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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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t b l  and  the Origin of Maize 

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 
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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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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). 



Contribución	
  del	
  mejoramiento	
  
genéBco	
  al	
  desarrollo	
  agrícola	
  

100
00	
  

1000	
  DC	
   100
00	
  

100
00	
  

100
00	
  

1960	
   2006	
   2050	
  

DesaLos	
  y	
  
	
  oportunidades	
  

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 
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this effect is much larger in teosinte background (popu- 
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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 
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The degree  to which the cupules are side-by-side  as 
opposed to one  on top of the  other (YOKE) is another 
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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 
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maintained over multiple generations. These points will be elabo-
rated on further below.

Importantly, a developmentally plastic response in vegetative
architecture and inflorescence sexuality takes place in teosinte
today that adapts plants to their local environments. In good
growing conditions (adequate sunlight, deep soils), the plant is tall
e 2e3 m-high e with many long lateral branches tipped by tassels
and secondary branches bearing female ears with a few small seeds
(Fig. 1, left). These are the vegetative and floral characteristics
normally associated with maize’s wild ancestor both today and in
the past. However, stressful or less optimal habitats today (shade,
shallow soils, low moisture, crowding) induce a gene expression
change that causes suppression of branch elongation during
growth (Doebley et al., 1995; Hubbard et al., 2002; Whipple et al.,
2011). The result is plants with maize-like attributes; namely, a
few, dramatically shortened lateral branches tipped by female ears
instead of tassels and a single tassel terminating the main stem
(Fig. 1, right). These plants can also be very short (knee-high). It is
reasonable to believe that teosinte plasticity today in sub-optimal
growing conditions may be non-specific responses to a variety of
environmental stresses/cues, and that past conditions such as low
CO2 and temperature may have been among them. In all environ-
ments, however, the domesticated maize exhibits a few, very short
lateral branches terminating in large cobs instead of tassels, and has
a solitary tassel at the top of a single main stem (Fig. 1, right). As in
teosinte, these transformations are in part mediated by the gene
expression and developmental changes discussed above (Doebley
et al., 1995; Hubbard et al., 2002). Maize domestication then
involved a loss of plasticity in these traits because maize vegetative
architecture and floral sexuality are constitutively expressed
regardless of the environment.

With a theory of maize evolution called “Catastrophic Sexual
Transmutation”, Iltis (1983, 1987) first drewmajor attention to how
the vegetative (also called branching) architecture and inflores-
cence traits of Zea discussed above were determined by mecha-
nisms set in motion during early plant development. He
emphasized how environmental factors, including cold growing
seasons, were likely triggers, potentially producing a rapid
phenotypic transformation from teosinte- to maize-type branching

and inflorescence sexuality without human involvement. A part of
Iltis’ theory that proposed the maize ear was derived from a
feminized teosinte tassel is probably incorrect, as subsequent
studies showed that when lateral branches were shortened and
female ears were translocated to the maize cob position at the ends
of the branches, they were of normal teosinte type with hard
cupulate fruitcases and didn’t possess characteristics, such as soft
glumes, that would have been derived from tassels if the latter were
involved (Doebley et al., 1995). Nonetheless, Iltis’ focus on envi-
ronmental influences, plasticity, pre-existing genetic variation, and
the rapid, macro-evolutionary nature of such non-mutational
phenotypic change was ahead of its time in domestication
research and clearly warrants further attention.

Given both mechanisms for a direct environmental determina-
tion of phenotypic change, and a hypothesis for the involvement of
such a mechanism in maize domestication, an important initial
question for domestication studies becomes, “what is the sensi-
tivity of teosinte and other crop progenitors to past environmental
influences?”

3. Material and methods

3.1. Experiment design

Data presented here are from grow-outs of ssp. parviglumis from
four different natural Mexican populations and two lines of inbred
teosinte during its natural growing period from July to December in
two naturally-lighted glass environmental chambers housed at the
Gamboa field station at the Smithsonian Tropical Research Institute
in Panama (Table 1). One chamber was adjusted to either late-glacial
or early Holocene temperature, and CO2 sub-ambient levels (Ahn
et al., 2004; Piperno et al., 2007; Hodell et al., 2008; Bush et al.,
2009; Correa-Metrio et al., 2012). The other was at modern CO2
levels and temperatures characteristic of ssp. parviglumis environ-
ments today (Table 2). We repeated the experiment in late-glacial
conditions three times from 2009 to 2011, and in 2012 conducted
the experiment in early Holocene conditions. In all years, plants
were germinated from seed in the chambers so that all pre-adult
development took place under the conditions being tested.

Fig. 1. The differences between teosinte and maize in branching architecture and inflorescence sexuality. Teosinte has many long primary lateral branches terminated by tassels,
and secondary lateral branching. The female ears are located on the secondary lateral branches. Modern maize has a single main stemwith a solitary tassel terminating it. There are
few, very short primary lateral branches, and no secondary branching. The cobs are located at the ends of the short primary lateral branches in the positions occupied by tassels in
teosinte. Credit: Nicolle Rager Fuller, National Science Foundation.
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t b l  and  the Origin of Maize 

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 
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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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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- 
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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 
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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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P E R S P E C T I V E S

To further increase the yield potential of
rice, a new plant type was conceptualized3.
The proposed modifications to the plant
architecture included a reduction in tiller
number, an increase in the number of grains
per PANICLE and increased stem stiffness 
(FIG. 1). Numerous breeding lines with desired
characteristics have been developed and sev-
eral have outyielded the modern high-yield-
ing varieties by 15–20%. Wheat breeders are
using a similar approach for increasing the
yield potential of wheat4.

Heterosis breeding — which exploits the
increased vigour (improved growth rates) of
F1 hybrid plants — has been used to
improve the yield potential of maize (BOX 2).
In fact, most maize growers in developed
countries grow maize hybrids, and the area
planted to maize hybrids in developing
countries is also increasing. Rice hybrids
with a yield advantage of 10–15% were
introduced in China in the 1970s5 and are
now planted in about 50% of the rice area in
that country. The rice hybrids suitable for

Conventional hybridization and selection
was and still is widely used for improving
yield potential (BOX 2). This strategy creates
variability by hybridizing the elite genotype
(the breeding lines that have the most
sought-after characteristics) with other
improved varieties, endemic varieties and
even wild species, followed by selection of the
desirable recombinants. It has been estimated
that, on average, ~1% increase has occurred
per year in the yield potential of rice and
wheat in the past 30 years after the develop-
ment of dwarf (short stature) varieties, which
is discussed below.

Another approach for increasing the yield
potential — one that has been very successful
in rice and wheat — is ideotype breeding or
modification of plant architecture (morphol-
ogy). For example, plants were selected for
reduced height, increased tiller (shoot) num-
ber and for erect instead of droopy leaves. The
yield potential of maize was also increased by
reducing the plant height and by selecting for
erect leaves2.

maize and wheat account for almost 50% 
of calories in the human diet, the focus has
been on increasing the production of these
three species.

In this article, I provide a historical per-
spective on the green revolution. I discuss the
genetic modification made to cereal varieties
to raise their productivity, the impact of
improved varieties on food grain production
and the strategies for further improvement,
to meet the demand of a growing human
population.

Genetic improvement strategies
Several genetic traits were selected to increase
the yield,YIELD STABILITY and wide-scale adapt-
ability of rice, maize and wheat varieties.
These include selection for higher yield
potential (productivity); wide adaptation
(adaptability to diverse environments); short
growth duration; resistance to biotic stresses
(diseases and insects); tolerance to abiotic
stresses (such as drought and flooding); and
superior grain quality.

Box 1 | The impact of the green revolution 

Impact on food production
The gradual replacement of traditional varieties of rice, maize and wheat by improved varieties, and the associated improvement in farm-
management practices, has had a marked effect on the growth of rice, wheat and maize output, particularly in Asia. For example, since the first high-
yielding variety of rice was released in 1966, the rice area harvested has increased only marginally by 20%, whereas the average rice yield has doubled.
Total rice production increased by 132% from 1966 to 1999. During the same period, world wheat production increased by 91%, to 576 million tons.

In many Asian countries, the growth in cereal production has outstripped the rise in population, leading to a substantial increase in cereal
consumption. During 1965–1990, the daily caloric intake in relation to requirement improved by ~150% in several Asian countries.

Impact on socio-economic conditions
The increase in per capita availability of cereals, and a proportional decline in the cost of production, contributed to a decline in the real price of rice,
wheat and maize, in international and domestic markets. The unit cost of production is about 20–30% lower for high-yielding varieties than for
traditional varieties of rice, and the price of rice, wheat and maize (adjusted for inflation) is 40% lower now than in the mid-1960s (see figure). The
decline in food prices has benefited both the urban poor and the rural landless.

Impact on environmental sustainability
The widespread adoption of high-yielding varieties has helped most Asian countries to meet their growing food needs from productive lands and so
has reduced the pressure to open up more fragile lands. Had 1961 yields still prevailed today, three times more land in China and two times more
land in India would be needed to equal 1992 cereal production. If the Asian countries had attempted to produce a 1990 harvest at the yield levels of
the 1960s, most of the forests, woodlands, pastures and range lands would have disappeared, and mountain sides would have been eroded, with
disastrous consequences for the land and wildlife habitats.

The availability of cereal varieties with multiple resistance to diseases and insects has reduced agrochemical use, so improving the human health of
farming communities, making pesticide-free food more available, and protecting useful fauna and flora.
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multiple cropping systems. Even IR8 and sub-
sequent varieties, which matured in 130
days10, did not leave sufficient time in one
rainy season to grow another crop of rice.
Therefore, improved varieties were developed
that had even shorter growth duration by
incorporating ef (early flowering) genes for
early maturity. So, varieties with a duration of
110 days or even 105 days were developed.
However, yield is a primary consideration in
developing new varieties and, therefore, dur-
ing the selection process, only those short-
duration lines with yield potentials that
match those of medium-duration varieties
are saved. The key to the success of this pro-
gramme was the selection of plants with rapid
vegetative vigour at earlier growth stages11.
Because they have higher growth rates at early
stages, short-duration varieties are able to
produce about the same biomass in 110–115
days as the medium-duration varieties do in
130–135 days. Under most situations, the
yields of early- and medium-growth duration
varieties are similar. However, because the
short-duration varieties produce the same
amount of grain in fewer days than medium-
duration varieties, their per-day productivity
is much higher.

The growth duration of wheat varieties
was similarly reduced by incorporating the
Pdp1 and Pdp2 genes that cause photoperiod
insensitivity4. Short-duration varieties grow
rapidly during the VEGETATIVE PHASE and,
because they compete better with weeds,
weed-control costs are reduced and, as they
use less irrigation water, production costs fall.

Resistance to biotic stresses. The varietal com-
position and cultivation practices for rice and
wheat changed markedly with the introduc-
tion of high-yielding varieties. A relatively
small number of varieties replaced literally
thousands of traditional varieties, thereby
reducing the genetic diversity of these crops12.
Farmers started using improved cultivation
practices, such as applying higher doses of fer-
tilizers and establishing higher plant popula-
tions per unit area. The development of irri-
gation facilities and the availability of
short-duration, photoperiod-insensitive vari-
eties enabled the farmers in tropical Asia to
grow successive crops of rice throughout the
year — practices that led to an increase in dis-
ease incidence and insect numbers.

Because the chemical control of diseases
and insects for prolonged periods in tropical
climates is impractical, the use of host-plant
resistance to disease and insect control is the
logical approach to overcome these produc-
tion constraints. A major emphasis was
placed on developing GERMPLASM that can

Wide adaptation. Many of the traditional
varieties of rice were PHOTOPERIOD SENSITIVE and,
because they had been selected for adaptation
to specific environments, their cultivation was
restricted to one season. However, most of the
improved varieties have been made insensi-
tive to photoperiod by the introduction of the
se1 (photoperiod-insensitivity) gene, and can
be grown during any season and in most
tropical and subtropical countries provided
the temperatures are favourable. For example,
the IR8 variety of rice, which was released in
1966 by the IRRI, gave double the yield of
previous rice varieties when grown in irrigat-
ed conditions, as it was more responsive to
fertilizers. IR8 also had wide adaptation (fea-
tures that earned it the name of ‘Miracle
Rice’): it was grown in most of the rice-grow-
ing countries of Asia, Africa and Latin
America. Most of the subsequent releases
have similar wide adaptation. Wide adapta-
tion was also incorporated into improved
varieties of wheat by using the shuttle breed-
ing approach, as discussed in BOX 2.

Short growth duration. The availability of
short-duration varieties has led to large
increases in cropping intensity, greater on-
farm employment, increased food supplies
and higher food security in many countries.
Most traditional varieties of rice in tropical
and subtropical Asia matured in 160–170
days and many were photoperiod sensitive.
These were suitable for growing one crop of
rice a year during the rainy season but not for

Rht1 or Rht2, for reduced height in wheat4,
from a Japanese variety Norin 10. Because
plants with these so-called ‘dwarfing’ genes
put less resources into straw production,
they put more into the developing grain, so
increasing the harvest index by over 60%.
The short-statured varieties of rice and
wheat also had a combination of other
desirable traits, such as high TILLERING, dark
green and erect leaves for better use of solar
energy, as well as sturdy stems. Short stature
and stem sturdiness resulted in higher
responsiveness to nitrogenous fertilizer. So,
with the application of fertilizer, the yield
potential doubled to about 9 tons ha−1, con-
stituting an important breakthrough in the
history of crop improvement. The gains in
yield obtained through genetic manipula-
tion in commercial hybrids of temperate
maize (in the United States and Canada)
were accompanied by large and consistent
improvements in resistance to root lodging,
stalk lodging, premature plant death and
barrenness (plants without cobs). The
increase in yield potential has mainly come
from the plants being able to withstand
increased planting densities, and not from
any marked reduction in plant height or
rise in harvest index9. In tropical maize,
however, harvest index was improved
through reduction in plant height2.
Reduction in height was based on selection
for polygenic variation as compared with
rice and wheat, in which major genes were
used to decrease height.

Figure 1 | Sketches of different plant types of rice. Left, tall conventional plant type. Centre, improved
high-yielding, high-tillering plant type. Right, new plant type (‘Super Rice’) with low tillering but sturdier
stems, and with a larger number of grains per panicle. (Reproduced with permission from REF. 36.)
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unique ID.Between both rows of rhizotrons a cabinet for imaging
rhizotrons is moved automatically on a linear axis with a bi-
directional motion. Users can define in which order the cabinet
will reach rhizotrons for analysis. To draw a rhizotron into the
imaging cabinet, the analysis sleds carrying cameras and light
panels inside the cabinet are adapted to the angle of the
compartment from which the rhizotron is being drawn. This
ensures that rhizotrons are kept at the same angle during both
cultivation and imaging. A change of the inclination angle would
lead to amodifiedgravitropic signal.After adjusting the angle, the
rhizotron is positioned inside the imaging cabinet by amechanical
swivel arm pulling each rhizotron at a hookmounted on one side.
The motion into the cabinet is facilitated by slide bars and roller
bearings. The motor drawing the rhizotrons is able to actuate
completely sand-filled rhizotrons (up to 80 kg). Subsequently,
the doors of the cabinet are closed with rolling cutter gates to
prevent light conditions influencing image acquisition. Inside
the cabinet, two side-view images of the shoot were acquired by
two cameras (5MP camera, GRAS-50S5C, Point Grey Research
Inc., Vancouver, Canada; combinedwith 8mmFL compactfixed
focal length lens, NT56–526, Edmund Optics GmbH, Karlsruhe,
Germany)mounted at an angle of 90! to each other and one image
of the whole transparent rhizotron surface is acquired with a high
resolution camera (16 MP camera, IPX-16M3-VMFB, Imperx,
Inc., Boca Raton, FL, USA; combined with Zeiss Distagon T
2,0/28 ZF-I lens, Jena, Germany). The resolution of the acquired
images (230mm per pixel) is high enough to detect the roots of
the evaluated plant species. Illumination is provided by using

LED-panels (LEDLight Source SL3500-W-J, cool white, colour
temperature 8000K, Brno, Czech Republic), which are turned
on in sync with image acquisition. This temporary illumination
pattern, equal to all plants, did not produce any significant effect
on root growth that could be revealed by comparing undisturbed
and regularly screened plants (data not shown). The position
and angle of the light panel were adjusted to prevent reflections
in the images. To increase the contrast between plant and
background and to avoid reflections, the cabinet is equipped
with blackwalls.After image acquisition the gates are opened and
the rhizotron is placed back to its initial position completing the
routine. These steps are repeated automatically for each user-
defined position. The whole procedure is automated and driven
by a custom software program implemented with LabVIEW
(National Instruments, Austin, TX, USA).

For automatic irrigation of plants, a system (T1030plus,
Gardena Deutschland GmbH, Ulm, Germany) was installed
equipped with four drippers per rhizotron (Fig. 1). The
drippers are uniformly distributed over the length of the
rhizotrons and allow irrigation of the plants at a user-defined
frequency and volume ("2%). Each rhizotron contains two
drainage holes to release gravimetrically the excess irrigation
solution, which is released into a canalisation system mounted
below the rhizotrons and can be collected for physical–chemical
analyses. Sensors canbe installed inside the rhizotrons tomonitor,
for example, soil moisture content, soil temperature, or pH and
oxygen with planar optodes (Blossfeld et al. 2011) respectively.

Analysis of root-system architecture
Images and image sequences of root systems acquired with
GROWSCREEN-Rhizo were analysed using the software
GROWSCREEN-Root as described, with modifications
(Mühlich et al. 2008; Nagel et al. 2009). We originally
developed this software to quantify root growth and root-
system architecture of plants grown in agar-filled Petri dishes.
With agar-grown plants, whole-root systems are visible and
automatic tracking and extraction of root traits can be done
routinely (Nagel et al. 2009) as only the portion of the root
system growing along the transparent plate of rhizotrons is
accessible to imaging (Fig. 2). Some roots grow temporarily or
permanently within the soil substrate. Consequently, it is not
possible to extract a complete tree model for the whole-root
systems of rhizotron-grown plants, which is the requirement of
the softwareGROWSCREEN-Root (for details seeMühlich et al.
2008; Nagel et al. 2009). As a result, we adapted the software to
allow manual tracking of those roots that could not be detected
automatically. Manually tracing roots can be time consuming.
Using computer mouse graphics tablet with pens (Wacom Cintiq
21UX, CANCOM Deutschland GmbH, Düsseldorf, Germany)
to trace individual roots can increase the speed of image analysis.
Additionally, we implemented a batch analysis routine to overlay
root structures of subsequent images for any given time series.
This feature further reduces time for analysing images by tracing
only newly developed roots. The time required for image
analysis depends on the complexity of root systems and the
frequency of image acquisition and varies between minutes to
hours. We conclude that, to reach the goal of matching the same
throughput in image acquisition and processing especially for

(a) (d ) (c )
(b )

Fig. 1. GROWSCREEN-Rhizo, mechanical setup with 72 positions for
rhizotrons that are aligned in two rows in the greenhouse. The inclination
angle of the rhizotrons is adjusted to 43! with transparent plate of the
rhizotrons facing downwards. The rhizotrons are split into four groups that
can be treated separately. The insert picture (top left) shows the irrigation
system exemplary of one rhizotron with four drippers (a) to ensure a
homogeneous distribution of water or nutrient solution over the rhizotron.
To prevent light from reaching roots and also algal growth in the soil, the
transparent side of the rhizotrons is shielded by an opaque plate (b) combined
with dense, black brush curtains (c, insert picture top right). Between both
rows of rhizotrons a cabinet (d) is moved automatically on a linear axis with
bi-directional motion (indicated by white dashed arrow) to the positions of
the rhizotrons. In a user defined order, the rhizotrons are drawn inside the
cabinet for image acquisition of roots and shoots. The whole procedure is
automated.
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complex root systems and low contrast backgrounds the software
will need to be further improved in the future. The structure of all
roots – manually or automatically detected – is then integrated,
depicted in a false-colour image (Fig. 2b,d) and used to determine
the following root parameters: root length, branching rates and
angles and spatial distribution of roots within the substrate. Root
traits can be divided into global ones – those derived from the
entire visible part of the root system; and local ones – those
derived from individual roots. Global traits include total length of
all visible roots, root length density (root length per surface area of
rhizotrons) quantified at certain substrate layers, rooting depth
representing the maximal vertical depth of a root system and root
systemwidth representing themaximal horizontal width of a root

system. Traits resulting from performance of individual roots
comprise length and number of roots including different root
orders, such as main roots (including shoot borne roots) and
lateral roots (Fig. 2) branched from main roots as well as angles
of roots. Branching angles of lateral roots represent the angle
betweenamainandabranched lateral root andemergingangles of
main roots represent the angle between horizontal and main
roots. The novel device GROWSCREEN-Rhizo enables the
measurement of the same individuals repeatedly in a user-
defined frequency (hours or days respectively). Consequently,
all root traits can be quantified at a single time point or related to
dynamic changes in characteristics of root-system architecture.

To correlate visible roots (from 2D imaging) with total root
length and biomass, roots were carefully washed out of the soil
and scanned (600 dpi, flatbed scanner, Canon Scan LIDE 60,
Canon, Krefeld, Germany). Total root-system length was then
determined either by tracing roots with GROWSCREEN-Root
or with a commercial software (WinRHIZO 2012, Regent
Instruments; settings: grey value threshold 30; removal of
objects with an area <1 cm2 and a length-width-ratio <4). Dry
weight of both roots and shoots were determined after samples
had been oven-dried at 70!C for ~48 h or until constant weight
was reached.

Analysis of shoot growth and estimation of shoot biomass
For monocotyledonous plants like maize and barley, colour
images from two side-views at a 90! horizontal rotation
were used to quantify the projected leaf area. The number of
pixels corresponding to projected leaf area was determined
automatically with custom-made algorithms that allowed
segmentation for thresholds of the parameters hue, saturation
and value and therefore distinguishing between plant and
background (Walter et al. 2007). To compare the projected
leaf area quantified from images with real leaf area, leaves of
each maize and barley plant were scanned (300 dpi, flatbed
scanner, Canon Scan LIDE 60, Canon). For these purposes,
plants were harvested at different developmental stages up to
6 weeks after sowing. At each time point, 10 maize and barley
plants were harvested and fresh weight of shoot was measured to
correlate shoot biomass with detected leaf area.

Statistical analysis
The effect of mechanical impedance on root growth and spatial
distribution of roots within rhizotrons were analysed using
Student’s t-test (SigmaStat, Systat Software Inc., Richmond,
CA, USA).

Results
GROWSCREEN-Rhizo enables quantification of root
and shoot growth non-invasively

Toevaluate theprecisionof the software tool for analysinggrowth
and geometry of visible parts of root systems growing along the
transparent plate of rhizotrons, reference objects with defined
lengths were inserted in rhizotrons. The strong linear correlation
(R2 = 0.999) between the real length and the length of those
objects quantified with the software GROWSCREEN-Root
point out the high precision of the novel image-based tool and
its value for root phenotyping (Fig. 3).Basedon this,we could, for

(a) (b)

(c) (d )

Fig. 2. Representative original and colour-coded images with main roots
(in green) and lateral roots (in red) of an Arabidopsis (a, b) and Hordeum
vulgare cv. Barke (c, d) plants grown in soil-filled rhizotrons. The higher
resolution image (e) shows an area of interest – indicated in (c) – with "5
magnification.
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performance (Fig. 1C). Recurrent selection aims to
simultaneously increase the frequencies of favorable
alleles at multiple loci in breeding populations through
intermating of selected individuals (Fig. 1D). For hy-
bridized crops such as maize, recurrent selection may
be extended to improve the performance of distinct
complementary populations (e.g. heterotic groups) that
are used as parents to form superior hybrid combina-
tions. This practice is referred to as reciprocal recurrent
selection.

Quantitative genetic principles have been particu-
larly powerful as the theoretical basis for both popu-
lation improvement and methods of selecting and
stabilizing desirable genotypes (Hallauer, 2007). An
important concept in quantitative genetics and plant
breeding is genetic gain (DG), which is the predicted
change in the mean value of a trait within a population
that occurs with selection. Regardless of species, the
trait of interest, or the breeding methods employed, DG
serves as a simple universal expression for expected ge-
netic improvement (Fehr, 1987; Falconer and Mackay,
1996). Figure 2 shows the genetic gain equation and an
expansion of its terms to fundamental parameters of
quantitative genetics. Though clearly an oversimplifi-
cation of the advanced quantitative genetic principles
employed in plant breeding, the genetic gain equation
effectively relates the four core factors that influence
breeding progress: the degree of phenotypic variation
present in the population (represented by its SD, sP), the
probability that a trait phenotype will be transmitted
from parent to offspring (heritability, h2), the propor-
tion of the population selected as parents for the next
generation (selection intensity, i, expressed in units of
SD from the mean), and the length of time necessary to
complete a cycle of selection (L). L is not only a function
of how many generations are required to complete a

selection cycle, but also how quickly the generations
can be completed and how many generations can be
completed per year.

It is clear that DG can be enhanced by increasing sP,
h2, or i, and by decreasing L. Thus, the genetic gain
equation provides a framework for comparing the
predicted effectiveness of particular breeding strate-
gies and is often used as a guide to the judicious
allocation of resources for achieving breeding objec-
tives. When considered in the context of the genetic
gain concept, molecular plant breeding offers powerful
new approaches to overcome previous limitations in
maximizing DG. The following sections cite examples
where molecular plant breeding positively impacts DG
and each of its component variables. For brevity, we
focus on examples from maize where molecular breed-
ing is most advanced, and has now become the primary
means to develop improved commercial hybrids.

Molecular Plant Breeding Expands Useful Genetic
Diversity for Crop Improvement

The maximum potential for genetic gain is propor-
tional to the phenotypic variation (sP) present in the
original source population and maintained in sub-
sequent cycles of selection. Phenotypic variation is
positively associated with genetic diversity, yet also
depends on environmental factors and the interactions
between genotype and environment. Genetic diversity
may be derived from breeding populations (either
naturally occurring or synthetic), segregating progeny
from a cross of selected parental lines, exotic materials
that are not adapted to the target environment, wide
interspecific crosses, naturally occurring or induced
mutations, the introduction of transgenic events, or
combinations of these sources.

Figure 2. The genetic gain equation and its component variables. The top portion illustrates an idealized distribution showing
the frequency of individuals within a breeding population (y axis) that exhibit various classes of phenotypic values (x axis). Mean
phenotypic value (m0) of the original population (shown as entire area under the normal curve) and mean (mS) for the group of
selected individuals (shaded in blue) are indicated. In this generalized example, trait improvement is achieved by selecting for a
lower phenotypic value, e.g. grain moisture at harvest in maize. Components of variation (s2) that contribute to the SD of the
phenotypic distribution (sP) are indicated below the histogram.

Molecular Plant Breeding
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exploit genetic linkage between markers and important
crop traits (Edwards et al., 1987; Paterson et al., 1988).
By 1996, the commercialization of transgenic crops
demonstrated the successful integration of biotechnol-
ogy into plant breeding and crop improvement pro-
grams (Koziel et al., 1993; Delannay et al., 1995). As
depicted in Figure 1, introgression of one or a few genes
into a current elite cultivar via backcrossing is a com-
mon plant breeding practice. Methods for marker-
assisted backcrossing were developed rapidly for the
introgression of transgenic traits and reduction of link-
age drag, where molecular markers were used in ge-
nome scans to select those individuals that contained
both the transgene and the greatest proportion of
favorable alleles from the recurrent parent genome
(e.g. Ragot et al., 1995; Johnson and Mumm, 1996).
During the past 25 years, the continued development
and application of plant biotechnology, molecular
markers, and genomics has established new tools for
the creation, analysis, and manipulation of genetic
variation and the development of improved cultivars
(for review, see Sharma et al., 2002; Varshney et al., 2006;
Collard and Mackill, 2008). Molecular breeding is
currently standard practice in many crops, with the
following sections briefly reviewing how molecular
information and genetic engineering positively im-
pacts the plant breeding paradigm.

PRINCIPLES AND PRACTICES OF MOLECULAR
PLANT BREEDING

Breeding Schemes and the Genetic Gain Concept

Conceptually, plant breeding is simple: cross the
best parents, and identify and recover progeny that
outperform the parents. In practice, plant breeding is a
three step process, wherein populations or germplasm
collections with useful genetic variation are created or
assembled, individuals with superior phenotypes are
identified, and improved cultivars are developed from
selected individuals. A wide diversity of approaches,
tailored to the crop species and breeding objectives,
have been developed for improving cultivars (Fehr,
1987; Stoskopf et al., 1993). These breeding methods
feature different types of populations, selection proce-
dures, and outcomes.

Figure 1 summarizes the three breeding methods
that are commonly employed in crop improvement
programs. As mentioned previously, when the goal is to
upgrade an established elite genotype with trait(s)
controlled by one or a few loci, backcrossing is used
either to introgress a single gene (Fig. 1A) or to pyramid
a few genes (Fig. 1B). For genetically complex traits,
germplasm improvement instead requires reshuffling
of the genome to produce new favorable gene combi-
nations in the progeny. The pedigree breeding method
produces such novelty via crossing and recombina-
tion among superior, yet complementary, parents and
selection among segregating progeny for improved

Figure 1. Common breeding and selection schemes. Each vertical bar is
a graphical representation of the genome for an individual within a
breeding population, with colored segments indicating genes and/or
QTLs that influence traits under selection. Genes associated with different
traits are shown in different colors (e.g. red, blue). ‘‘X’’ indicates a cross
between parents, and arrows depict successive crosses of the same type.
Asterisk below an individual signifies a desirable genotype. A, Back-
crossing. A donor line (blue bar) featuring a specific gene of interest (red)
is crossed to an elite line targeted for improvement (white bar), with
progeny repeatedly backcrossed to the elite line. Each backcross cycle
involves selection for the gene of interest and recovery of increased
proportion of elite line genome. B, Gene pyramiding. Genes/QTLs
associated with different beneficial traits (blue, red, orange, green) are
combined into the same genotype via crossing and selection. C, Pedigree
breeding. Two individuals with desirable and complementary phenotypes
are crossed; F1 progeny are self-pollinated to fix new, improved genotype
combinations. D, Recurrent selection. A population of individuals (10 in
this example) segregate for two traits (red, blue), each of which is
influenced by two major favorable QTLs. Intermating among individuals
and selection for desirable phenotypes/genotypes increases the frequen-
cies of favorable alleles at each locus. For this example, no individual in
the initial population had all of the favorable alleles, but after recurrent
selection half of the population possesses the desired genotype. For
hybridized crops, recurrent selection can be performed in parallel within
two complementary populations to derive lines that are then crossed to
form hybrids; this method is called reciprocal recurrent selection.

Moose and Mumm
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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). 

Mejoramiento	
  gené4co	
  en	
  Costa	
  Rica	
  



EstadísBcas	
  de	
  importaciones	
  y	
  exportaciones	
  
de	
  semillas	
  en	
  CR	
  durante	
  el	
  2014	
  

•  Importaciones	
  =	
  $	
  33,115,150.57	
  	
  
•  Exportaciones	
  =	
  $	
  40,774,956.08	
  	
  

	
  Datos	
  ONS	
  (hnp://www.ofinase.go.cr/)	
  

•  Exportaciones:	
  
	
  	
  

Semillas	
  Oleaginosas	
  y	
  de	
  flores	
  representan	
  un	
  79%	
  de	
  las	
  exportaciones	
  

Arroz"
Hortalizas"
Frutales"
Algodón"
Ornamentales follaje"
Oleaginosas"
Flores"
Varios"



Recursos	
  disponibles	
  en	
  el	
  país	
  

•  Recurso	
  humano	
  (¿Sí	
  o	
  No?)	
  
•  Infraestructura	
  
•  Bancos	
  de	
  semillas	
  /	
  germoplasma	
  
–  	
  Ejemplo	
  banco	
  de	
  CATIE	
  

•  Variabilidad	
  natural	
  presente	
  en	
  el	
  país	
  
– CulBvos	
  emergentes	
  
– Plantas	
  por	
  domesBcar	
  (culBvos	
  no	
  tradicionales)	
  

•  DisBntos	
  microclimas	
  para	
  validación	
  de	
  
materiales	
  



Mejoramiento	
  genéBco	
  en	
  Costa	
  Rica	
  
•  Arroz	
  (CIGRAS-­‐UCR,	
  CIBCM-­‐UCR,	
  SENUMISA,	
  Conarroz,	
  INARROZ,	
  INTA)	
  
•  Café	
  (CATIE,	
  CICAFE)	
  
•  Caña	
  de	
  azucar	
  (DIECA)	
  
•  Chile	
  (EEFBM-­‐UCR)	
  
•  Banano	
  (Corbana)	
  
•  Frijol	
  (EEFBM-­‐UCR)	
  
•  Guayaba	
  (EEFBM-­‐UCR)	
  
•  Maíz	
  (INTA)	
  
•  Ornamentales	
  (CIGRAS-­‐UCR,	
  EEFBM-­‐UCR,	
  Linda	
  vista)	
  
•  Papa	
  (CIA-­‐UCR)	
  
•  Papaya	
  (EEFBM-­‐UCR,	
  INTA)	
  
•  Palma	
  aceitera	
  (ASD)	
  
•  Soya	
  (CIGRAS-­‐UCR)	
  
•  y	
  más	
  culBvos	
  (e	
  insBtuciones)…	
  



Ejemplo:	
  mejoramiento	
  genéBco	
  de	
  
papaya	
  en	
  Costa	
  Rica	
  

•  Programa	
  realizado	
  por	
  Eric	
  Mora	
  y	
  Antonio	
  
Bogantes	
  
– Colaboración	
  UCR-­‐INTA	
  

•  En	
  Costa	
  Rica	
  no	
  exisyan	
  materiales	
  estables	
  
de	
  papaya	
  

•  Proyecto	
  se	
  dio	
  a	
  la	
  tarea	
  de	
  mejorar	
  la	
  
producción	
  y	
  calidad	
  de	
  los	
  frutos	
  	
  



Ejemplo:	
  mejoramiento	
  genéBco	
  de	
  
papaya	
  en	
  Costa	
  Rica	
  

•  Proyecto	
  empezó	
  en	
  1999	
  
•  Se	
  realizaron	
  cruces	
  entre	
  materiales	
  criollos	
  y	
  
los	
  del	
  grupo	
  “Solo”	
  

•  Por	
  medio	
  de	
  método	
  del	
  pedigree	
  se	
  
seleccionaron	
  caracterísBcas	
  agronómicas	
  y	
  
de	
  calidad	
  superiores	
  

•  Híbrido	
  resultante	
  (2004)	
  se	
  denominó	
  
“Pococí”,	
  conocido	
  en	
  el	
  mercado	
  como	
  
“Papaya	
  perfecta”	
  (2006	
  liberado)	
  



Papaya	
  Pococí	
  

Imagen	
  brindada	
  por	
  Antonio	
  Bogantes,	
  Eric	
  Mora	
  



Principales	
  pasos	
  de	
  un	
  programa	
  de	
  
mejoramiento	
  genéBco	
  

Variabilidad	
   Selección	
   Estabilización	
  y	
  
mulBplicación	
  



Esquema	
  de	
  mejoramiento	
  pedigree	
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Llevar	
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  es	
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  1	
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  2	
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  año	
  
(F5)	
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  que	
  anterior	
  

SéBmo	
  -­‐	
  noveno	
  año	
  
(F6	
  –	
  F8)	
  

Modificado de Chahal y Gosal 2002	
  



Validación	
  del	
  híbrido	
  Pococí	
  

Proceso	
  de	
  validación	
  es	
  
riguroso	
  

Bogantes y Mora, 2006, Alcances tecnológicos 	
  



Híbrido	
  Pococí	
  ha	
  sido	
  aceptado	
  en	
  el	
  
mercado	
  costarricense	
  

Esto	
  representa	
  150-­‐200	
  productores	
  costarricenses	
  
beneficiados	
  
Además	
  en	
  2013	
  se	
  exportaron	
  3776	
  TM	
  y	
  en	
  2014,	
  4781	
  TM	
  

Total	
  de	
  ha	
  	
  
sembradas	
  
en	
  CR	
  

Producción de semilla comercial: Eric Mora-Antonio Bogantes (UCR-INTA) 2014	
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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). 

DesaHos	
  y	
  oportunidades	
  



¿Cómo	
  alimentar	
  9000	
  millones	
  de	
  
personas	
  para	
  el	
  2050?	
  

NaBonal	
  geographic,	
  hnp://www.ngenespanol.com/comida/713691/cinco-­‐pasos-­‐alimentar-­‐al-­‐mundo/	
  



¿Cómo	
  alimentar	
  9000	
  millones	
  de	
  
personas	
  para	
  el	
  2050	
  sin	
  causar	
  

daños	
  al	
  ambiente?	
  

NaBonal	
  geographic,	
  hnp://www.ngenespanol.com/comida/713691/cinco-­‐pasos-­‐alimentar-­‐al-­‐mundo/	
  

De	
  acuerdo	
  a	
  “NaBonal	
  geographic”,	
  podrían	
  haber	
  5	
  pasos:	
  
1.	
  Congelar	
  el	
  aumento	
  de	
  Berra	
  dedicada	
  a	
  la	
  agricultura	
  
2.	
  Aumentar	
  producción	
  en	
  las	
  áreas	
  disponibles	
  
3.	
  Hacer	
  uso	
  más	
  eficiente	
  de	
  recursos	
  
4.	
  Cambiar	
  dietas	
  
5.	
  Reducir	
  el	
  desperdicio	
  
	
  
	
  
Al	
  trabajar	
  en	
  el	
  campo	
  agropecuario	
  
Estamos	
  involucrados	
  en	
  casi	
  todos	
  los	
  pasos	
  
Mejoramiento	
  genéBco	
  contribuye	
  considerablemente	
  en	
  el	
  paso	
  2	
  



DesaLos	
  

A	
  parte	
  de	
  aumento	
  en	
  población,	
  tenemos	
  
otros	
  desaLos:	
  
•  Cambio	
  climáBco	
  
•  Compe4r	
  en	
  mercados	
  nacionales	
  e	
  
internacionales	
  
–  Innovación	
  
– Polí4cas	
  de	
  semillas	
  que	
  dirijan	
  los	
  esfuerzos	
  a	
  
un	
  punto	
  común	
  



Oportunidades	
  del	
  mejoramiento	
  
genéBco	
  en	
  países	
  en	
  desarrollo	
  

Producir	
  tecnología	
  
– Productos	
  con	
  mayor	
  valor	
  agregado	
  (semillas)	
  

Semillas	
  
	
  

Made	
  in:	
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Conclusiones	
  

•  El	
  mejoramiento	
  genéBco	
  ha	
  tenido	
  un	
  rol	
  
fundamental	
  en	
  el	
  desarrollo	
  de	
  la	
  agricultura	
  
y	
  por	
  lo	
  tanto	
  en	
  las	
  sociedades	
  de	
  todo	
  el	
  
mundo	
  

•  Costa	
  Rica	
  Bene	
  potencial	
  para	
  desarrollar	
  
mejoramiento	
  genéBco	
  y	
  comercializar	
  
tecnología	
  agrícola	
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