicates that selection for QTL-lLM during  the early 
evolution of  maize should have been highly  effective. 
The  strong expression in teosinte background also con- 
firms that this QTL represents a locus  of large effect. 
Loci  of large effect have not  been considered an im- 
portant force in evolution by many authors (see ORR 
and COYNE 1992). In teosinte background, QTLILM 
increases the mean number of seeds per  ear  (2 x 
CUPR) from 12 to 18, a 50% increase (Table 8). Simi- 
larly, it reduces the mean length of the lateral branch 
(INNO X LBIL) from 28 to 14 cm, a 50% decrease. 
Both of these qualify as large effects. 

QTL-3L has a different dynamic  in that it shows 
weaker expression in both maize and teosinte back- 
grounds as compared to the RXP  F2 population. For 
some traits, the effect of this QTL is strongly enhanced 
when in combination with QTL-lL as a result of epista- 
sis.  Its reduced effects on  other traits in maize and teo- 
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sinte background could result from epistatic interac- 
tions with other loci that we have not analyzed. 
Nevertheless in teosinte background, QTL3LM in- 
creases the mean number of seeds in the  ear from 12 
to 17 (42%), which could provide enough of an additive 
effect to allow for effective selection during  the early 
evolution of  maize (Table 8). 

Another indication of the  importance of genetic 
background on QTL behavior was the observation that 
the maize  alleles at  the two QTL exhibit greater domi- 
nance in maize background than in teosinte back- 
ground. This change in gene action could have resulted 
from selection during  the domestication process for 
modifier loci that  enhanced  the expression of the trait 
in the heterozygote. This mechanism would  only  work if 
the QTL remained polymorphic within the  population 
under selection so that  there were heterozygotes upon 
which selection for  the  dominance modifiers could be 
applied, or if there were hybridization between popula- 
tions with and without the maize allele at the QTL such 
that new heterozygotes were generated even after the 
maize allele was brought  to fixation in one population. 
A second mechanism to explain the  change in domi- 
nance would be as a byproduct of selection for alleles 
at  other loci that  enhance  the expression of the traits 
controlled by the QTL. Experimental work in Drosoph- 
ila  has  shown that selection of this nature  on  the homo- 
zygotes can modify the  dominance  properties of a gene 
(THOMPSON and THODAY 1972). 

Epistasis: QTL mapping  experiments  conducted 
over the last  several  years  have  typically uncovered little 
evidence for epistasis, suggesting that for natural poly- 
genes it is uncommon (TANKSLEY 1993). Nevertheless, 
the methodological limitations of  QTL mapping, such 
as the small population sizes  typically employed and 
recombination between the  marker loci and the QTL, 
require one to exercise some caution in accepting this 
evidence. Another methodological problem is the limi- 
tation of the analysis  of variance for detecting interac- 
tion effects  (WADE 1992). In a simulation study where 
a factor A had a small  negative main effect but a large 
positive effect due to interactions with  two other factors, 
the analysis  of variance incorrectly determined  the 
main effect of A to be positive and failed to  detect  the 
large interaction in over 80% of the trials (WADE 1992). 
These results undermine conclusions one might draw 
about  the frequency and strength of  epistasis based on 
the analysis of variance in QTL mapping studies. 

One could view the results  of our  current attempt  to 
detect epistasis as either  the glass  half full or half empty. 
We  have detected significant epistasis for two  of nine 
traits. The loss or reduction in expression for some 
other traits when QTL are transferred into maize or 
teosinte background also  suggests a role for epistasis. 
Nevertheless, both QTL retain large main effects on 
some traits regardless of genetic background, sug- 
gesting that interactions with other genes are not always 

important. Even for the presence of the pedicellate 
spikelet that showed a large epistatic effect, we detected 
significant (although  reduced) main effects when the 
individual QTL were isolated in  maize or teosinte back- 
ground. Still overall, as compared to our failure to 
clearly detect epistasis between these two  QTL in the 
RXP F2 population, we conclude that epistasis is more 
important  than one would be  led  to believe from the 
F2 study alone. As discussed by  TANKSLEY (1993), it will 
be necessary to employ nearly isogenic lines to allow 
more precise measurement of  epistasis. 

Our results indicate an  important role for epistasis 
in the  inheritance of paired us. single spikelets. For 
PEDS in the RXP F2 population, QTL-1L and QTL-3L 
had a combined effect (including  their  interaction) of 
SO%, i.e., converting an  ear with 0% paired spikelets to 
one with 60% paired spikelets. When transferred to 
teosinte background, these two  QTL  have a combined 
effect of  only  7.3% including  the  interaction. This 
nearly 10-fold reduction in the effects  of these two QTL 
in teosinte background suggests that  higher  order epi- 
static interactions are involved in the genetic control 
of  this trait and that  the estimates of the effects  of  QTL 
are strongly dependent  on the  context in which  they 
are analyzed. 

Evolution of maize: There have been several at- 
tempts to integrate genetic and morphological data to 
form a general explanation  for  the origin of the maize 
ear. One view proposes that  about five major genes were 
involved and that each controlled one key trait. For 
example, one  gene would control disarticulating vs. 
nondisarticulating ears, one single us. paired spikelets, 
one distichous vs. polystichous  phyllotaxy, and  one soft 
‘us. hard glumes (BEADLE  1939, 1980; LANGHAM 1940; 
GALINAT 1971,1978).  There have been various  versions 
of this general view over the years, but its essence has 
remained  the same. This view focuses  mostly on  ear 
architecture, largely ignoring  the differences in  overall 
plant  architecture between maize and teosinte. 

A second view holds that  the major genes of BEADLE 
(1939) and LANGHAM (1940) differentiating maize and 
teosinte “do not exist” and  that  the differences are 
controlled by polygenes “unlikely now to be identified 
individually” (ILTIS 1983). Morphologically,  this view 
proposes that  the  ear of  maize arose by the “cata- 
strophic” feminization of the tassel terminating  the pri- 
mary lateral branch.  Under this view, soft glumes and 
paired spikelets were the automatic byproducts of  femi- 
nization and thus not  under genetic control separate 
from feminization. In a sense, this view focuses  mostly 
on plant  architecture, treating some key changes in 
ear  structure as byproducts of a change to short lateral 
branches  tipped by feminized tassels. 

The results of our QTL mapping analyses are consis- 
tent with the view that a few major identifiable genes 
largely control  the differences between  maize and teo- 
sinte. In fact, we demonstrated  that one of the QTL 
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represents a single major locus (tgal)  that in essence 
controls  hard vs. soft glumes (DORWEILER et al. 1993). 
A second of our QTL seems to  represent a single locus 
that largely controls distichous ‘us. polystichous  phyllo- 
taxy  (DOEBLEX and STEC 1993). Both of these QTL con- 
form well to  the  model  under which a single gene con- 
trols a single trait. The two QTL analyzed in this paper 
also appear  to  represent  the type  of major loci invoked 
by BEADLE and  LANGHAM,  but they do  not as easily fit 
the  “one gene-one trait” model (BEADLE 1972, 1980). 

Results  of the  present study indicate that  the differ- 
ence in plant  architecture between teosinte and maize 
is largely controlled by tbl. In teosinte background, this 
locus controls a switch from long primary lateral 
branches  tipped by tassels to short  ones  tipped by essen- 
tially normal teosinte ears with hard  cupulate fruitcases 
and mostly single spikelets (Figures 4 and  5).  The re- 
sulting ears are  altered  to  be less than fully disarticulat- 
ing and  the  length of the  internodes in the ears is re- 
duced. Nevertheless, the  structure is clearly a teosinte 
ear  and  not a feminized tassel. It is partly on this basis 
that our results fail to  support  the view that  the maize 
ear arose as a feminized tassel (ILTIS 1983).  QTL3L 
enhances  the effects  of tbl, and together these two loci 
substantially transform both  ear  and  plant  architecture. 
In  the T-M1+3 population, substitution of  maize for 
teosinte alleles at  both QTL  radically transforms the 
plant  (Table 8). On average, the primary lateral inflo- 
rescence changes from 94% male to  95% female, the 
number of cupules in the  ear (2 X CUPR) from 12 to 
25, the  degree of cupule yoking from 0% to 88%, the 
extent of nondisarticulation from 0% to 95%,  the per- 
centage paired spikelets from 0% to 7.3%, and the 
length of the lateral branch (INN0 X LBIL) from 28 
to 6 cm. Thus, with the  exception of paired spikelets, 
these two QTL produce a nearly complete transforma- 
tion from teosinte to maize plant  architecture and dra- 
matically alter  the  ear. 

The two QTL  analyzed in this paper transform plant 
architecture and  produce  an  ear as shown in Figure 8. 
However, additional steps are  needed  to  change this 
modified teosinte ear into a maize ear. First, one would 
need to incorporate  the maize allele for tgal to block 
the  formation of the  cupulate fruitcase and provide 
softer glumes (DORWEILER et al. 1993).  Second,  the 
maize allele for  the QTL on chromosome arm 2s would 
provide a polystichous arrangement of the cupules 
(DOEBLEY and STEC 1993). Thus, a total of four loci 
could  be sufficient to go most of the way from teosinte 
to a plant  that has  most  of the key features of cultivated 
maize. The only additional changes required would be 
those providing fully paired spikelets. 
Implications for plant  evolution: The processes in- 

volved in evolution under domestication are  not  funda- 
mentally different from those operating  during evolu- 
tion under natural selection. For this reason, studies of 
crop evolution can reveal  processes operative in plant 

evolution in general. Several  results  of the  present study 
may apply more broadly. As in our previous  work, the 
analyses presented  here indicate that genes of large 
effect can be  an  important force in morphological evo- 
lution  (HILU 1983; GOTTLIEB 1984; O m  and COYNE 
1992). This is especially true for tbl, which the  present 
study indicates was largely responsible for the changes 
in plant  architecture. Similarly, the  combined effects  of 
alleles at only two QTL transform the  ear extensively 
(Figure 8). The differences in ear  structure  among  the 
wild teosintes (see WILKES 1967) are  minute in compari- 
son to the  change  conferred by the maize  alleles  of 
these two QTL. Had such a difference occurred in na- 
ture, it would be judged sufficient by taxonomists to 
name a new genus. This provides further evidence that 
a few genes can induce a major morphological shift. 
Other recent studies of natural species provide similar 
evidence that genes of large effect can be involved  in 
species differentiation (VLOT et al. 1992; COYNE et al. 
1994; VAN HOUTEN et al. 1994). 

Another issue concerns  the  role of  epistasis and the 
influence of genetic background on QTL expression. 
QTL3LM has rather modest effects in teosinte back- 
ground even when homozygous (Figure 7). This maize 
allele could probably exist as a natural variant in a teo- 
sinte population. Some forms of teosinte may provide 
backgrounds in which its effects are almost entirely s u p  
pressed. If this is true,  then hybridization among teo- 
sinte populations would produce new combinations of 
such cryptic  alleles and rapidly generate novel pheno- 
types,  even where one sees little phenotypic differentia- 
tion among populations. Such a mechanism would be 
consistent with the shifting balance theory of  WRIGHT 
(1969) with  its emphasis on adaptive gene complexes 
and  interdemic migration. In Arabidopsis, such a cryp 
tic  locus ( c a u l z ~ o w ~ )  has recently been discovered that 
in combination with a standard major mutant (apetalal) 
radically transforms the inflorescence into a cauli- 
flower-like  mass  of undifferentiated flowers, despite the 
fact that  the caulajlower locus has no discernible effects 
of its own (BOWMAN et al. 1993). 

Finally, although  the two QTL analyzed in this paper 
and tgal studied previously  (DORWEILER et al. 1993) 
have large effects,  they are  not  the types  of amorphic 
or complete loss  of function alleles commonly studied 
in genetics. We draw  this conclusion from the general 
intermediacy of the heterozygotes for these QTL. 
Rather, these QTL represent modification of function 
mutants. Under  our model, Tbl+Maizecan be classified 
as a hypermorphic allele with increased expression of 
the  normal tbl+teosinte function.  In  contrast, if loss of 
function at tel causes more  frequent initiation of  in- 
ternodes,  then  QTL3LM, as a putative allele of tel, 
could  be classified  as a reduced  function or hypomor- 
phic allele. Finally, tgal, which disrupts the  normal de- 
velopment of the  cupulate fruitcase, could be classified 
as an  antimorphic allele. Although these classifications 
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require some vigorous arm waving, they can serve to 
guide  further research. They also reaffirm the intuitive 
conclusion that evolution proceeds  more  often by the 
modification of rather  than  the  elimination of existing 
functions. 
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