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Foreword:

The CIMMYT Maize Program

and Research on Lowland Tropical Maize

The lowland tropics can be defined roughly as areas at less than 900 meters aboye sea
level and between the meridians of Cancer and Capricom. Tropicallowlands account for
more than 35 million hectares of maize in developing countries -- nearly three-fifths of all
non-temperate maize area.

Maize is grown in the lowland tropics under an extremely broad range of conditions: from
steep hillsides in Central America to vast savannas in South America; from frequently dry
expanses in sub-Saharan Africa to waterlogged fields in Southeast Asia. Likewise, the
lowland tropics pose nearly every conceivable natural obstacle to maize productivity. For
example, abiotic constraints (especially low soil fertility and drought) reduce harvests a
third or more from their potential. Added to this, relatively high average temperatures,
humidity, and cropping intensity result in major disease pressure. Finally, lowland
tropical maize farmers include some ofthe poorest ofthe developing world's poor,
meaning among other things that they are often unable to purchase improved seed, utilize
fertilizer or pesticides, hire farm labor at key times in the crop season, or manage
agricultural resources in a way that sustains productivity over the long termo

The Lowland Tropics and the Maize Program

The mission of the CIMMYT Maize Program is to help the poor in developing countries
by increasing the productivity of resources cornmitted to maize, while protecting natural
resources. The Program accomplishes this through the preservation, improvement, and
dissemination of genetic resources; the development of environmentally compatible erop
mangement practices; the provision of researeh methodologies and information; and
through training and consulting.

Given this mission and the circumstances ofmaize in the lowland tropics, it is not
surprising that the CIMMYT Maize Program devotes at least 60% of its resources to
work targeted for this ecology. Two major subprograms focus on developing improved
germplasm of10wland tropical adaptation for sub-Saharan Africa and for Asia (Fig. 1). Of
the 31 researchers in the Program, nearly half are dedieated largely or eXclusively to
breeding or other research relating to the lowland tropies. Many others though are engaged
partly in diseiplinary work whose fruits will ultimately benefit farmers in the lowland
tropies: the maize physiologist, the stress tolerance breeder, the entomologist and
pathologist, and the head of international testing, to name a few whose efforts are detailed
in this Special Report. Several Maize Program aetivities described in other publications
have also contributed significantly to improving the livelihood ofmaize farmers in the
lowland tropics (Russell1989; CIMMYT 1994; Listman 1994).
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In Mexico, most ofthe Program's lowland tropical maize breeding research over the years
has been conducted on an experiment station at Poza Rica, state of Puebla, near the Gulf
Coast ofMexico (60 masl, 20 ~). Conditions there are particularly suited to breeding
maize for the lowland tropics. Finally, a considerable portion ofthe alumni ofCIMMYT
maize training courses end up working in lowland tropical areas.

Impacts oC Intemational Research on Lowland Tropical Maize

To date, the Program has been notably successful in research targeted to maize farming in
the lowland tropics. Impact studies conducted by CIMMYT economists show, for
example, that of the nearly 850 improved varieties and hybrids released by public sector
national programs in developing countries during 1966-90 (more than half ofwhich
contain contributions from CIMMYT research), 440 are of lowland tropical adaptation.
Some 40% ofthese releases were judged by national program researchers to be
commercially successful-- that is, they have been sown on at least 25,000 ha or, for
countries with small maize areas, at least 5% ofthe maize area. Crop management
research by Program staff has provided national program researchers with methodologies
to develop recomrnendations (and occasionally, with direct recommendations) for making
maize cropping in the lowland tropics more productive and sustainable.

While suggesting impressive achievements, CIMMYT data also point up a continuing and
daunting challenge: more than halfthe maize farmers in the developing world still grow
unimproved, local varieties under traditional, marginally productive systems. Many of
these farmers are found in the lowland tropics. To help provide such farroers with
relevant products, the Maize Program is undergoing a profound and carefully conceived
evolution.

Future Directions oC the Maize Program

In response to the rising interest in hybrids, the Program is moving toward more
inbreeding and the development of inbred lines, while implementing hybrid testing and
procedures that wiIl allow the improvement of populations for the production of both
open-poIlinated varieties and inbred lines. The Program is also alert to new opportunities
for collaboration with the range ofentities involved in agricultural development in the
lowland tropics today, including public sector national programs, private companies of aH
types, and non-government organizations, to name a few. As a general approach for
effectively organizing international agricultura! research, we are helping to establish
regional networks that combine the talents of many such institutions to get useful
improved technology to maize farroers quickly and efficientIy. By the same token, as we
blend our efforts with those of many others, we are carefully examining our priorities,
product mix, and methods to ensure that the Program's focus líes where it has a clear
comparative advantage.
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Partly with this aim, CIMMYT regularly conducts reviews of major research areas by
invited panels of intemationally recognized experts. A review of lowland tropical maize
research was held in September, 1994. In addition to the general directions described
aboye, the following actions or strategies are noted as part of the Program's response to
the recornmendations that emerged from that exercise: 1

• Applying modem techniques, we will attempt to refine our definitions of the mega
environments to which we target our germplasm products, and will continue to reduce
the number of materials we handle, de-emphasizing those which do not appear to be
heterotic.

• In intemational testing, we have begun a system whereby we will emphasize data
from "key-sites" known to be reliable for gauging germplasm performance for given
traits.

• To ensure the utility of germplasm products to our cooperators, the Program will
emphasize the accumulation of multiple stress tolerances and the improvement of
grain quality in appropriate germplasm.

• In experiments involving drought tolerance and insect resistance, we are evaluating the
utility of marker assisted selection as a breeding too1.

CODclusioD

Maize production in the tropics has been increasing steadily for the last two decades, but
at a lower rate than population growth, and so has lagged behind demando Yield growth in
the last decade wasjust over 2%, whereas demand increased 2.5% annually. Much ofthe
increase in maize production in the tropics comes from opening up new land. This new
land is increasingly marginal, which means lower productivity and further environmental
degradation. The only way to slow this process is through advanced plant breeding and
agronomic technologies that increase the average yield per unit area while conserving the
already fragile land base.

This Special Report describes ways in which the Maize Program is working to
accomplish those aims in lowland tropical maize production systems. We hope you find
it useful, and encourage you to contact the scientists responsible or the Maize Program
Director' s office to request seed or further information related to this work.

Delbert C. Hess
Director

Richard N Wedderburn
Associate Director

CIMMYT Maize Program

1 In sorne cases steps along the lines described were already being taken prior to the review.
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Lowland Tropical Germplasm Development and Population

Improvement at CIMMYT Headquarters

S. K Vasal, S. McLean,and L. Narro *

Maize is grown in diverse climatic conditions across tropical environments. Currently
more than 57 million hectares of maize are planted in non-temperate maize environments
in the developing world. Ofthis total, approximately 35.4 million hectares are sown to
lowland tropical maize, thus constituting roughly 59% ofthe developing world's non
temperate maize area. In more recent years, a serious effort has been made to characterize
maize mega-environments and to use this information as a basis for priority setting for
various classes of maize germplasm that are needed. In the CIMMYT Maize Program we
have used maturity as an important criteria within a particular ecological adaptation to
classify environments. Considering maturity alone, there are at least four major groups
designated as extra-early, early, intermediate, and late. (Extra-late materials are also grown
in restricted areas but their importance is relatively negligible.) Table llists the area
planted to each maturity class in different regions intemationally. Given the importance
of grain color and texture in maize, a further delineation of mega-environments can be done
based on those traits. In the lowland tropics, the percentage of area planted to each
germplasm type is given in Table 2. Early, intermediate, and late-maturing germplasm
types are of more or less equal importance.

Several constraints affect maize production in the lowland tropical maize ecology. Among
the abiotic factors, the most important ones are drought, water logging, low fertility, and
acid soils. Among the biotic stresses, the most important are maydis leaf blights, tropical
rusts, stalk rots and ear rots. Other diseases are important in only certain regions, such as
com stunt disease in Central America, downy mildew in Asia, and maize streak virus in
Africa.! Insects such as fall armyworm, stem borers, com earworms, and stored grain
pests also cause serious losses to maize production in different regions. Over the past
decade or so, the Maize Program has established several research activities aimed at
particular problems in the regions where the problems are endemic and the work can thus
be handled most efficiently. Ibis is particularly true for downy mildew, maize streak
virus and the acid-tolerant maize work. For com stunt disease, we still provide assistance
to breeding work from headquarters.

* Leader, lowland tropical maize subprogram; associate scienúst; and postdoctoral fellow, Calí. Colombia.
! In recent years downy mildew also has been observed in Central and South America. the Middle East, and
Africa



The lowland tropical maize subprogram at headquarters is involved in the following
activities:

Gennplasm development
Population improvement
Hybrid research
Inbred line development, evaluation, and use in hybrid development

Sorne 30% of subprogram resources are devoted to gennplasm deveIopment, 25% to
population improvement, and roughly 45% to hybrid related activities. This chapter will
focus only on gennpIasm development and popuIation improvement (hybrid
development is discussed in a separate chapter).

Germplasm Development

Up until the mid-1980s, the CIMMYT Maize Program emphasized gennplasm
deveIopment and population improvement activities designed to produce open-pollinated
maize varieties. To achieve this, the program used a two-tiered gennpIasm management
strategy operated through what was commonly known as the "back-up" and "advanced"
uníts. The back-up unít fonned and improved broad-based gene pools to meet gennplasm
needs for different maturities, grain colors, and textures. Twelve such tropical maize gene
pools were fonned during the early-to-mid-1970s and improved for yieId and agronomic
perfonnance. Foliar diseases, stalk rots and ear rots were emphasized in sorne pooIs.
Sorne pooIs were also infested with falI armywonn and borers to improve iosect
resistance. The breeding method employed was a version of the modified ear-to-row
procedure outlined by Lonnquist in 1964. Important steps involved in handling the pooIs
were the following:

1. All gene pools were isolated by either time or space in a modified half-sib
recombination system very similar to what Lonnquist referred to as a crossing
block. Modifications in the procedures were attempted based on priorities and
objectives set for each pool.

2. Two selection cycles could be completed in one year.
3. At least 400-500 half-sib progenies were handled in each pool, providing a gross

population size of +/- 10,000 plants.
4. The female : male ratio was kept at 2 : 1 in each recombination block. 80th male

and female rows were generally planted at the same time. High density plantings
were practiced (at least in male rows ofthe early pools) to select against anthesis
silking interval and barrenness.

5. Selection in the male rows was practiced at different stages, depending on the trait
under emphasis. Detasseling of undesirable plants was done at flowering to
prevent contamination of female rows.

6. All female rows were detasselled at flowering. Selection was practiced between
and within female rows at post-flowering and harvest.
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7. Mild selection intensity was practiced in all gene pools to prevent depletion of
attributes or genes needed at later stages. Lower selection intensity also provided
better opportunities for recombination among linked genes. Between-family
selection intensity ranged from 50 to 60%; within-family from 6 to 18%.

8. At harvest, the ears selected were grouped as males and females. AH selected ears,
male or female, were entered as individual families in the next season's crossing
block. However, male rows were planted with a balanced male composite
constituted from the ears selected as males.

9. Superior accessions from the germplasm bank were carefully introgressed in each
pool from time to time.

lO. There was a gene pool for each population in the advanced unit, but not
necessarily a population for each pool.

11. Check entries of advanced unit populations were planted periodically to identify
superior families for further evaluation and incorporation into the corresponding
advanced unit population.

The aboye procedure permitted simultaneous recombination and improvement. AIso,
since pools were kept open-ended. additional germplasm from national programs and the
germplasm bank could be introgressed rather easily. Up to this point (mid-1980). the
pools served the following objectives:

l. To provide back-up support to on-going population improvement activities.
2. To derive new populations andlor replace older ones by selecting the superior

fraction.
3. Develop germplasm that was needed but did not exist in the system.
4. The open-ended nature ofthe gene pools permitted addition ofnew germplasm

without the need to create new sources of maize germplasm. This strategy helped
to maintain germplasm volume at a constant level from one year to the next.

Sorne ofthe pools were evaluated to measure progress from selection (Table 3).
Practically all pools showed progress for yield in addition to improvement for other
agronomic traits. Improvement in resistance to stalk and ear rots was also obvious.

Increasing Our Emphasis on Germplasm Development

Germplasm development activities were further strengthened in the mid-1980s. Two full
time intemational staff were appointed to handle germplasm development for the lowland
tropics; one focusing on germplasm of early and intermediate maturity. and the other on
late and extra-late germplasm. Their activities are described below.

Early and intermediate maturity germplasm
Some of the initiatives and new germplasm resuiting from the work of the breeder
assigned to this germplasm class during 1985-1993 include:
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1. A reduced emphasis on intermediate pools, thus making more resources available
for the development and irnprovement of more early germplasm. Currently only
two intermediate pools are being handled; one each ofyellow and white grain color
but with mixed kernel texture.

2. Additional breeding schemes/procedures were introduced into the germplasm
developrnent system. New schemes involving SI or S2 progenies were attempted
with some pools to enhance usefulness of such pools for hybrid work. Inbreeding
alternating with half-sib was also practiced in some pools.

3. Increased emphasis on biotic stresses was employed in many pools involving
maydis leaf blight and stalk rots.

4. Some early pools were improved for drought stress and many good performing
drought tolerant synthetics were generated. However, with the initiation of the
stress breeding program, this activity stopped. Drought tolerant fractions from
several pools were passed on to the stress breeder.

5. Irnprovernent of sorne intermediate pools for borer resistance was continued for
some years. Later, however, like drought, this activity was also stopped and the
materials passed on to the CIMMYT maize entomologist and the stress breeder.

6. Two extra-early populations were developed: 101 (white) and 146 (yellow). Both
flower in about 40 days and can be harvested within 80-85 days. They possess
short-to-medium stature, good resistance to foliar diseases, and yield acceptably.

7. Two, new, early populations, 102 (white) and 145 (yellow), were also developed
using mostly inbred materials. Both populations yield well but need additional
work to reduce maturity and plant height.

8. More than 1,000 bank accessions were evaluated over 5-6 years. Superior
accessions were used to form new populations.

Progress from selection was assessed in some of the early and extra-early pools (Tables 4
and 5). Improvement for yield and other traits -- partícularly earliness -- were observed in
most materials. Some of the early and extra-early materials were also tested in preliminary
evaluation trial (PET) 01 during 1992. New early white and yellow populations
performed quite well (Table 6). The performance ofextra-early populations was lower
than expected, since they flowered and matured quite early compared with other
materials.

Late maturity germplasm
Breeding activities on four late pools (23, 24, 25 and 26) were continued. Inbreeding at the
SI or S2 level was also introduced, with increased emphasis on certain biotic stresses,
especially staIk and ear rots. During improvement, pools were also subjected to high
density stress. Two new flint white and yellow late pools were formed, improved for
several cycles, and later merged with the corresponding late pools. A lodging-resistant
population (302) was also developed from a few families of Pool 24 which withstood
strong winds and storm in 1988. This population is still being worked as part of the
population improvement programo
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The work on late pools was handled by Dr. Willy Villena during 1992-94. He introduced
a new breeding procedure for handling late pools that alternates SI with half-sib families.
One cycle of selection can be completed in ayear with two seasons per year. Progress
from selection was evaluated in 1993B and 1994 at Poza Rica. The gains varied between
38 and 51 kgtbalcycle with 0.92% to 1.22 % gain per cycle over the original cycle (Table
7).

An extra-late pool was also formed sorne years ago. The goal was to select for late
maturity by making this pool flower in about 70 days from planting. No definite selection
procedure has been used in developing the pool. A mixture of different procedures
involving half-sib recombination and even FS formation has been attempted at different
stages of development, but the pool still falls short of the maturity aimed for and requires
added work to reduce plant height and lodging. From now on, only a modified version of
the half·sib procedure will be used to achieve the 70-day flowering date. Approximately
30-40% of early flowering plants in male rows will be detasseled, accompanied by the
elimination of 30-40% early flowering families. It is possible to complete two cycles of
selection per year with this procedure, meaning we should achieve our goal ofhaving the
population flower at 70 days within the next 4-5 cycles.

A number of new breeding populations formed using accessions from the CIMMYT
maize germplasm bank are in the pre-breeding stages. These populations have been
tentatively named Poblacion Blanco Semidentado (PBS) and Poblacion Tardio Caribe
(PTC). Population PBS drew on Criollos Argentinos landraces from the area ofVilla
Valencia in Veracruz, a tall plant type with good yield potential (as evidenced by ear
size). To improve plant height and other agronomic traits, it was subsequently crossed to
CIMMYT lowland tropical short stature maize and to sorne ear rot resistant, white flint
materials. Population PTC resulted from crosses among selected Caribbean materials and
being crossed onto short-plant-type testers (NPH). The population is of mixed grain
color and after a few more cycles of recombination is likely to result in a unique set of
materials characterized by good standability, husk cover, and grain yield potential. Two
other populations with improved shelling percentage (Cuba 39 and Olotillo) are also being
developed. They have slender cobs and deep kernels, and thus provide a good percentage
ofshelled grain.

Evaluation and introgression of bank accessions into existing gene pools
We periodically evaluate accessions from our maize germplasm bank, introgressing
superior ones into appropriate pools to broaden their genetic base. Bank materials have
been added over the past 20 years to the tropical late pools 23, 24, 25 and 26, generally
by planting the accession as the female entry. The crosses may be handled separately to
reduce height and improve kernel characteristics before actually merging accessions into
the main body of the gene pool.
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Population Improvement

Up through the late 1980s, population improvement was handled by the advanced unit. It
is only recendy that it is being handled as part of population improvement and hybrid
research activities. Severallowland tropical maize populations were identified for
systematic improvement in a family structure using fuII-sib family recurrent se1ection.
Over the years, several populations have either been dropped or merged with other
populations and new populations added. During 1974-75, one cycle of selection was
completed per year. There were difficulties, however, in receiving data in a timely fashion.
A shift to two years per cycle was thus made, and an intra-family improvement stage
implemented to correet notable deficiencies in each population. Details pertaining to the
modified full-sib recurrent selection procedure are given below:

Progeny regeneration
250 fuII sibs were generated in each population by developing reciprocal full-sib crosses.
The reciprocals were shelled and bulked together to obtain more seed of each progeny for
evaluation and other purposes.

Progeny evaluation
The 250 full-sib progenies along with 6 checks were evaluated internationally at least at
six sites as IPIT. A 16x16 simple lattice design with 2 replications and one row plot were
used to test progenies from each population.

Within-family improvement
Within family selection was performed for the traits most deficient in a given population.
Generally selfs or within-family, plant-to-plant sibs were made on selected plants. At
harvest at least five ears were saved from each family.

Recombination and HS generation phase
Either selfs or within-family sibs were planted from each family. By this time data had
been received from most ofthe test sites. Family selection was finalized using across
location data. In the selected families, the best two or at the most three subfamilies were
used for buIk pollination to complete a cycle. The half-sib families so generated were used
to generate the full-sib progenies for the next cycle.

Other improvements in the selection procedure have been made from time to time. A few
of the most important changes include:

For almost one decade the selection intensity used was only 40%. Beginning in the
mid-1980s, a more stringent selection intensity of 15-20% has been used.
Usually 250 progenies were handled in each population. During late 1980s, numbers
ofprogenies ranging from 121 to 196 were tried in different populations. Following
discussions among maize staff, the family size was uniformly restored to 196 families
per population.
With the renewed emphasis on hybrid related research in rnid-1980s, we began
advancing SI sto S2 during intra-family improvement stages.

6



Beginning in 1990, population improvement and hybrid research were integrated. A
number of changes were implemented to make populations more suitable for hybrid
oriented work:

More diversified breeding schemes were introduced which combined hybrid-oriented
features. AIso, in the old scheme additional features were incorporated to increase
their utility for hybrid work. Currently the program is using five schemes:

1. Modified FS-1 -- This original breeding scheme is stiIl being used on eight maize
populations. The families, however, are generated using either partial diallels or
design-2 mating system. Paired family rows are planted to generate new families.
Using this procedure field procedures have become quite simple, effective and
efficient and labor costs at pollination and harvesting drastically reduced.
2. Modified FS-2 -- Used for Population 31. The fuIl-sibs in the scheme are
generated from S2 x S2 crosses. The scheme permits identification ofearly
generation intrapopulation inter-line hybrids.
3. Modified HS-1 and (4.) HS-2 -- Practiced on Populations 30 and 36. The tester
concept has been introduced in both the schemes which involves SI bulk of
selected families in one case and S2 bulk in the other. The information on general
combining ability of S1 and S2 families can be easily obtained using these schemes.
4. Modified reciprocal recurrent selection (MRRS) -- Used with Populations 21
and 32.

SI lines derived from different families are evaluated for inbreeding tolerance while
being advanced to S2.
The new schemes permit evaluation of families in more than six locations, if there are
additional demands or request.
Information on GCA can be obtained and used in the selection of families.
The schemes wiIl result in the improvement of populations for hybrid work.
Sorne of the schemes wiIl permit identification of early generation conventional and
non-conventional maize hybrids.
The new schemes permit better integration of population and hybrid research
activities.
Recycling among early generation lines that combine weIl can also be attempted.

Cycles-of-selection trials have been conducted from time to time to measure progress for
yield and other characters. The first such trials were conducted by Dr. Shivaji Pandey and
his coIleagues in the early 1980s. The results showed gains for yield and other traits
which are comparable to gains published elsewhere. There was also evidence that the
latest cycles were somewhat more stable.
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The cycles of selection trials have been repeated recently with more advanced cycles
(Table 8). The gains/cycle ranged from 87.0 kgs/ha to 193.8 kgs/ha in different
populations. The selection gains expressed as a percent of eO ranged from 1.43% to
3.58% in different materials. Maturity, plant height and other traits remained practically
unchanged.

Developing Experimental Varieties

In addition to improving populations every cycle, an elite fraction of 10 families based on
site specific and across site data are recombined to form experimental varieties (EVs). The
EVs are tested in experimental variety trials (EVTs) 12, 13, 14A and 14B, sent to
cooperators on request. As many as SO or more sets of each trial have been sent in
different years. In the past superior varieties from EVTs were tested in elite experimental
variety trials (ELVTs) 18A and 18B. In recent years the selected varieties have been
evaluated along with EVTs. Over the years 971 EVs have been developed from different
populations. Sorne of varieties have been released by the national programs -- often with
little or no modification -- and have made significant impacto Many national and
international seed companies have also made use of this germplasm in developing
conventional an~ non-conventional maize hybrids.

Table 1. Estimated area in tbe developing countries planted to lowland tropical
maize.

Maturity class Days to maturity Area (million ha) % oí total

Extra-early 80-90 2.5 7.1
Early 90-100 8.4 23.7
Intermediate 100-110 12.6 35.6
Late 11 0-130 11.9 33.6
Extra late 130+
Total 35.4
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Table 2. Estimated area oC various dasses oC maize germplasm by maturity and
tutore, and available maize populations Cor eaeh type.

Area % of Color and CIMMYT
Maturity (million ha) total area texture germplasm
Extra early (2.5)· (7.1)·

0.5 1.4 WFWD Population 101
2.0 5.9 YF Population 146

Early (8.4r (23.7r
2.4 6.8 WF Pool 15, Popo 30, Popo 102
0.7 2.0 WD Pool 16, Popo 102
4.0 11.3 YF Pool 17, Popo 31, Popo 147
1.3 3.7 YO Pool 18

Intermediate (12.6r (35.6)·
1.0 2.81 WF Pool 19, Popo 23
3.2 9.04 WD Pool 20, Popo 49
5.2 14.69 YF Pool 21, Popo 26, Popo 145
3.2 9.04 YO Pool 22

Late (11.9)- (33.6r
2.3 6.5 WF Pool 23, Popo 25, Popo 32
3.9 1l.0 WD Pool 24, Popo 21, 22, 29, 43
4.6 13.0 YF Pool 25, Popo 27
1.0 2.8 YO Pool 26, Popo 28, Popo 24,

Popo 36

·Figures in parenthesis indicates area and percent oftotal for each maturity class.
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Table 3. Progress per cycle iD the improvemeDt of geDe pools.

Progress per cycle (%)a

Pool No.of Yield Days to Plant Disease

number cycles (t/ha) silk height resistanceb

15 11 3.26 -0.56 -0.90 -1.44

16 11 4.36 -0.28 -0.43 -1.67

17 11 5.65 -0.42 -0.12 -2.00

18 11 6.35 -0.57 -0.06 -2.15

20 15 1.16 -0.53 -0.77 -1.46

22 16 1.05 -0.42 -0.53 -1.43

23 15 0.23 -0.36 -1.02 -1.37

25 14 1.41 -0.39 -0.54 -3.02

Pools 15·18, 22, and 23 were inoculated with stalk rots; Pools 20 and 25 with ear rots.
a The last cycles ofselection were significantly different at the 0.051evel ofprobability, in most cases, the
exceptions being yield in Pool 23 and plant height in Pools 16-18,20 and 25.
b Does not indicate the number ofcycles of selection for specific disease resistances under artificial
inoculation.

Table 4. Results of aD evaluatioD of cycles of selectioD iD early aDd iDtermediate
maturiDg tropical pools, Poza Rica, summer aDd wiDter cycles, 1992.

Yield Days to Plant height Disease
(kglha) 50% silk (cm) rating

Pool 15
eo 2698 65 172 3.8
C 11 3664 61 155 3.2
Pool 16
eo 2943 65 170 3.8
Cll 4354 63 162 3.1
Pool 17
CO 2278 65 152 4.1
Cll 3695 62 150 3.2
Pool 18
CO 2301 64 146 3.8
e11 3908 61 147 2.9
Pool 20 (Interm.)
CO 3748 74 190 3.2
C15 4398 67 168 2.5
Pool 22 (Interm.)
CO 4634 74 199 3.5
e16 5414 69 182 2.7
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Table S. Means for grain yield and other charaders of different cycles of seledion
in Populations 101 and 146 evaluated in five environments during 1991 and 1992.

Population
Population 101

Population 146

Pool 15 C23
Poza Rica 8530
Pool 17 C23
Muneng 8531
LSD (0.05)

Cycle

CO
C2
C3
CO
C2
C3

Grain yield
(tlha)

2.94
2.75
3.92
3.66
4.03
4.00
5.57
5.78
5.15
5.36
0.72

Days to 50%
pollen shedding

60
61
59
65
65
64
70
79
69
78
1.6

Moisture
(%)
24

24.8
23.4
27.4
24.9
24.8
27.6
36.5
26.1
32.8
4.4

Yield per day
(gros)

2.79
3.50
3.77
3.23
3.7

3.66
4.57
4.19
4.26
3.94

Source: GDU-Ear1y (D.L. Beck).

Table 6. Performance of early and extra-early maize germplasm evaluated in
preliminary evaluation trial (PET) 01 at three locations during 1992.

Material Grain yield % of Days to silking Plant height
(t/ha) best REa (50%) (cms)

Population 102 (CO) 6.02 104 50 197
TEY Popo Cl 5.84 101 49 181
Pool 16 C20 5.57 96 49 190
Pool SPE C5 5.4 94 52 190
Pool 15 5.05 87 46 181
Pool 18 Seq. 4.53 79 46 169
Popo 146 (EV) 3.36 58 41 163
Popo 101 (EV) 3.33 58 41 174
Sta. Rosa 8330 (RE) 4.63 80 52 181
AC. 8331 (RE) 5.77 100 52 189

a RE = reference entr)'o
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Table 7. Selection gains in four lowland tropical late maturing maize gene pools
evaluated at Poza Rica, cycles 1993B and 1994A.

Pool Cyele Grain yield Days to silk Plant height
(t/ha) (50%) (ems)

Pool 23 CO 4.00 72 209
C14 4.66 68 186
C21 5.13 70 194
C27 5.35 71 203
Gain/eycle 49 kglha -0.03 -0.11
Gain/eyele as % of CO 1.22 -0.09 -0.05

Pool 24 CO 4.11 73 173
C14 5.07 69 169
C20 5.13 70 174
C23 4.11 71 191
Gain/eyele 38 kglha -0.08 0.10
Gain/eycle as % of CO 0.92 -0.16 0.07

Pool 25 CO 4.01 71 159
C12 4.33 69 139
C18 4.58 68 136
C25 5.09 71 148
Gain/eyele 41 kglha -0.05 -0.47
Gain/eyele as % of CO 1.02 -0.07 -0.30

Pool 26 CO 4.36 70 165
C12 4.9 70 141
C21 5.38 69 151
C25 5.82 71 162
Gain/eyele 51 kglha 0.01 -0.15
Gain/cyele as % of CO 1.17 0.01 -0.09
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Table 8. Yield improvemeat ia severallowlaad tropical maize populatioas.

Graio yield
Populatioo CycJe (kglha)

24 CO 5,418
C3 6,054
C6 6,785
C8 6,892

Gaio kglha/cycle 193.8
Gainlcycle as % of CO 3.58

27 CO 6,064
C3 5,878
C6 7,495
C9 6,906

Gaio kglha/cycle 104.8
'., Gainlcycle as % of CO 1.73
,¡

28 CO 6,724i'.7

~' C3 6,789
: ! C6 7,358

C8 7,456
Gaio kglha/cycle 102.7

Gainlcycle as % of CO 1.53

36 CO 6,432
C3 6,398
C6 7,034
C8 7,154

Gaio kglha/cycle 93.4
Gainlcycle as % of CO 1.45

26 CO 6,239
C3 6,492
C6 6,654
C9 7,007

Gain kglha/cycle 89.5
Gainlcycle as % of CO 1.43

31 CO 5,733
Cl 6,389
C3 6,451
C5 6,497

Gain kg/halcycle 123.6
Gainlcycle as % of CO 2.16

43 CO 5,957
C3 6,591
C6 6,607
C8 67.18

Gaio kglha/cycle 87.0
Gainlcycle as % of CO 1.46
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- e HAPTER --------------------------

Developmeot aod Improvemeot of Lowlaod Tropical Maize

Populations by CIMMYT's Soutb American Regional Maize Program

S. Pandey, H Ceballos, and G. Granados *

To strengthen national maize research programs of South America and increase their
efficiency, together with the CIMMYT lowland tropical maize subprogram, in serving
farmers, we:

1. Support national programs in managing regional maize research
networks on the following:

Development of heterotic populations (Bolivia)
Drought research (Pero)
Highland insect and disease research (Pero)
Nitrogen-use efficiency 01enezuela)

2. Inform CIMMYT-Mexico ofthe germplasm and training needs of
national programs.

3. Inform national programs about CIMMYT germplasm products and
research information.

4. Identify suitable sites and collaborators for different CIMMYT-Mexico
trials and monitoring their performance.

5. Facilitate the exchange of germplasm among national programs through
various regional trials (ERSAT, ENSAT, ERVEZAS, etc.).

6. Identify trainees and visiting scientists for CIMMYT-Mexico and
CIMMYT-Calí.

7. Participate in planning meetings of national maize research programs.
8. Visit maize res~arch plots ofnational programs, as and when requested.
9. Facilitate the exchange ofinformation and experiences among scientists

within the region through regional maize research coordination and other
meetings.

10. Collaborate with CIMMYT-Thailand to incorporate downy mildew
resistance in acid-soil-tolerant germplasm, etc.

In addition, we conduct research on the development and improvement of acid-soil
tolerant maize germplasm for Asia, Africa, and Latin America, in collaboration with
national programs in those regions. In the remainder of this artiele, we describe the
activities, accomplishments, and future plans of CIMMYT's collaborative research
project in South America.

• Team 1eader, South American region maize program; breeder; entomo1ogist.
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Introduction

The countries where maize is a principal food import about 18 million tons of it annually
and maize importation in the developing countries is rising by about 1.5 million tons or
7% each year (CIMMYT 1992). More food must be produced by the rural poor for
themselves and to feed the urban poor. Maize production can and is being increased on
the fertile soils, using appropriate technologies. But Dudal (1980) predicted that by the
year 2000, we would need an additional 200 million ha of land to feed the world's
population, assuming no increase in per capita consumption. Any area expansion is only
possible in the humid tropics (l,SOO M ha) and acid savannas (300 M ha) (Sanchez and
Salinas 1983).

Maize produces fewer and smaller roots on acid soils, which reduces the plant's capacity
to absorb nutrients and moisture from the soil. High soil acidity reduces survival and the
function of rhizobia, mycorrhizae, and other microorganisms in the soil responsible for
the mineralization of organic matter and subsequently for the availability ofN, P, S, and
other micronutrients to maize.

Where Are the World's Acid Soils?

Acid soils cover a significant part of at least 48 developing countries and involve 1.7
billion ha. For maize, soils with pH < S.6 and/or Al saturation> 30% would generally be
acidic. Approximately 43% of the world's tropicalland area is c1assified as acidic. About
64% oftropical South America, 38% oftropical Asia, 27% ofthe tropical Africa, and
10% of Central America, Caribbean, and Mexico have acid soils (Sanchez 1977). In South
America, 80% ofthe agricultura! area is acidic and such soils cover a significant part of
Brazil, Pero, Colombia, Venezuela, and Ecuador (Sanchez and Salinas 1983). In Africa,
more than 4S% of the totalland area is covered by acid soils in countries such as Cóte
d'Ivoire, Zaire, and Zambia. In East Africa, Tanzania, Uganda, and Zimbabwe have
sizeable areas under acid soils. In Asia, countries with acid soil problems are Indonesia,
Thailand, Malaysia, India, China, and the Philippines (Sanchez 1977).

Approximately eight million ha of maize is already planted on acid soils: 2.S million ha in
Asia, 1.S million ha in Africa, one million ha in Central America, Mexico, and the
Caribbean, and three million ha in South America (Granados et al. 1993). However, von
Uexkull and Mutert (1993) have estimated the maize area under acid soils to be around 20
million ha. Maize yields in acid soils can be increased in two ways:

First, application of lime reduces problems of soil acidity caused by Al toxicity.
However, for poor farmers and those living far away from lime sources, lime is not an
economic option. Liming subsoils deeper than 30 cm is difficult. Therefore, acidity and
particularly Al present below 30 cm in the subsoil does not allow roots to go deeper for
nutrients and water. AIso, liming must be repeated every few years and liming at any
depth is c1early incompatible with conservation tillage, a practice that shows considerable
promise for reducing erosion caused by crop production on sloping tropical soils.
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Second, development ofacid tolerant maize varieties offers an ecologically clean and
energy conserving solution to the problem. An acid tolerant maize variety is tolerant
forever; thus it provides a permanent solution to the problem. It also is relatively
inexpensive to develop and inexpensive for the poor farmers to use.

In spite of the large potential of tolerant maize in increasing yield on acid soils where
maize is already cultivated, in reducing pressures on tropical rain forests and other fragile
ecosystems being exploited for agriculture purposes, and in providing options to farmers
to bring additionalland with lower environmental costs for sustainable maize cultivation,
few national programs breed maize with tolerance to soil acidity (Pandey and Gardner
1992). Therefore, CIMMYT is improving, in collaboration with national programs, a
range of maize germplasm tolerant to acid soils to provide more options to poor farmers
growing maize on such soils.

Germplasm Development and Improvement

We evaluated many maize collections from the germplasm bank, national program
varieties, and CIMMYT varieties under acid soils in Colombia, Brazil, Pero, and
Indonesia and used the superior ones to develop the following six maize populations with
different grain characteristics for different parts ofthe world (rabIe 1):

l. Population SA-3 has yellow-dent kernels and includes 104 materials from
CIMMYT, 59 from Colombia, 22 from Pero, six from Bolivia, 14 from Brazil, and
one material from Thailand (Granados et al. 1993 and 1994).

2. Population SA-4 has yellow-dent kernels, includes Mezcla Amarilla, Amarillo
Cristalino-1, Amarillo Dentado, SA-3, Cogollero, and Suwan-La Posta germplasms
from CIMMYT, CMS-3ü from Brazil, and MB 123 from Colombia, and is heterotic
with the population SA-5 (Pandey et al. 1994b).

3. Population SA-5 has yellow-flint kernels, includes Mezcla Amarilla, SA-3, Amarillo
Dentado, Amarillo Cristalino, Cogollero, and Amarillo Cristalino-2 germplasm from
CIMMYT and CMS-36 from Brazil, and is heterotic with the population SA-4
(Pandey et al. 1994b).

4. Population SA-6 has white-dent kernels, includes Tuxpeño, La Posta, Mezcla
Tropical Blanca, and Blanco Cristalino germplasm from CIMMYT and Suwan-1
from Thailand, and is heterotic with the Population SA-7 (Pandey et al. 1994b).

5. Population SA-7 has white-flint kernels, includes ETO, Tuxpeño, La Posta, Blanco
Cristalino-l, and Blanco Cristalino-2 germplasm from CIMMYT, and is heterotic
with the population SA-6 (Pandey et al. 1994b).

6. Population SA-S has white flint-dent kernels and includes the same germplasm as
SA-3. White kernels were selected during C3 ofthe full-sib selection ofSA-3 to form
this population (Granados et al. 1994).

In addition, in response to recornmendations made during the a mid-term review of our
program, one early white and one early yellow endosperm populations were recently
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developed, using germplasm from national programs and CIMMYT. However, further
work on these materials is being postponed due to financiallimitations.

Inheritance oC Tolerance to Soil Acidity

Genetic variation for tolerance to soil acidity has been reported in maize (Bahía et al.
1978; Rhue et al. 1978; Miranda et al. 1984; Kasim et al. 1990). Sawazaki and Furlani
(1987), Magnavaea et al. (1987), Lima et al. (1992), and Duque-Vargas et al. (1994) have
reported quantitative inheritance for yielding ability under aeid soils and Rhue et al.
(1978) and Miranda et al. (1984) have reported qualitative inheritance.

CIMMYT has conducted a Design 1 (Comstock and Robinson 1948) study in SA-3, a
Design II (Comstock and Robinson 1948) study in SA-4, a diallel (Gardner and Eberhart
1966) study involving six tolerant and two susceptible populations, and a diallel study
involving reciprocal crosses among the same materials to determine the nature of
inheritance for yield in acid soils.

The Design 1 Study in SA-3 and Design 11 Study in SA-4

The Design 1 study involved 64 males and four females within each maleo Materials were
field-planted, using two replications in one nonacid and three acid soil environments
during 1990-91 in Colombia (Duque-Vargas et al. 1994). Across aeid soils, additive
genetic variance (VA) was similar to dominance variance (VD) for grain yield (0.15 vS.
0.13). Heritability (h~), estimated using half-sib family means, averaged 36±20% (rabIe
2).

The Design II study in the Population SA-4 involved 20 sets of 16 crosses, involving four
males and four females, and was evaluated in two-replication trials in four acid and one
fertile environments (Borrero, et al., manuscript in review). Results indicate greater
importance ofVD (0.22) than ofVA (0.09) under acid soils (Table 2). The relatively
higher magnitude of VD and lower magnitude ofdominance x environmental interaction
suggests the possibility of developing superior maize hybrids for acid soils. High additive
x environment interaetion and the h2 of39±14% indicate that recurrent selection, based
on multilocation testing, would be effective in improving populations and increasing the
probability of deriving superior lines, hybrids, and varieties for acid soils.

Additive x environment interaction was an important component of genetic variance and
the magnitudes ofadditive and additive x environmental variances and ofadditive genetic
correlations (rA)'s among the environments suggested that recurrent selection, based on
multi-Iocation testing, would be effective in improving grain yield in acid soils.

Because higher yield in acid soils is the most important trait, inclusion ofadditional traits
may hamper the improvement ofyield in acid soils. Neither the rA's nor their h2

estimates were sufficiently high to make any of the other traits more useful for indirect

17



selection for yield (Tables 2 and 3). The results indicate that direct selection for yield
would be the most effective approach for improving yield in acid soils. However, both the
relatively high h2 for yield and high rA between yield and ears/ plant suggest that the
decision on whether and which other traits may be used in selection should be made after
a careful study of these parameters in different cycles of selection of a population.

Phenotypic and additive genetic correlations between yields of the nonacid fertile and
acid-soil environments were generally positive and averaged 0.08 (Table 4). Inclusion of
yield data from fertile soils in the selection of superior progenies may help improve yield
in the population for both acid and fertile soils. Use of fertile soils for progeny
regeneration provides larger quantities ofseed for more extensive evaluation ofprogenies.

Additive genetic correlation coefficients between yields of acid-soil sites ranged between 
0.09 and 0.68** and averaged higher than the phenotypic correlation coefficients (range,
0.07 to 0.19**) (Table 4). Additive genetic correlation coefficients between yields of
different sites were multiplied by the square root of the ratio of the h2s for yield at the
two sites to determine if selection for yield at one site would be more effective for yield
improvement at the other site (Falconer 1981). Predicted yield improvement for a given a
site was most effective, based on data from that site only.

Diallel Study Involving Six Tolerant and Two Susceptible Parents

The diallel (Gardner and Eberhart 1966) study involved six soil-acidity tolerant and two
susceptible parents to identify superior germplasm to develop cultivars for acid soils
(Table 5). The eight parents and their 28 crosses were evaluated in seven acid soil
environments (Pandey et al. 1994a). The tolerant parents averaged higher in yield (2.19
vS. 1.58 t/ha; P<O.Ol) than the susceptible parents. Parents vs. crosses mean squares were
highly significant, indicating heterosis and non-additive gene effects for this trait. The
crosses between tolerant parents averaged higher in yield (3.00 t/ha) than those between
tolerant and susceptible parents (2.40 t/ha) and between susceptible parents (2.01 t/ha),
indicating polygenic inheritance for this trait (Table 6).

Crosses 90SA4 x 90SA5 and 90SA6 x 90SA7 involved parents which were developed
using heterotic pattem information. High-parent heteroses for yield averaged 13.4 and
20.5%, respectively, for the two crosses. Yield offlint x dent crosses (2.86 t/ha) was
higher than that offlint x flint (2.68 t/ha) and dent x dent crosses (2.49 t/ha).

General combining ability (GCA) was highly significant and specific combining ability
(SCA) nonsignificant for yield (Pandey et al. 1994a). Based on the mean performance of
the parents, their GCA effects, and high-parent heterosis (%), recurrent selection that
exploits both GCA and SCA effects would best involve 90SA3 and 90SA4 or CMS-36
for developing superior yellow synthetics, lines, and hybrids for acid soils. For white
germplasm, reciprocal recurrent selection should involve 90SA6 and 90SA7.
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Lack of Evidence for Reciprocal Dift'erences

In the Design II study, the variance component due to femaleslsets was larger (0.180 vs.
0.001; P < 0.01) than the maleslsets variance component for yield, across the five
environments. This could be due to maternal effects (Comstock and Robinson 1948) or to
inadequate sampling ofthe females (A.R. Hallauer 1993, personal communication). To
determine ifmaternal effects affected yield in acid soils, we conducted a diallel study
involving reciprocal crosses among the same germplasm used for the previous diallel
study. The eight parents and the 28 crosses and their reciprocals were evaluated across
five acid and one nonacid environments during 1992-1993 (Table 7). Estimates of OCA
and SCA were similar to those obtained in the previous dial1el study and reciprocal effects
were nonsignificant for yield, days to silk, anthesis-silking interval, ear heighl, ears per
planl, ear rol, and sta1k lodging.

Eft'ectiveness of Recurrent Selection for Yield Improvement

Stockmeyer et al. (1978) reported high1y effective selection for tolerance to Al in nutrient
solution cultures. Magnavaca et al. (1987) reported progress in the population Composto
Amplo after four cycles ofhalf-sib selection in the field. Whereas progress was made in
the field, the advanced cycles of selection did not show increased root length in nutrient
solutions. Lima et al. (1992) reported an average change of5.2 cm (26.1%) in radicIe
length after two cycIes of positive or negative selection. The estimated change of both
positive and negative selection averaged 1.17 t/ha (15.1%) for yield. Upon crossing the
divergentIy selected populations, average heterosis ofO.58 t/ha (15.1%) was obtained for
yield.

CIMMYr's recurrent selection program employs international and multilocation testing
of half-sib, full-sib (FS), or S1 progenies. Superior families are identified by annually
growing them in fields in Colombia at the following four sites:

1. Carímagua, under 55% Al saturation and 10 mg kg-} P, where soil is fme, kaolinitic,
isohyperthennic, typic halustox;

2. Santander de Quilichao, under 55% Al saturation and 10 mg kg-1 P, where soil is
very fine kaolinitic, isohyperthermic, plinthidic kandiudox;

3. Villavicencio, in two plots with 55% Al saturation and 10 mg kg-1 P and 65% Al
saturation and S mg kg-1 P, where soil is fme, kaolinitic, isohyperthermic, tropeptic
haplorthox; and'

4. Palmira, where soil is fertile, fme-silty, mixed, isohyperthermic, aquie hapludoll.

In addition, progenies are evaluated in Brazil, Pero, Venezuela, Thailand, Indonesia, and
Philippines, when possible. Crossing among more to1erant genotypes, evaluating the
crosses, and selection of superior progenies ror the next reeombination has helped inerease
the tolerance levels ofour maize populations to acid soils. By se1ecting and crossing the
very best genotypes, we have developed varieties with acid-soil tolerance.
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We have also measured the effectiveness of recurrent selection in increasing yield under
acid soils (Table 8). In the population SA-3, we used two different selection methods:
modified ear-to-row (MER) and FS (Granados et al 1993). MER and FS improved yield
by 40 kg/ha/cycle and 310 kg/cycle across six acid soil environments, respectively. Yield
improved with MER and FS across five fertile soil environments by 50 kg/ha/cycle and
150 kglha/cycle, respectively. Across allll environments, yield improved by 40
kg/ha/cycle with MER and 250 kg/ha/cycle with FS selection. Full-sib selection was
clearly superior to MER selection.

In the populations SA-4, SA-5, SA-6, and SA-7, where only two cycles offS selections
were completed, progress was measured in replicated trials in four acid and one fertile
environments (Ceballos et al. 1993). Progress in yield ranged between 0.38% (SA-5) to
10.1% (SA-7) under acid and -1.72% (SA-5) and 11.26% (SA-7) under fertile soils. The
populations that averaged highest and lowest gains under acid environments also averaged
hiFest and lowest gains under fertile environments.

Peñormance of Experimental Varieties

To determine whether the improvement from selection was effective in providing superior
germplasm to national programs, we evaluated seven varieties with tolerance to acid soiIs
in national program plots in eight environments in Latin America, two environments in
Africa, and two environments in Asia, mostly under acid soils, during 1990-91 (TabIe 9).
National programs included two oftheir highest-yielding and most acid soil tolerant
varieties as checks for comparison. The highest-yielding variety over the 12 environments
was CIMCALI 88SA3. Yield superiority ofthis variety over the best national check
ranged between -2 and 88% and averaged 35%. Across a1l12 sites, CIMCALI 88SA3
yieIded 3 tJha, and yielded relatively higher under higher levels of stress.

In a series oftrials conducted during 1992-93, CIMCALI 91SA3 yielded 48% more than
the best check across 20 acid sites and 11% more than the best check across five nonacid
sites (Table 10). The superiority ofCIMCALI 91SA3 was greater as acidity increased.
At 18 of 20 acid sites and at a1l nonacid sites, CIMCALI 91 SA3 was superior to the best
check.

Our results indicate that we have been able to develop popuIations with adequate genetic
variability, that our breeding strategy has been effective in improving their yieId in acid
soils, and that it is possibIe to develop maize varieties that would yield high in both acid
and fertile soils.

Line Development

We have deveIoped several S5 lines for the fol1owing four categories: good plant vigor and
good yield, poor vigor and good yield, good vigor and poor yield, and poor vigor and poor
yield. These lines are currently being evaluated in the fieId. We would use them to study

20



tolerance mechanisms and to explore the possibility of using molecular markers to
increase the efficiency of our selection programo We will also use them for inheritance
studies using diallels, generation means, etc. We have crossed some of these lines to
develop hybrids for acid soils and the preliminary evaluation of the first group of hybrids
in national program and CIMMYT plots is scheduled during 1994-95.

Use of Acid-Soil-Tolerant Maize Germplasm

Three acid-tolerant hybrids and several varieties have been released for acid soils by
CNPMS-EMBRAPA in Brazil. One ofthese hybrids, BR-201, occupies 14% ofthe
maize area planted to improved maize in the country or about 1.5 million ha.

Germplasm developed through our collaborative effort has already been released to
farmers in Indonesia (Antasena, released in 1992) and in Colombia (Sikuani V-110,
released in 1994). National agricultural research programs in Pero (INIA) and Ecuador
(INIAP) are currently evaluating some of the germplasm for release to their farmers. The
germplasm has been shared with maize scientists worldwide and the scientists are using it
in their research programs. Comell University (USA) and University of Hannover
(Germany) are using tolerant and susceptible genotypes to study mechanisms oftolerance
to Al. Other institutions (University ofPiracicaba, Comell University etc.) are also using
the germplasm in student theses projects.

Artificial Screening for Tolerance

Field screening continues to be the most widely used method for breeding maize for acid
soils but research programs have looked at other methods of screening, because field
testing is expensive, time consuming, and involves undesirable levels of variation.
Magnavaca et al. (1987) showed that Brazilian lines were more tolerant and had more and
longer seminal and adventitious roots than U.S. lines under Al-containing nutrient
solutions. However, selection for high yield under acid soils resulted in reduced root
length in the population, Composto Amplo, when measured in the Al-containing nutrient
solution. Kasim et al. (1990) evaluated 50 maize genotypes in the field and Al-containing
nutrient solutions and reported that yield was the best measure of Al tolerance. Field
performance was not highly correlated with responses under nutrient solution.

CIMMYT has evaluated soil-pot techniques for early discrimination between tolerant and
susceptible genotypes. In one such trial, comparing highly tolerant and highIy susceptible
cultivars, fresh and dry root weights, total seedling dry weight, length of secondary
seminal roots, and total seedling length differed between the two groups of genotypes.
However, the technique was unable to distinguish among genotypes with small
differences for these traits. Since differences among families of a population under
improvement are likely to be small, the technique would probably not be useful in a
recurrent selection programo
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In another 36-entry trial, length of 12-day old shoots and of principal and secondary
roots in pots with Santander de Quilichao soils provided phenotypic correlations ranging
between 0.40 and 0.60 with grain yields at Carimagua, Villavicencio, and Santander de
Quilichao in Colombia, and Sete Lagoas in Brazil, during 1992-93. Carimagua soil in pots
did not provide usefuI results. The correlation between net seminal root length in Al·
containing nutrient solution and yields at Carimagua, Sete Lagoas, and Villavicencio ranged
from 0.30 to 0.50. Clearly, more reliable and easily usable techniques are needed to
increase the efficiency of breeding prograrns.

Future Research Activities

In view of the importance of dominance effects shown in our inheritance studies, we
would now improve the populations using reciprocal recurrent selection. Based on
heterotic partern studies andper-se performance ofthe populations, we are merging SA-5
with SA-3 and SA-7 and with SA-S. Reciprocal recurrent selection will then involve SA-3
x SA-4 and SA-6 x and SA·8. Approximately 400 SI progenies of each population will be
evaluated in multilocation trials in acid soils and simultaneously crossed with the heterotic
tester at Palmira. Topcrosses made on about 169 superior Sllines will be evaluated in
replicated trials in acid and nonacid soils. Approximately 25 S1s, based on their topcross
performance, will be recombined to initiate the next cycle of selection.

We recognize that, over the next several years, open·pollinated cultivars wiIl continue to
be more important than hybrids for acid soils, due to the economic circumstances and
location of fanners cultivating them. This will continue to guide the balance among Our
research activities in hybrid and synthetic development. As mentioned earlier, work on
early germplasm will be put on hold until we have financial reSOurces to resume it.

In coIlaboration with national programs, we have started strategic evaluation of our
tolerant varieties in savannas and other acid soils where maize is grown, and are helping
national programs to develop sustainable crop management practices and cropping
systems for appropriate use of the varieties. In Our recent, extensive studies in the acid
savannas of Colombia, acid-tolerant maize proved economical not only in monoculture
but also associated with improved pasture species. In maize-pasture association studies,
maize more than paid for restoring degraded native pastures and is thus a particularly
suitable alternative in remote acid lands. In collaboration with national programs, we will
continue to evaluate and promote acid-tolerant varieties among poor fanners in developing
countries.

We are looking for ways to increase the efficiency of our selection program by reducing
the effects offield variability on genotype performance. We will continue to improve field
management and explore statistical and greenhouse techniques that may contribute to a
more precise evaluation of genotypes.

In collaboration with prominent universities and research institutions, we are seeking to
identify morphological and biochemical traits (polysaccharides, citric acid, EDTA, etc.)
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for use as markers to help increase the efficiency of our selection programo In one such
collaborative effort with Comell University, we have found that seedlings oftolerant
gennplasm produce more citric acid in Al solution afier being there for about six hours
than seedlings of susceptible gennplasm. We are strengthening our collaboration with
Comell University and are looking for funds to establish linkages with the University of
Wisconsin and the University of Hannover. In addition, we are developing genetic stocks
to test the usefulness of molecular biology techniques to increase the efficiency of our
breeding program in the near future.
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Table 1. Maize germplasm being improved for acid soils by CIMMYT, in
collaboration with national programs.

Populations
SA-3
SA-4
SAoS
SA-6
SA-7
SAoS

Grain color
and texture
Yellow flint-dent
Yellow dent
Yellow flint
White dent
White flint
White flint-dent
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Where used
Latin America, Asia
Latin America, Asia
Latin America, Asia
Latin America, Africa, Asia
latin America, Africa, Asia
Latin América, Africa. Asia



Table 2. Information on inheritance of yield from Design 1 and Design 11 studies,
under acid soils.

Genetic parameters
Additive variance (VA)
Dominance variance (VO)
V A x environment
Vo x environment
Heritability

Design 1
Three sites

O.15±O.OS
0.12±O.05
0.37±0.OS
-0.63±0.OS
0.36±0.20

Design II
Four sites

O.09±O.03
0.22±0.05
0.13±0.05
-O.l1±O.OS
0.39±0.14

Table 3. Pbenotypic (above tbe diagonal) and additive genetic (below tbe diagonal)
correlation coefticients among yield, days to silk, plant height, and ears/plant in
tbe population SA-3, Colombia, 1990-91.

Yield

Days to silk

Plant or ear
height
Ears/plant

Yield

- 0.20§
- 0.16

0.25
0.46**
0.S4**
0.57**

Days to si1k

0.05
0.01

0.24
0.42*

- 0.62**
- 0.42*

Plant height
0.50**
0.01

- 0.36**
- 0.44* *

0.63**

- 0.02

Ears/p1ant
0.44**
0.52**

0.02
0.14**
0.12

- 0.06* *

.. Significant at P<O.Ol.
§ Top values in a column correspond to Design 1 and bottom values to Design II study. Plant
and ear height were measured in Design 1 and Design II studies, respectively.
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Table 4. Pbenotypic and additive genetic correlation coefficients between grain
yields of tbe five environments, tropical maize population SA4, 1992+.

Env l.§ Env. 2 Env. 3 Env.4 Env. 5

Env. 1 -0.09 0.27 0.03 0.09
Env.2 0.16** 0.46* 0.42* 0.56*
Env. 3 0.16** 0.10* 0.41 * 0.68**
Env. 4 0.07 0.06 0.10** 0.38
Env.5 0.07 0.17** 0.12** 0.19**

*, ** Significant at the 0.05 and 0.01 probability leve1s, respectively.

+ Phenotypic eorrelation eoefficients below the diagonal and additive genetic correlation
eoefficients aboye the diagonal.

§ Env. 1 =Palmira (Colombia) nonacid fertile soil; Env. 2 =Villaviceneio (Colombia), 55%
Al saturation and 10 mg kg- 1 P; Env. 3 =Carimagua (Colombia), 55% Al saturation and lO
mg kg- l P; Env. 4 =Sete Lagoas (Brazil), 40% Al saturation and 10 rng kg- l P; Env. 5 =
Santander de Quiliehao (Colombia), 60% Al saturation and 10 mg kg- l P.

Table S. Means and general combining ability (GCA) etTects for yield oí tbe
parents used in tbe diallel crosses evaluated in seven acid environments during
1992.

Parents

90SA3
90SA4
90SA5
90SA6
90SA7
CMS-36
Tuxpeño
Pool-26
LSD(5%)

Mean OCA
-----------tfha-----------

2.66 0.32**
2.33 0.16*
2.07 -0.05
2.02 -0.03
2.01 -0.03
2.04 0.13*
1.61 -0.21 **
1.55 -0.30**
0.38

*,** Significant at P<0.05 and P<O.Ol leve1, respectively.
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Table 6.- Means of erosses and hilh-parent heterosis for yield aerosl leven acid
soil environmentl durinl 1992.

Yield
Pedigree (tlha)
90SA3 x 90SA4 3.10
90SA3 x 90 SAS 2.72
90SA3 x 90 SA6 2.83
90SA3 x 90 SA7 2.97
90SA3 x CMS-36 2.96
90SA3 x Tuxpefto 2.89
90SA3 x Pool 26 2.59
90SA4 x 90 SAS 2.65
90SA4 x 90 SA6 2.81
90SA4 x 90 SA7 2.67
90SA4 x CMS-36 3.02
90SA4 x Tuxpefto 2.49
90SA4 x Pool 26 2.38
90SAS x 90 SA6 2.49
90SAS x 90 SA7 2.35
90SAS x CMS-36 2.74
90SAS x Tuxpefto 2.29
90SAS x Pool-26 2.31
90SA6 x 90SA7 2.40
90SA6 x CMS-36 2.90
90SA6 x Tuxpefto 2.13
90SA6 x Pool-26 2.26
90SA7 x CMS-36 2.84
90SA7 x Tuxpefto 2.41
90SA7 x Pool-26 2.19
CMS-36 x Tuxpefto 2.63
CMS-36 x Pool 26 2.28
Tuxpefto x Pool-26 2.01
LSD (5%) 0.37

Heterosis
(%)
16.6*
2.4
6.4
11.9
11.5
8.9
-2.4
13.4
20.3*
14.3
29.6··
6.6
2.1
20.5·
13.8
32.7**
11.0
11.7
18.8·
42.5··
5.2
11.8
39.4**
20.2
9.1
29.1
11.9
24.7*

*..* Significant at P< 0.05 and P < 0.01 levels, respectively.
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Table 7. MeaD yields (tlba) oí reciproca. crosses amoDg eight pareDts eva.uated iD
five acid aDd ODe DODacid site duriDg 1992-93.

Five acid sites Pa1mira
Cross Direct Reciproc. Direct Reciproc.
CMS x ETO 2.84 3.08 9.55 10.61
CMS x TUXP 3.60 3.45 9.69 9.51
CMSxSA7 3.11 3.49 9.66 9.83
CMSxSA6 3.61 3.63 10.42 10.84
CMSx SA5 3.55 3.91 9.93 9.40
CMSxSA4 3.54 3.40 9.27 9.28
CMS x SA3 3.76 3.72 9.60 9.83
ETO x TUXP 2.78 3.12 11.20 10.37
ETO x SA7 3.07 3.12 9.78 10.31
ETO x SA6 3.24 2.86 9.99 10.02
ETO x SA5 3.75 3.23 10.68 10.51
ETO x SA4 3.46 3.38 11.13 11.30
ETO x SA3 3.44 3.62 10.31 10.73
TUXP x SA7 2.97 2.87 9.54 10.34
TUXP x SA6 2.87 3.05 10.30 9.96
TUXP x SA5 3.30 3.14 9.65 9.95
TUXP x SA4 3.28 2.93 10.46 9.55
TIJXP x SA3 3.34 3.70 9.76 10.59
SA7x SA6 3.25 3.33 9.80 10.15
SA7xSA5 3.43 3.41 9.06 8.05
SA7 x SA4 3.08 3.50 10.18 9.41
SA7 x SA3 3.26 3.64 9.65 9.42
SA6x SA5 3.47 3.45 10.88 10.69
SA6x SA4 3.48 3.21 10.31 9.82
SA6x SA3 3.83 3.73 9.83 8.89
SA5 x SA4 3.31 3.49 9.28 10.62
SA5 x SA3 3.81 3.21 9.40 9.99
SA4x SA3 3.89 3.63 10.19 10.86
LSD(5%)+ 0.47 1.43
Mean 3.37 3.37 9.98 10.03

LSD(5%)# 0.09 0.27

+ For comparison within a cross.
# For comparison between means of aH crosses.
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Table 8. Yield (tlha) improvement through recurrent selection in five tropical
maize populations, measured in acid and fertile environments, during 1991-1993.

"ield "ield
No. No. orig.cycle last cycle

Populations cycles Locations (t/ha) (t/ha)
----------------------.Acid environments----------------

SA-3 (MER) 14 6 2.01 2.45
SA-3 (FS) 2 6 2.22 2.84
SA-4 2 4 2.02 2.07
SA-5 2 4 1.94 2.07
SA-6 2 4 1.75 1.99
SA-7 2 4 1.85 2.14
-------------------------Fertile environments----------------------------
SA-3(MER) 14 5 4.28 4.81
SA-3 (FS) 2 5 4.38 4.67
SA-4 2 1 7.25 7.78
SA-5 2 1 7.61 7.34
SA-6 2 1 7.30 8.02
SA-7 2 1 6.24 7.64

.. Significant at P < 0.01.

Table 9. Yield (tlha) oC experimental varieties Cor acid soils, 1990-91.

% gain/cycle

1.99··

13.96· •
2.36
0.38
6.81

10.01

1.10· •
3.31
3.63

- 1.72
4.93

11.26

Varieties Nine acid sites
87SA3 1.50
88SA3T 2.25
88SA3/CMS-36 2.00
Sitiung 88SA3 2.12
CMS-36 1.80
8828T 1.96
8843T 1.86
LSD (5%) 0.47

Three fertile sites
5.70
5.65
5.44
5.32
4.09
5.22
5.30
0.86

Table 10. Yield (tlha) oC CIMCALI 91SAJ and best check grown in 20 acid and five
nonacid sites during 1992-93.

Super.
Sites No. SA-3 Check %
Colombia 18 2.93 1.92 153
Other countries 2 3.11 2.67 117
Nonacid sites 5 7.14 6.45 111

29



~ e HAPT ER --------------------------

Lowland Tropical Germplasm Development in Asia

with Emphasis on Selection for Downy Mildew

C. De León and J Lothrop *

Improvement ofPopulations 22,28 and 31

Breeding for downy mildew resistance (DMR) in the CIMMYT Asian Regional Maize
Program (ARMP) began in 1981, when Populations 22 (Mezcla Tropical Blanca), 28
(Amarillo Dentado), and 31 (Amarillo Cristalino-2) were transferred to Thailand to be
improved for DMR and agronomic characters and distributed as an International Progeny
Testing Trial (lPTT). Sources ofDMR had been crossed to the original populations
before breeding began. These included BC3-DMR versions ofPopulations 22 and 28. For
Population 31, Suwan 2 was used as the initial source ofDMR. By 1984, the three
populations had been improved for one cycle by Kasetsart University staff.

At this time, the three populations were removed from intemational testing to concentrate
on improving them for DMR and agronomic characters using an SI-S2 recurrent selection
programo Approximately 400-500 half-sib families of each population were planted in a
DM nursery established at Fann Suwan. Five-to-six selected plants from the selected
60% of the families were self pollinated. Some 400 SI ears were then planted in disease
nurseries established at both Farm Suwan and the University of Southem Mindanao
(USM) in Mindanao, Philippines, where desirable DMR plants were self pollinated in the
selected 60% of the SI families. Seeds of S2 ears selected at these two locations were
planted in downy mildew nurseries at both locations. Based on agronomic characters and
DMR, 60% ofthe selected families were recombined by bulk pollination at Farm Suwan
only, completing one cycle of selection. This process was repeated until populations had
completed four cycles of improvement. Simultaneously, remnant seed from 10-12 S2
families selected either at Fann Suwan or USM were crossed in diaI1el fashion to develop
experimental varieties (EVs) in each cycle ofS2 evaluation. Two EVs were generated from
each population based on DM and agronomic reactions. The EVs whose name ended in
"-1" were developed using S2 families with DM infection values of 0%. Those whose
names ended "-2" included S2 progenitors with values of<10% DM infection; i.e.
SW8528-1 and SW8528-2. AH F2s ofEVs and bulks ofcycles were made available to
national programs for evaluation and possible release. In 1988, Populations 28 and 31
already possessed a high level of DMR and were retumed to Mexico to be reincorporated
into CIMMYT's intemational testing system. Similarly, Population 22 was retumed to
Mexico in 1989. Improvements obtained in these populations are shown in Table 1.

* Team leader, CIMMYT Asian Regional Maize Program (ARMP); breeder, ARMP.
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Development and Improvement of Populations 100 (Early White-DMR), 145 (Early
Yellow-DMR), 300 (Late White-DMR) and 345 (Late YeUow-DMR)

These populations were initiated in 1986 by recombining a total of 9, 11, 16 and 13
components to constitute Populations 100, 145,300 and 345, respectively. Bulks ofthe
components of the two white populations 100 and 300, were planted in isolated blocks
and crossed to Philippine DMR Composite 2 as a DMR donor. Similarly, components of
the two yellow populations 145 and 345, were crossed to Philippine DMR Composite 1.
After three cycles of random mating, the four populations were improved for four cycles
using SI-S2 recurrent selection, as previously described (Table 2). EVs were generated in
each cycle of S2 evaluation, as indicated for Populations 22, 28 and 31. In 1990 the late
populations 300 and 345 were sent to CIMMYT headquarters for inclusion in
international testing. The two early populations, 100 and 145, were sent to Mexico in
1991.

Initial eomponents o[Population 100 (EW-DMR). SW 86E.

Pool 15 (TEWF)
" 16 (TEWD)
" 19 (TIWF)
" 20 (TIWD)
" 30 (Blanco Crist. 2)

Seleccion Precoz Stalk Rot Resist. (SRR) (White Dent)
Seleccion Precoz SRR (White Flint)
Popo 5 (TIWF-DMR)
Tiniguib

DMR Donor : Phil. DMR Comp. 2

Initial eomponents o[Population 145 (EY-DMR). SW 86E.

Pool 17 (TEYE)
" 18 (TEYO)
" 21 (TIYF)
" 22 (TLYD)

Popo 31 (Amar. Crist. 2 - C4)
Seleccion Precoz SRR (Yellow Dent)
Seleccion Precoz SRR (Yellow Flint)
Islamabad (1) 8131.
Sete Lagoas 7931
Suwan (1) 8131
Ferke (l) 8235
DMR donor: Phil. DMR Comp. 1
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Initial eomponents o[Population.300 (LW-DMR). SW 86E.

Pool 19 (TIWF)
" 20 (TIWD)
" 23 (TLWF)
" 24 (TLWD)

Popo 2 (TLWD-DMR)
" 3 (TLWD-Stunt Resistant (STT)
" 21 Tuxpeno 1
" 22 Mez. Trop. Blanca
" 23 Blanco Cristo 1
" 29 Tux. Caribe
" 32 ETO Blanco
" 43 La Posta

Santa Rosa S073
Rampur S075
Cali White
IPB Varo 2
DMR donor : Phil. DMR Comp. 2

Initial eomponents o[Population 345 (LY-DMR). SW 86E.

Pool 21 (TIYF)
" 22 (TIYD)
" 25 (TLYF)
" 26 (TLYD)

Popo S (TYF/D-DMR)
" 9 (TYF/D-STT)
" 24 (Ant. Ver. ISI)
" 26 (Mezcla Amar.)
" 27 (Amar. Crist.)
" 2S (Amar. Dent.)
" 36 (Cogollero)

Cali Yellow
IPB Varo 1
DMR donor : Phil. DMR Comp. 1

It has been brought to our attention that these populations are susceptible to turcicum
leafblight. To explain their susceptibility, it would be necessary to look at the turcicum
reaction ofthe initial components used in their development. It should also be kept in
mind that turcicum blight is seldom found in tropicallowland conditions, especially in
Thailand and Philippines where the breeding was done. If turcicum blight presents a
problem in other locations where this germplasm can be of use, it is a relatively
straightforward process to add turcicum resistance to populations that already possess
resistance to downy mildew. This could be accomplished through collaboration with an
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advanced national program, such as India, that works at tropicallowland locations where
turcicum blight is of economic importance during rabi plantings. The India-CIMMYT
populations Indimyt 100, 145,300 and 345 are being developed as sources ofresistance
to both DM and turcicum blight through a collaborative project with the Indian Council of
Agricultural Research (ICAR).

Improvement ofPopulations 24 (Ant. x Ver. 181) and 36 (Cogollero) for DMR

In 1989, mechanical bulks ofPopulations 24 and 36 were received from Mexico to be
improved for downy mildew resistance (DMR). These were crossed at Farm Suwan with
Tak Fa Composite DMR, a source of DMR developed using the most resistant yellow
grain sources identified from the Philippines, Indonesia and Taiwan. After crossing, the
populations were random mated in isolation for three cycles. Thereafter, the populations
were improved by following a SI-S2 recurrent selection program as previously described,
with screening and selection of progenies in DM nurseries established at Farm Suwan and
USM. Population 24 was improved under a collaborative project with the Nakom Sawan
Field Crops Research Center of the Thai Department of Agriculture, with active
involvement of ARMP staff. At the C2 stage of recombination, improvement of the
populations was discontinued. A high level of DMR was observed in most 82 families in
a DM nursery established at Farm Suwan 94E, with mean DM values of7.4 and 15.2%
infection in families ofPopulations 24 and 36, respectively. The frequency distribution of
infection in CI-S2 families of these two populations is shown in Figure l. EVs have been
developed using remnant seed ofagronomically desirable DMR families at C1-82 stage.
After recombination, the two populations are to be returned to Mexico for further
utilization.

Development and Improvement for DMR oC Extra Early White and Extra Early
Yellow Populations

Responding to requests from national programs during the 4th Asian Regional Maize
Workshop, Pakistan, 1990, ARMP staff began developing the populations Extra Early
White (EEW-DMR) and Extra Early Yellow (EEY-DMR) with a growing cycle of80-85
days to maturity. Respective totals of 58 and 36 components were selected in the
development ofEEW-DMR and EEY-DMR. Bulks ofthe white components were
planted as females in isolated blocks. The male rows included a mechanical mixture of
extra early selected DMR families ofPopulation 100-DMR (C4-HS) as donor ofDMR.
Similarly for the EEY-DMR, a bulk of selected families ofPopulation 145-DMR (C3-HS)
was used as a DMR donor. Populations were random mated for three cycles to be
improved later following an SI recurrent selection programo At the CI-H8 stage, a high
level of DMR was observed in these two populations, with mean DM infection values of
5.1 and 10.2% in EEW-DMR and EEY-DMR, respectively. The frequency distribution
of infection in CI-HS families ofthe populations is shown in Figure 2.
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Components olPopulation Extra Early White (EEW)-DMR. SW 91E.
lES Cn1 Varo 2119
lES Cn2 Var.2116
lES E01 GE 440
lES E02 Popo 21 (Iine)
Local 1 P. 19 (Iine)
Diara 3 DK 77W
CM 202 D832
VL 88 D842
Comp. 45 D882
Gíza 2 Varo 2113
SC 103 Var.2
SC 120 MDR-STEV-EW
SC 121 DMDR-STEV-1W
DC 215 Pool 19
DC 216 Pool 20
DC 217 Tuxp. Sequía
DC 218 Varo 126
TW 310 Varo 2117
TW 312 Varo 2117
TW 314 A503N
TW 315 Tuxp. 1 TSR
TW 320 DMR Conv. T21 1368 x Ki 1414
MMH 29 DMR Conv. 1787 x Ki 1414
MMH 29 DMR-LSR-WS5
MWH 101 DMR Conv. BC2-F1
Mb
WP 5
KWTC 17
KWTC 21
Q 6199
Donor for DMR : Selected families from Popo 100-DMR C4.

Components 01Population Extra Early Yellow (EEY}-DMR. SW 91E.
lES en1 Resist. CM
lES EO 1 Super Comp.
VL 88 Exp. 83
MEH 114 Cargo 301
MEH 115 MDR-STEV (EY)
MMH 29 MDR-STEV (LY)
MMH 47 TEYF DMR
Pool 30 HtR Syn. Amar. Dent. TSR
KSC 924 Y 8662
KTW 112 YCPG 85
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Fla2 BT 116
Ki 1414
Tuxp. 1 HtR
TzBr YC4-BD4-54
TEYF Drought Syn. x EV 8731

Barker
KP 286
KP 293
Tainan DMR Comp. 1
G 5431
G 5440
GLG 269
TK 238/79
CM 105
CM 115
Donor for DMR : Selected families from Popo 145-DMR C3.

In late 1993, staff decided that the populations should be improved using reciprocal
recurrent selection (RRS). At this stage, CI-SI families are to be crossed to two extra
early heterotic white or yellow testers obtained from the Egyptian Maize Program and
the University ofPantnagar, India, respectively. Details ofthe breeding procedures are
described in the final section of this documento

Future activities
In late 1993, it was decided that these two populations should be improved by following
a reciprocal recurrent selection (RRS) programo At this stage, CI-S 1 families have already
been planted and are to be crossed to two extra early heterotic testers, as explained in the
final section ofthis chapter.

Development and Improvement oí Acid-soil-tolerant DMR Populations

This work began in 1987, when SI lines in the IPTT generated from the SA3 acid tolerant
population from Cali, Colombia, were planted at Central Mindanao University,
Philippines, and at Sitiung Experiment Station in Sumatra, Indonesia. Using data collected
at Sitiung, a site-specific EV was developed and later released in 1991 under the name of
Antasena.

In 1990, the development of a DMR, acid tolerant population (AMAT) Was initiated.
Ten yellow-grain, early and late maturing DMR populations were initially crossed to SA3
(the latter as a source oftolerance to acid :)ol1s). Crosses were developed at Chiang Mai
and Hat Yai, Thailand (both locations characterized by acid soils). The Fls were advanced
to F2 at Farm Suwan. In 1991, Sls were generated from these populations and sent to
Colombia to be screened under acid soil, aluminum toxic conditions. DMR plants in
selected SI families planted in a downy mildew nursery at Farm Suwan were self
pollinated. Early S2 families were recombined to develop the Asian Mildew Acid
Tolerant Early (AMATE) and late maturing (AMATL) populations. In 1993, bulks of
these two populations were sent to Cali, Colombia. In cycle 94D at Farm Suwan, S1s of
AMATL were advanced to S2 and evaluated for DMR in a 94E nursery. DMR S2s are
now available.
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Future activities
We strongly recornrnend a coHaborative effort between the CIMMYT regional program at
Cali, Colombia, and the ARMP to develop acid soil tolerant germplasm with DMR for
the many locations where both problems are of economic importance. Future activities in
this project would be decided by Cali staff. DMR S2s of AMATL are now available for
screening in acid soil conditions in Colombia.

Development and Improvement of DMRlAsian-borer-resistant Populations

A detailed report of activities in this project was prepared in early 1994 by Dr. Gonzalo
Granados. AH activities have been developed under collaborative projects established with
ICAR, India, and the Institute ofPlant Breeding (IPB), Philippines. In 1990,25 materials
were sent to two locations in India and one in the Philippines (Table 3). In India,
materials were to be artificially infested with Chilo parte/lus and Sesamia inferens, while
in the Philippines they were to be artificially infested with Ostrinia furnacalis. Best
resistance to borers was shown by the DM susceptible sources from the CIMMYT
multiple borer resistant population (MBR) and Population 24. Three DMR materia1s -
Population 28 DMR C8, Suwan 8528, and Population 31 DMR C4 -- showed good
tolerance.

In 1991, screening on DMR populations was suspended and emphasis shifted to
evaluating downy-mildew-susceptible material from the MBR and CIMMYT multiple
insect resistant tropical (MIRT) populations, EVs, and lines generated in Mexico. In
1991-92, seed of these entries was received at the ARMP and trials were sent to eight
locations in Asia. Out of 18 inbreds tested, 12 were susceptible, 5 of intermediate
susceptibility, and onIy one (CML 67) was resistant to Asian coro borers. For C.
parte/lus. the DM-susceptible EVs Across 90390 (IR), Across 86590 (IR), and FAW
GCA showed good performance and warrant further screening with the possibility of
being re1eased in DM-free areas where coro borers are a problem. Also in 1991-92,
upgrading of mass rearing facilities was initiated in India and Philippines.

In 1993, mechanical bulks often DMR materials were sent to three locations in India and
one in the Philippines. During 1994, efforts to develop the early white, early yellow and
late yellow DMRlAsian-borer-resistant populations have continued. Seed ofresistant S2s
and half-sibs selected at two locations in India was sent to the Philippines and S2 seed
obtained in the Philippines sent to India. Selected entries will be used as components for
three populations.

Future activities
It is suggested that the Sl-S2 recurrent selection program involving India and Philippines
continue. Possible participation of Taiwan should be considered. A small effort may also
be suggested to convert selected Asian-borer-tolerant lines from Mexico to DMR. All
activities in this area should be closely coordinated with the entomologist at headquarters.
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Breeding for Waterlogging Tolerance
in Maize Planted in Paddy Fields

A detailed report of research in Thailand on maize planted after rice in paddy fields during
1992-94 was prepared by Dr. Granados in early 1994. Waterlogging stress occurs in more
than 40% (2.5 million hectares) ofthe maize area in India. This problem is cornmon in
certain areas and seasons in several Asian countries, and the area where maize is planted
after paddy rice is increasing. Experiments on waterlogging stress have been done in
Taiwan and Indonesia, but the largest effort has been at GB Pantnagar University,
Pantnagar, N. India.

In 1992, 32 materials, including several entries from ARMP, were flooded at Pantnagar,
India, for 3 days to a depth of 10 cm when plants were knee-high. In 1993, 16 selected
entries from ARMP plus 77 Indian materials were re-screened, and 41 waterlogging
tolerant entries were selected, including 10 from ARMP, 11 from GB Pantnagar
University, and 20 from the Directorate ofMaize Research. These were to be used to
develop of four populations that would be improved for DMR and waterlogging tolerance
using 8 i or 81-82 recurrent selection.

In the 1993 dry season, 27 OPVs and 9 hybrids were evaluated at the Chinat Field Crops
Research Center, Thailand. When planted in paddy fields after rice in waterlogging
conditions, Viemyt 49Y and N8 1 were the best OPVs. Hybrids produced average yields
17% aboye the OPVs. The best entries yielded approximately 5 t!ha. The relatively low
yields were probably due both to waterlogging and heat stresses during grain filling.

In a project with the Thai Department of Agriculture, the 6 best early and 10 best late
materials were chosen to be split into early and late yellow heterotic populations for dry
season maize planted after paddy. The tester for early entries was Viemyt 49Y and two
heterotic inbred lines from the DOA were the testers for the late ones. Early top crosses
were evaluated in Thailand, India, and Vietnam. The late top crosses were planted only in
Thailand.

Future activities
There is great scope for maize after paddy. However, agronomic practices are lacking, and
crop management research is absolutely necessary. The recurrent selection program
should be continued for a few cycles at both Pantnagar, India, and Chinat, Thailand, to
determine if tolerance to waterlogging is heritable.

8uggested Breeding Program to Develop Heterotic DMR Populations for Asian
Tropical Lowlands

There are nearly 14 million hectares planted to maize in Asia's tropicallowlands
(Table 4). Approximately half ofthis area requires intermediate-to-full-season maize
(approximately 90-120 days from planting to physiological maturity) and halfrequire
early-extra-to-early germplasm (80-90 day cycle). Downy mildew does not present a
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problem in South China, Pakistan, most ofNorth India, Bangladesh, Cambodia, Sri Lanka,
Myanmar, and Malaysia. That stillleaves sorne 10 million hectares (72% ofthe area)
where susceptible maize varieties without a protective seed treatment risk extensive crop
losses.

Future activities
Breeding activities will focus on the splitting two intermediate-Iate and two early-extra
early DMR populations into "A" and "B" heterotic groups, and subsequently improving
them through RRS using an inbred line from the opposite population as a tester (Fig. 3
and Table 5). It is anticipated that a cycle of improvement will require three years. Other
related breeding activities will focus on:

l. Selfing in F1 hybrids and pedigree selection.
2. Recycling of lines.
3. DMR conversion of selected lines and synthetics through backcrossing.

In order to better serve the Asian maize farmer, CIMMYT must develop populations
which can contribute inbreds for hybrid work and OPVs for the many areas where they
are still needed. Since most countries in the region are not yet prepared to adopt hybrids,
it is essential that ARMP develop good synthetics for use as OPVs, as well as good
inbreds to serve programs requiring these to develop hybrids. We can serve both
purposes with RRS and the development of heterotic populations.

There are two features of the RRS scheme that are designed to make certain that the
heterotic populations are useful as a source ofinbred lines as weIl as OPVs. First, there
wiIl be very strict selection for per se characteristics of the lines, such as resistance to
foliar diseases, ear and stalk rots, lodging, and selection for plant vigor, agronomic traits,
poIlen shedding, and seed quality. Since the per se characteristics ofa line are not fixed at
SI (50% homozygosity), test crosses will not be made until S2 (75% homozygosity) or
S3 (87.5% homozygosity). The lines chosen for recombination will be at least S5S
(96.87% homozygosity). By following this scheme, there will be a fixation of alleles for
important traits, enhancing the probability of extracting good vigorous lines the next
cycle. Secondly, by crossing the best 5-10 lines from "A" with the best 5-10 selected lines
from "B", we can evaluate specific combining ability (SCA) ofthe single crosses and
(equally important) make a bulk ofthe single crosses to form a potentially high yielding,
disease resistant OPV with desirable agronomic traits. AdditionalIy a selected fraction of
the Cn bulks of "A" and "B" could be used in generating varietal hybrids.
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Table 1. Means of traits in different cycles of selection in populations 22, 28 and
31, selected for DMR and desirable agronomic characten. SW and USM 90E.

Days Plant Root Yield DM
Pedigree to silk height lodging (kglha) (%)

Popo 22 Co 54 178 18.40 5644 91.70
Popo 22 C4 53 182 1.50 5433 96.30
Popo 22 C6 ·53 184 -0.00 5433 86.80
Popo 22 C7 51 183 8.50 8711 46.10

Popo 28 Co 55 194 12.10 4252 91.80
Popo 28 C3 53 189 3.80 6580 87.70
Popo 28 C6 50 198 12.10 7682 7.10
Popo 28 C7 50 191 6.10 8346 17.90

Popo 31 Co 45 171 19.70 3518 91.40
Popo 31 C3 44 170 12.90 3340 91.70
Popo 31 C4 46 173 6.30 5441 54.10
Popo 31 es 46 178 4.50 6846 15.30

LSD between cycles (at 5%) 467.2 13.92
LSD between Pops. (at 5%) 658.2 7.94
c.v. % 8.0 16.45
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Table 2. Improvement for agronomic characten and DMR in populations 100, 145,
300 and 345 after four cycles of improvement for DMR. Combined SW and USM
91E. +

-DM infectioll-
Cycle of Grain yield Days to Transformed Raw

Population selection (kg/ha) 50% silking (angle#) (%)

EW-DMR (100) Co 5171 48 50.6 59.7
C l 5633 49 46.4 53.4
C2 6350 48 19.8 11.5
C3 6110 49 29.6 24.4

Mean 5816 48 36.6 35.5
b (linear) 354 .. -9.0 ...

EY-DMR (145) Co 4638 48 60.0 75.0
C I 5195 47 53.7 65.0
C2 5834 48 21.2 13.1
C3 6510 48 25.4 18.4

Mean 5544 48 40.1 41.5
b (linear) 626 .. -13.6 ......

LW-DMR (300) Co 5770 50 53.0 63.8
C I 5685 51 46.7 53.0
C2 6100 52 39.4 40.3
C3 6724 52 24.3 16.9

Mean 6070 51 40.8 42.7
b (linear) 324 .. 0.6 ...... -9.4 ••

LY-DMR (345) Co 5152 50 46.8 53.1
C I 5138 52 56.8 70.0
C2 6510 52 39.9 41.1
C3 7113 52 23.5 15.9

Mean 5990 52 41.8 44.4
b (linear) 721" 0.7 .. -8.7 ... ...

Mean Co 5183 49 52.6 63.1
Mean C I 5424 50 50.9 60.2
Mean C2 6199 50 30.1 25.1
Mean C3 6615 50 25.7 18.8

Overall mean 5855 50 39.8 41.0
b (linear) 507 .. 0.4 .. -10.2 ......

LSD (0.05) between populations 361 1.0 5.2
LSD (0.05) between cycles 305 0.6 5.2
LSD (0.05) between cycles

within populations 610 1.2 10.4

., .. Significant at the 0.05 and 0.01 probability levels, respectively.
+ Means based 00 combined analysis of 1990 surnmer data from the Philippines and Thailand.
# Perceot DM infectioo values were transformed to the arcsin ofthe square root of% DM infectioo.
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Table 3. Readion of 25 maize cultivan artificially infested with larvae of Oslrinia
furnacalís Guenee at Los Ba60s, Philippines, and Chito pane//us (Swinhoe) at
Ludhiana, India, summer, 1990.

Philippines Ludhiana Overall
Leaf % of Leaf % of leaf

Entry Cultivar Origin feeding* check feeding check feeding

1 CBR-l IPB Philippines 2.6 50.0 2.6
2 Popo 26 bulk TF 860 3.4 65.3 6.1 95.3 4.8
3 Phil. 06 Philippines S.M. 3.5 67.3 7.2 112.5 5.4
4 Phil. 17 Philippines S.M. 3.0 57.6 3.0
5 MBR S6 Stars and diamonds SW 890-301-155 2.6 50.0 3.8 59.3 3.2

6 MBR-SCB Res. EV (yellow) SW 890-301-156 1.8 34.6 3.8 59.3 2.8
7 MBR 86 Across borers SW 890-301-158 2.4 46.1 6.2 96.8 4.3
8 Mbita S6 MBR Chito (yellow) SW 890-301-159 2.3 44.2 5.9 92.1 4.1
9 EY-OMR Pool C3 HS bulk SW 88L-204 3.4 65.2 6.3 98.4 4.9

10 LY-OMR Pool C3 HS bulk SW 88E-I06 3.8 73.0 6.8 106.2 5.3

1 l Across 8336 PR 85B-542 # 5.9 92.1 5.9
12 Poza Rica 8336 TL 84B-1511 # 5.1 79.6 5.1
13 Phil. OMR Comp. 1 SW 87L-313 3.3 63.4 7.2 112.5 5.3
14 Popo 280MR C3 HS bulk SW 88R-202 3.0 57.6 5.5 85.9 4.3
15 Suwan 8528 PR 87B-5034 # 3.2 57.1 4.7 78.4 4.0

16 Popo 24 bulk SW 890-301-129 2.8 53.8 3.3 51.5 3.1
17 Popo 31 OMR C4 HS bulk SW 88R-203 2.9 55.7 4.1 64.0 3.5
18 Improved Tiniguib SW 89E-I07 4.7 90.3 6.2 96.8 5.5
19 Mbita 86 MBR Chilo (W) SW 890-301-151 2.7 51.9 6.3 98.4 4.5
20 MBR-SCB Res. EV (W) SW 890-301-157 2.9 55.7 6.6 103.1 4.8

21 EW-OMR Pool C3 HS SW 88E-I05 3.7 71.1 6.7 104.6 5.2
22 LW-OMR Pool C3 HS SW 88E-I07 3.1 59.6 5.9 92.1 4.5
23 Tiniguib Synthetic SW 900-336 3.6 69.2 5.4 84.3 4.5
24 Across 8432 TL 86B-6055 # 2.5 48.0 4.4 68.7 3.5
25 Poza Rica 8530 TL 86B-6048 # 4.1 78.0 5.9 92.1 5.0

26 Phil. Super Sweet (check) IPB 5.2 100.0 5.2
27 Barsi Local (susc. check) Ludhiana 6.4 100.0 6.4
28 Prabhat (check) Ludhiana 5.1 94.4 5.1

Mean 3.1 59.3 5.6 87.7

* Scale of 1-9, where 1 =no damage, 9 =dead heart.
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Table 4. Estimated area planted to early and late lowland tropical maize in Asia.

Early Late
Country germplasm germplasm Total

(ha)

Bangladesh O 3,000 3,000
Bhutan 24,000 36,000 60,000
Cambodia 20,000 20,000 40,000
China(South) 100,000 1,140,000 1,240,000
India 1,000,000 1,877,000 2,877,000

Indonesia 2,880,000 720,000 3,600,000
Laos O 30,000 30,000
Malaysia O 21,000 21,000
Myanmar 72,000 95,000 167,000
Nepal 60,000 120,000 180,000

Pakistan 140,000 280,000 420,000
Philippines 2,263,000 1,137,000 3,400,000
Sri Lanka O 36,000 36,000
Taiwan O 3,000 3,000
Thailand 70,000 1,330,000 1,400,000

Vietnam 357,000 90,000 447,000

Total 6,986,000 6,938,000 13,924,000

Sources: FAO-RAPA 1993, CIMMYT mega-environments study, 1988; and miscellaneous.
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Table 5. Scheme for the development and improvement of heterotic DMR
populations for Asian tropicallowlands. ("Fast" version -- but still 3 years/cycle).

Season

1994 Dry Season

1994 Late Rainy Season

1995 Dry Season

1995 Early Rainy and
Late Rainy Seasons

1996 Dry Season

1996 Early Rainy Season

Operation

Self in lines SIto Sn.

1) Plant each line in the downy mildew nursery (DMR). Make
testcrosses of DMR Iines to two available testers to determine
heterotic group and GCA. For late whites, where no DMR
testers are yet available, plant unrelated but similar maturity
lines in pairs and make reciprocal full-sibs (FS) among
resistant Iines.

2) Se1f each 1ine, p1anting in a downy mildew nursery.

Increase by selfing the Iines to be tested in yield trials. Send
the yield trials to cooperators in the northem hemisphere.
There will be approximately 16 sets of the late yellow trial,
and 6 sets of the late white and EEW and EEY. The late
yeHow will be a lattice with 196-256 entries. The late white
and EEW and EEY will have about 169 entries.

Grow yield trials, with at least one set grown in the
DMN at Farm Suwan (SW) another at Univ. of Southem
Mindanao (USM), Philippines. Grow Iines in a downy mildew
nursery and increase and advance by selfing. Send trials to
southem hemisphere (Indonesia) in time for their plantings
begining in September.

Receive and analyze data from the northem hemisphere.
Continue se1fing in Iines.

Do combined analysis of variance without waiting for data
from the southem hemisphere, if it is late arriving. Select best
15-25 1ines to form Co of heterotic groups "A" and "B" for
each color based on combining ability and performance per se.
Plant the selected lines and make the first recombination.
Plant the same Iines in a DMN and self to increase seed. Make
an increase (several kilos) of the Iines chosen as testers for
"A" and "B" in white, and in yellow if it is decided to change
testers. Receive and analyze late arriving data from the
southem hemisphere.

(cont'd)
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(rabIe 5 cont'd)

Season

1996 Late Rainy Season

1997 Dry Season

1997 Early Rainy Season

1997 Late Rainy Season

1998 Dry Season

Continuation

Operation

Make the second recombination of the selected lines to form
the Co of the 8 populations (Late Yellow "A" and "B", Late
White "A" and "B", (EEW "A" and "B") and EEY "A" and
"B"). Self in the first recombination, planting in the DMN.
Using data from the southem hemisphere and other areas, do
a complete combined analysis of variance. Cross each of the
best 5-8 lines from group "A" to each of the best 5-8 lines
from group "B" in aH populations. A bulk of the crosses can
be used to form the Fl of an OPV, and the single crosses could
be tested to determine SCA.·

Self in the S1s from the frrst recombination and in the Co
bulks (second recombination). Advance the OPVs from F1 to
F2. Prepare sets of the single crosses for testing in the 1997
Early Rainy Season.

Plant Sls and S2s in a downy mildew nursery and self. Plant
single cross yield trials.

Plant S2s and S3s with tester lines in a downy mildew nursery
and make testcross. Cross lines from each "A" group to its
respective "B" tester, and vice versa.

As in the 1994 dry season, prepare yield trials and self in the
lines whose testcrosses will be evaluated in 1998.
Approximately 169 testcrosses will be evaluated in each
heterotic group in all populations.

Continue with reciprocal recurrent selection, completing one
cycle in 3 years.

• Testing for SCA is an option that cannot be ignored. Whether or not to do it will depend
on resources available, interest of cooperators, and CIMMYT policy.
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Germplasm Development in Sub-Saharan Africa

with Emphasis 00 Streak Resistance

A.o. Diallo and Y. Dosso •

Background

During the late 1970s, CIMMYT began special breeding projects in outreach programs to
address region-specific stresses. One ofthe projects was ajoint effort with the
International Institute ofTropical Agriculture (lITA) in Nigeria in the early 1980s to
develop lowland tropical, streak resistant maize for sub-Saharan Africa. In 1990, lITA
assumed responsibility for maize germplasm development and testing in West and Central
Africa, working together with CIMMYT to supply the widest range of germplasm
possible. As part of this collaboration, CIMMYT posted a breeder to the lITA maize
station in the moist savanna ofCote d'Ivoire to introduce streak virus resistance into
CIMMYT's late-maturing, lowland tropical maize germplasm and to ensure that resulting
products are made available to breeders through IITA's testing network for West and
Central Africa. From 1987 to 1992, improvement of maize germplasm of early and
intermediate maturity was handled at the CIMMYT midaltitude maize station in
Zimbabwe. Rearing facilities for the leafhopper insect that transmits streak virus became
operational in Cote d'Ivoire in 1993.

Lowland Tropical Mega-Environments in Sub-Saharan Alrica

CIMMYT has identified three germplasm classes suited to tropical, sub-Saharan Africa.
Sorne of their characteristics are described below:

Lowland tropical, early and extra-early maturity (2.0 million hectares) -- Most ofthis
environment is reported as drought-prone and affected by streak, leafblights
(Bipolaris maydis) stalk borers, fusarium stalk and ear rots, and southern rust
(Puccinia polysora).
Lowland tropical intermediate maturity (1.6 million hectares) -- Maize germplasm in
this class is attacked by streak, maydis leaf blight and stalk borers. Other important
pests are fusarium kernel (ear) rots, termites, arrnyworm, storage pests, and southern
rust. Occasional drought affects sorne of the area of this mega-environment.
Lowland tropical. late and extra-late maturity (3.6 millions hectares) -- Most ofthe
maize germplasm in this class is susceptible to attack by streak, stalk. borers, southern
rust, maydis leaf blight and ear stalk rots. Other constraints such as Striga, low soil
fertility, high soil acidity and downy mildew are considered less important but can
affect yields significantly.

• Breeder and technical assistant, CIMMYT-IITA regional office, Bouaké, Cote d'Ivoire.
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White grain is preferred on 93 % of the area sown to maize in sub-Saharan Africa, and
dent grain is slightly more popular (54%) than flint (46%) (Fig. 1). Early and intermediate
white flints are preferred in Eastern and Southern Africa, whereas late white flints and
dents are more popular in West and Central Africa (Fig. 2) (CIMMYT 1988).

Accomplishments

By 1988 a good level of streak resistance had been attained in the population La Posta,
and 14 resistant varieties had been developed from it. Another 14 varieties from other
CIMMYT sources and three downy mildew populations had been converted to streak
resistance through backcrossing (Table 1). Fourteen varieties based on streak resistance
conversion had been released in six countries (CIMMYT 1989).

In 1992, 22 streak resistant, lowland tropical inbred lines (CML 217 through CML 238)
were made available to cooperators.

One synthetic (S9243) with very high levels of streak resistance was developed and is
being used as a stock donor for the Tuxpeño heterotic group.

Status of CIMMYT Lowland Tropical Maize Development Program in Africa

Germplasm development and improvement
Objectives -- The primary objectives of the CIMMYT tropicallowland maize program in
Africa is to 1) introduce resistance to major, regional pests into CIMMYT's lowland
maize populations and to ensure that this germplasm is available to the countries of West
and Central Africa through inclusion in lITA's regional testing network and 2) provide
streak resistant germplasm of early early and intermediate maturity for lowland tropical
ecologies in Eastern and Southem Africa.

From 1980 to 1986, emphasis was placed on population improvement and streak
conversion through backcrossing, limiting our offerings to experimental varieties and
improved populations. Beginning in 1988 and in response to clients' increased interest in
hybrids, we added inbred lines and synthetics to our development programs, while
stressing resistance/tolerance to streak, Striga, drought, and downy mildew.

Germplasm sources
To develop the above, we draw on the following germplasm:

Streak resistant materials developed during the period 1980-1986.
Germplasm from low1and tropical subprograms -at CIMMYT headquarters and at
Cali, Colombia, Harare, Zimbabwe, and Bangkok, Thailand.
Germplasm from the physio1ogy subprogram at CIMMYT headquarters.
Germplasm from the lITA maize breeding programo,
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Population improvement
To maintain the flow of CIMMYT germplasm into the region, we began improvement of
streak resistant populations EV8721-SR, EV8722-SR, EV8725-SR, and EV8744-SR. To
remove undesirab1e characters and improve inbreeding tolerance, we used S2 selection.
One cycle has been completed and the new versions have been nominated for regional
testing. These populations are closed and will be replaced in 1995 with new synthetics
formed from S3 streak resistant lines from the same populations.

Populations undergoing long term recurrent selection
Three populations have been formed for lowland tropical areas of Eastem Africa.
Populations 32-SR (intermediate white flint) and 49-SR (intermediate white dent) are
undergoing SI reciprocal recurrent selection initiated by staff at our regional station in
Harare, Zimbabwe. After completing the frrst cycle of selection, we will begin using S2
reciprocal recurrent selection using S2 testcrosses, a methodology which seems more
appropriate for improving hybrid oriented populations and extracting elite inbred lines.
The popu1ations will be improved in collaboration with the national programs of Ma1awi
and Mozambique, countries where such materials are needed. The early white flint
population, EWF-SR, has been undergoing SI recurrent selection at Harare. After the
completion of the frrst cycle of selection, half-sib recurrent selection will be initiated.

Population formation
To form late white, streak resistant, hybrid oriented popu1ations, S3 lines were developed
from six CIMMYTIIITA, streak resistant, late white populations. They were evaluated
for combining ability using streak resistant varieties from Tuxpeño and Eto as testers in
1993B. The best S3 lines in combination were selected and planted under streak pressure.
Streak reactions were rated at 21 days after inoculation and at flowering, using a 1-to-5
scale (where 1 =resistant and 5 = susceptible). The frequency ofresistant lines (scores of
1.0 to 2.5) was generally low at both stages ofplant growth, but increased with the age of
the plants (Figs. 3a and 3b). Lines with scores of 1 to 3 were selected and resistant plants
self-pollinated. From this, 359 S4lines in bulk were harvested and evaluated again under
streak pressure (Figs. 4a and 4b). The number ofresistant lines increased an average 14%
from S3 to S4 across populations (Fig. 5). At harvest the best 35 to 40 dent 1ines will be
recombined to form a streak resistant late white dent population (SRLWDP) and the best
35 to 40 S4 flint 1ines will be recombined to form a streak resistant late white flint
population (SRWFP). We believe the two populations will serve as good sources of
streak resistant inbred lines and donor stock for streak resistance.

To convert new germplasm to streak resistance, 1arge amounts of materials from
CIMMYT subprograms have been evaluated over 1990-1993 in Cote d'Ivoire. Four
populations with special traits have been retained for streak conversion: THG-A
(Tropical Heterotic Group A), THG-B (Tropical Heterotic Group B), POB 302 (a
population that possesses good stalk and root quality), and SPL (Semi Prolific Late
Population). The materials were selfed in 1993A and crossed with streak resistance
sources of the same heterotic group in 1993B. The F1 crosses were planted in 1994A for
selfmg. For POB 302 and SPL, the normal backcrossing procedure \\'111 be followed under
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streak infestation to convert them to streak resistance. For THG-A and THG-B, a
pedigree selection procedure under streak infestation will be used to develop S4, streak
resistant lines. Those which exhibit good combining ability wiIl be recombined to form
streak resistant versions of the populations.

Improvement oC new populations
The new hybrid oriented populations, SRLWD and SRLWF, will be handled using S2
reciprocal recurrent selection. High population density and/or drought stress will be used
in the breeding nursery to enhance selection for reduced anthesis-silking interval (ASI).
Three locations wiIl be used in Cote d'Ivoire and one in coIlaboration with lITA in
Nigeria

Development oC inbred lines and bybrids
As part of pedigree selection in streak resistant and F2 populations, over 1990-1994 the
main CIMMYTIIITA streak resistant populations have been subjected to several
generations of se1fmg. By late 1996 the frrst generation of late white, streak resistant
inbred lines, as weIl as two hybrid oriented populations, wiIl be available. Superior streak
resistant lines within the same heterotic group wiIl be recycled. In addition, selected
lowland tropical CIMMYT maize lines (CML) wiIl be crossed with our elite streak
resistant lines ofthe same heterotic group to form F2 populations and initiate pedigree
selection in the segregating generations. Finally, new, early-generation lines wiIl be
identified from the ongoing reciprocal recurrent selection and streak conversion programs
for further inbreeding.

In sorne cases, backcrossing wiIl be used to convert certain CMLs with special traits to
streak resistance. Promising lines wiIl be evaluated under high density, drought, and two
levels ofnitrogen (low and high). The selected elite inbreds wiIl be used to form inbreeding
tolerant populations, synthetics (including narrow base synthetics), and hybrids (mainly
non-conventional).

Special Projects

Striga
Parasitic weeds such as Striga spp. infest 40% of arable land in the savanna region and
threaten the lives ofover 100 million people in Africa (Lagoke et al 1988). In 1992 we
began research on the genetic variability for resistance or tolerance to Striga in CIMMYT
streak resistant germplasm using two field infestation methods: without preconditioning
and with preconditioning 15 days before planting. In 1992 and 1993, 100 S3 lines from 3
streak resistant populations were evaluated under artificial infestation with Striga using a
simple 1attice design in two-row plots with two replications (one infested and one non
infested). Measurements included Striga dry matter and yield from infested and non
infested plots. Results were highly variable, probably because 1) a low level ofnitrogen
was used, so as to enhance Striga emergence and growth, and 2) savanna soils are highIy
variable. Four lines, including one from lITA, showed only small yield reductions under
Striga pressure and resulted in little emerged Striga dry matter (Table 2 and Fig. 6). Three
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lines, including one lITA susceptible line, showed significant yield reductions and Striga
infestation. In 1994B, resistant and susceptible lines were planted in a split plot
experiment with five replications to confirm 1992 and 1993 fmdings. From the aboye, we
have drawn the following preliminary conclusions:

Genetic variability for tolerance to Striga seems to exists in the CIMMYT maize
populations under evaluation.
The infestation method is reliable, but soil variability is difficult to control under low
nitrogen levels (a prerequisite to enhanced Striga emergence and growth).
Consequently, genetic gain by recurrent selection will be very small.
Subject to reconfirmation, the development of inbred lines and synthetics holds
promise as an avenue for breeding for Striga tolerance in maize.
Regarding infestation methods, preliminary data indicate tha!, if irrigation facilities are
available, 15-day preconditioning is not necessary; one can infest and plant at the
same time in moist soils.

Developing new sources oC streak resistance
Reynaud et al (1987) reported that the streak resistant varieties developed at lITA are
tolerant in La Reuníon. He has developed a streak resistance source which is as good as
our synthetic S9243 in West African conditions. The two sources of streak resistance will
be combined in future collaborative research with CIMMYT staff at Harare, Zimbabwe.

Drought and streak
Drought is an important constraint for maize production in sub-Saharan Afrlca. To
identify good, drought resistant germplasm for conversion to streak resistance, we are
collaborating in a drought tolerance network organized by the physiology subprogram,
CIMMYT headquarters. In 1993A, we also began evaluating elite lines under drought
conditions and high density. 2 Superior, drought tolerant lines are recombined to form
drought tolerant synthetics.

Future Plans

Streak conversion
The following materials will be converted to streak resistance:

Two aluminum toxicity tolerant materials (one white and one yellow)
La Posta sequia
Tuxpeno sequia
DTP2
MIRT
One Extra early white
One Extra early yellow

2 Evaluations were not completed in 1994A because of poor seed germination.
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IdeDtificatioD of DeW streak resistaDce sources
Lowland tropical CMLs wiIl be screened under streak pressure.

Population formation
Two intermediate white (one flint and one dent) downy mildew and streak resistant
populations wiIl be developed in coIlaboration with CIMMYT staff in Thailand and
Zimbabwe to serve the needs of lowland areas in Mozambique, Malawi and Uganela.

Striga
Lowland tropical CMLs wiIl be screened under Striga pressure.
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TabIe 1. Streak resistant gennpIasm developed by CIMMYT in collaboration with IITA.

Name Description

EV2l-SR· Tropical lowland, late white dent
EV22-SR Tropical lowland, late white semident
EV25-SR Tropical lowland, late white flint
EV28-SR Tropical lowland, late yellow dent
EV29-SR Tropical lowland, late white semident
EV30-SR Tropical lowland, early white flint
EV3l-SR Tropical lowland, early yellow flint
EV44-SR Subtropical, late white dent
EV49-SR Tropical lowland, intermediate white dent
EV62-SR Tropicallowland, late white flint, QPM
Popo 66-SR Tropical lowland, late yellow dento QPM
La Posta (Pop. 43) Tropical lowland, late white dent
Pool l6-SR Tropical lowland, intermediate white dent
Suwan l-SR Tropicallowland, yellow semident
EV23-SR Tropical lowland, intermediate white flint
EV26-SR Tropical lowland, intermediate yellow flint
EV32-SR Subtropical, intermediate yellow flint
Popo 31 DMRSR·· Tropical lowland, early yellow flint
Popo 22 DMRSR Tropical lowland, late white semident
Popo 28 DMRSR Tropicallowland, late yellow dent

• SR = streak resistant; •• DMRSR =resistant to streak and downy mildew.
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Main constraints:
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Fig. 1. Area sown to major germplasm classes, by maturlty, and preferences In grain type
for malze In Sub-Saharan Afrlca.
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Fig. 2. Tropical malze dlstrlbutlon per region In Sub-Saharan Africa (x 1000 ha).
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Fig. 3A. Frequency dlstrlbutlon In % of reactlon of 359 S3 IInes 21 days after artificial
Inoculation wlth malze streak virus.
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..Fig. 38. Frequency dlstrlbutlon In % at flowering of reaction of 359 S3 IInes to artificial
Inoculatlon with malze streak virus.

56



EV8721SR EV8725SR EV87TZBSR TZLCOMP3
Populations

70

60

50

40
e:
Q)
(J 30...
Q)

~

20

10

O
POP43

0 1

EV8744SR

1.5 .2 ~ 2.5

Second Screenlng

3 113.5.4

Flg. 4A. Frequeney dlstrlbutlon In % of reaetlon of 359 S4 Unes 21 days after artificial
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International Testing and Adoption

oC Lowland Tropical Maize Germplasm

G. Srinivasan •

Introduction

Over 60% of the non-temperate maize in the developing world is grown in lowland
tropical environments. These environments are characterized, among other things, by a
complex array ofbiotic and abiotic stresses which limit productivity. Many developing
countries with large lowland tropical maize areas are also characterized by high levels of
poverty, weaker national agricultural research systems (NARS), and a dependence on
maize as a main source of calories. Due to the aboye, the CIMMYT Maize Program has
traditionally given highest priority to germplasm improvement for the lowland tropics.

A cross-pollinated crop, maize offers breeders the opportunity to develop a range of
germplasm products, including genetically broad-based pools and populations, open
pollinated varieties (OPVs) and synthetics, and conventional and non-conventional
hybrids. Maize OPVs are widely grown in the lowland tropics ofthe developing world
(Pandey et al. 1991) and are preferred over hybrids due to nonsignificant differences
between OPVs and hybrids under high-stress and in low-yielding marginal environments,
limited resources to buy hybrid seeds and other farm inputs, and lack of effective seed
production and distribution systems (Paliwal and Sprague, 1981; CIMMYT, 1987). For
these reasons, over the last two decades the Maize Program has put strong emphasis on
developing OPVs and supported the national programs in this area. This strategy has paid
great dividends, as measured by the number ofOPVs released that have been based on
CIMMYT maize germplasm and the area sown to such varieties. Still, beginning in the
1980s, national programs have shown an increased interest in hybrid maize. Their interest
stems from their growing research capabilities, in certain cases, as well as the development
of public and private seed industry and a desire to improve productivity by exploiting
hybrid vigor, as has been done with maize in deve10ping countries.

The CIMMYT Maize Program has developed and improved several pools and
populations in the last two decades to suit lowland tropical environments. In addition to
the general purpose germplasm developed at our headquarters in Mexico, special trait
germplasm is developed by staffposted at Cali, Colombia (for acid soil tolerance);
Bangkok, Thailand (for downy mildew resistance); and Cote d'Ivoire (for streak
resistance). The work of our regional offices is described in detail in other chapters of this
document.

• Head. Maize International Testing, and highland breeder.
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Tbe Role oC International Testing in Germplasm Improvement and Dissemination

Intemational testing of CIMMYT's maize germplasm has four functions:

1. It serves as a mechanism for breeders to test the progenies from a population
through the network of intemational progeny testing trials (IPTTs) in varied
environments and to identify superior performing families for selection and further
population improvement.

2. It helps breeders in forming open-pollinated products such as experimental varieties
and synthetics, based on the IPTT results, and to evaluate their performance in
experimental varietal trials (EVTs) and elite variety trials (ELVTs) in many diverse
environments. The superior germplasm thus identified is used by national programs
in breeding research or released directIy to farmers.

3. More recentIy, with the introduction of CIMMYT hybrid trials (CHTs) and the
testing oftopcross progenies in selected IPTTs, cooperators can identify superior
hybrid combinations suited to their environments. These hybrids can either be
released as such or used in a hybrid research programo CIMMYT will provide
limited quantities of parent seed for the elite hybrid combinations identified through
CHTs.

4. For many national programs, intemational trials serve as a demonstration and/or
advertisement of our improved and most recentIy developed germplasm products, as
well as those still "in the pipeline." This is especially important for cooperators who
are evaluating CIMMYT germplasm for the frrst time.

Intemational Testing oC Lowland Tropical Populations

The CIMMYT Maize Program put together several gene pools and populations in the
late 19605 and early 70s for different ecologies. Realizing the importance of systematic
testing and dissemination of this improved germplasm, the Program began intemational
testing in 1974. During the first year, progeny trials from 28 populations were sent out
for testing. These were given trial numbers 21 to 48. The frrst 20 trials were reserved for
experimental varietal trials, trials from the bank, etc. Ofthe 28 progeny testing trials, 15
were devoted to lowland tropical populations, eight to subtropical populations, and the
remaining five to quality protein maize (QPM) populations. Over time, trial number
became synonymous with population number and served as an easy way of referring to
the population. For example, trial no. 21 became Population 21. Sorne populations (26,
29 and 35, for example) have since been removed from the intemational testing and
population improvement system, either for lack ofdemand, lessened genetic gain per
cycle, or other reasons. Other populations have been added; Population 49 (Blanco
dentado-2) was formed in 1979 from Tuxpeño Crema-l C17 and included in the
intemational testing system and improved for reduced plant height and earlier maturity.
Currently 13 tropical populations are undergoing improvement through IPTTs:
Populations 21, 22, 23, 25, 30, 32,43 and 49, ofwhite grain type, and Populations 24,
27,28,31 and 36, ofyellow grain.
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The first two cycles ofthese populations involved two growing seasons per year, so each
cycle could be completed in one year. In 1976, a modified full-sib recurrent selection
procedure was started which required four cropping seasons, or two years, to complete
one cycle. These populations have undergone several cycles of improvement through the
intemational testing system with emphasis on yield, stability, disease resistance and other
characters. Since 1985, Populations 21 and 32 (Tuxpefto 1 and ETO Blanco) have been
handled using modified reciprocal recurrent selection to improve heterosis between them.
More recently, modified half-sib recurrent selection is being used in a few populations
(e.g., Populations 30 and 36).

In the mid-1980s, with funding from USAIDIUSDA, CIMMYT scientists and maize
breeders from US universities looked critically at intemational testing data to evaluate
progress through population improvement (Gardner et al., 1990). They reported no
evidence of a reduction in genetic variation in the populations, noted that the adaptation
of the populations had broadened, and stated that the progress observed was due largely
to the elimination ofdeleterious genes, shortened plant height, and increased harvest
indexo

Progress from full-sib recurrent selection in eight tropical maize populations using
international testing was documented by Pandey et al. (1986). Gains in grain yield ranged
from -3.12% to 4.06% per cycle. A similar study (Pandey et al., 1987) on four
populations of intermediate maturity showed rates of progress for grain yield of 0.48% to
3.16% per cycle, with an average of 2.11 %. These populations have undergone several
more cycles of improvement, and results from a more recent evaluation point to continued
gains in yield and traits such disease resistance and maturity, among others.

Experimental Variety Trials (EVTs) and Elite Variety Trials (ELVTs)

Yield and agronomic data from each IPTT site are used to identify the 10 best full-sib
families, from which experimental varieties (EVs) are formed for inclusion in EVTs. The
EVs are developed by making plant-to-plant crosses among the selected families in all
possible combinations, and advancing to the F2 stage by bulk pollination. They are
assigned a name that indicates the year and location in which the IPTT was grown, as well
as the number ofthe population. The EV "Poza Rica 8843," for example, was developed
from the 10 best families ofIPTT 43 tested at Poza Rica, Mexico, in 1988. In addition, a
site-specific EV can be formed upon request from cooperators, using certain families they
have found to be superior based on their own field observations. In this case a number is
inserted in parentheses after the name ofthe test location, as in Takfa (1) 8722. For each
IPTT, one experimental variety, termed an "Across EV," is formed on the basis of
combined information from all sites reporting data. An example is Across 8832, which
was developed on the basis of 1988 IPTT 32 results from six sites.

EVTs are organized according to ecological adaptation (tropical, subtropical, or highland),
maturity, and grain color. EVs from lowland tropical populations are included in four
types ofEVTs. The EVTs 12 and 13 include varieties oflate maturity and white and
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yellow grain color, respectively. The best (elite) entries from these two EVTs are tested
in ELVT 18A. Similarly, EVTs 14A and 14B include varieties ofintermediate-to-early
maturity and yellow and white grain color, respectively. The best (elite) entries from
these two EVTs are tested in ELVT 18B. These trials typically include 10-to-20 new
EVs, 2 stable high yielding EVs from previous years (termed reference entries), and 2 local
checks supplied by the national programs. Distribution of EVTs began in 1975. In a given
year, each EVTIELVT will be tested at 30-to-60 sites, depending on the demand from
cooperators. In recent years, we have tried to include promising special-purpose materials
and stress-tolerant germplasm in these trials.

Figure 1 shows the distribution of Iowland tropical EVTs and ELVTs. There was an
unusually high demand during 1988 for both EVTs and ELVTs, due to increased
participation from sorne countries in South America. With slight variation from year to
year, in generally more than 70% ofthe trials CIMMYT varieties yielded more than or
equal to the best local check (Fig. 2). It should be noted that, in recent years, Ieading
commercial hybrids are being used as local checks in many locations.

Yield Stability in Lowland Tropical Experimental Varienes

CIMMYT devotes substantial effort to producing stable, high-yielding varieties that
perform well over a wide range of environments, and the IPTT system was designed with
this objective in mind. Several studies have shown that, in both tropical and subtropical
ecologies, CIMMYT experimental varieties exhibit considerable yield stability.

Using principal coordinate analysis (Westcott, 1987) on intemational testing data from
two tropical EVTs (EVT 12 and EVT 13) distributed over 1979-1983, Crossa et al.
(1988a) found that Population 22 (Mezcla Tropical Blanca) had given rise to 4 stable
varieties, that 3 stable varieties had been derived from Population 43 (La Posta), and that
11 selections from Population 28 (Amarillo Dentado) showed a generally good stability
pattem -- 6 in both high and low yielding environments. Across-site EVs, however, were
not always more stable than site-specific selections. Varieties formed from Populations
22, 43 and 28, based on progeny performance at Poza Rica, Mexico; La Máquina,
Guatemala; or Ferkessedougou, Cote d'Ivoire; gave stable yields at other sites around the
world.

Using a spatial model Crossa et al. (1988b) looked at the yieId stability of intermediate
earIy maturing varieties tested in EVT 14A and 14B during 1980-1983. Selections from
Population 26 (Mezcla Amarilla) exhibited good stability at high yieIding sites, whereas
varieties from Population 35 (Antigua-Republica Dominicana) tended to be more stable in
unfavorable environments. Among white materials, Population 23 (Blanco Cristalino-l)
and Population 49 (Blanco Dentado-2) were stable in both Iow and high yieIding
environments. Varieties formed based on selections from Poza Rica, Mexico; Tocumen,
Panama; and Islamabad, Pakistan; were more stable consistently across locations.
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In another study, Crossa et al. (1990) utilized the Additive Main Effects and
Multiplicative Interaction (AMMI) method to look at the G x E interactions among
tropical, intennediate-early, white varieties (EVT 14B) grown in 1985 in 38
environments. Results show that AMMI increased the precision of yield estimates
equivalent to increasing the number ofreplications by a factor of2.59.

Identifying Key Sites for Testing

The huge amount of historical data accumulated through more than 20 years of
international testing can be used to group testing sites in a consistent and meaningful way.
The EVT across-site summaries in the international testing reports present means for
sites to be grouped by region (South America, Central AmericaiMexico, Asia, etc.),
because this is an easy and sometimes useful grouping. However, locations in different
regions may have more in common in tenns of gennplasm performance than sites within
the same region. The challenge is to identify groupings of sites that show long-tenn
similarities in discriminating among maize genotypes. Cluster analysis and other similar
techniques based on single-year yield data have identified different groups of sites in
different years, sometimes putting together locations with large differences in altitude,
latitude, or other physical parameters. Classification of sites based only on agroclimatic
factors such as altitude, rainfall, and maximum and minimum temperatures is somewhat
usefuI. Using 10 years ofagroclimatic data, Pollak and Pham (1989) classed test sites in
West Africa into two areas with different rainfall patterns, and three areas of East and
South Africa with different temperature patterns.

Adoption of CIMMYT's Lowland Tropical Germplasm

Superior EVs from EVTs and ELVTs are used by national programs in various ways. In
sorne cases they may be released directly for use by farmers. In most instances, though,
the varieties are picked up by breeding programs for introgression, further testing and
improvement, or use as parents in crosses. Upon request cooperators are provided with
sufficient nucleus seed of EVs for further seed increase and use.

In 1990, the CIMMYT Maize and Economics Programs conducted a joint study to assess
the adoption and impact of CIMMYT maize gennplasm in developing countries. The
survey showed that more than 438 varieties released by national agricultural research
systems from 1965 to 1990 contained CIMMYT contributions in their parentage, and
that approximately 70% ofthese were oflowland tropical adaptation (Figs. 3 and 6).
Fully one-third of the lowland tropical varieties containing CIMMYT gennplasm
comprised direct releases of CIMMYT EVS. A large portion of the CIMMYT-derived,
lowland tropical varieties have been released by national programs in Central America and
Africa (Fig. 4).

The use of CIMMYT lowland tropical gennplasm has increased steadily over the years,
and reached its highest levels during the 1980s (Fig. 5). With the increased emphasis on
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hybrid oriented products and the availability of CIMMYT inbred lines, we expect that
the use of CIMMYT maize germplasm by public and private sector institutions and
companies wi11 increase in years to come. To date, open po11inated varieties constitute a
major portion of the releases, but hybrids containing CIMMYT germplasm have also
been developed by national programs (Fig. 6). In a11 cases, Tuxpeño-based germplasm
figured largely in the background of lowland tropical releases containing CIMMYT
contributions.

Some 13.2 million hectares of non-temperate maize area in developing countries is sown
to CIMMYT-derived varieties -- 50% of the area devoted to improved varieties
(CIMMYT, 1993). CIMMYT germplasm has so far had the greatest impact in the
lowland tropics; fully 85% of the area planted to varieties derived from CIMMYT
germplasm lies within this zone (CIMMYT, 1992). Release of CIMMYT based maize
germplasm in the 10wland tropics has continued at a brisk pace in almost all the regions of
the developing world. Some ofthe recent releases are CIANO H-431, a hybrid released in
Mexico in 1993 involving a line derived from Pool 24, and Sikuaní V-110, an acid-soil
tolerant variety released in Colombia in 1994.

Recent ehanleS in International Testing

During 1991-1992, maize population improvement and international testing underwent a
series of in-depth internal and external reviews. Several of the recommendations emaIlating
from these reviews are being implemented.

One significant addition is the introduction of hybrid trials in the international testing
system from the 1994 growing season. Our breeders at headquarters and outreach have
assessed several promising hybrids through limited multilocation testing during the recent
years. Superior and stable hybrids were included in international hybrid trials distributed
in 1994. Two lowland CIMMYT hybrid tropical trials, white (CH1TW) and ye110w
(CHITy), are being tested at severallocations around the world.

With the introduction ofhybrid trials, we expect a higher initial demand for these trials
and a declining demand for EVTs. Nevertheless, EVTs wi11 continue to be offered to our
cooperators and we believe that there is a defmite need for both hybrids and open
po11inated varieties in severa! ofour client countries. The number ofEVTs wi11 be limited
to 20 or 30, to accommodate the new hybrid trials in the system.

In line with other recommendations with regard to the EVTs, we have reduced the plot
size from four rows to two, and included onIy entries of similar maturities and plant type
to avoid competition effects. We are examining the suggestion of reducing the number of
replications from 4 to 3. As and when the new CIMMYTIMSU data management system
becomes operational, we wi11 introduce alpha-Iattices and other unbalanced designs to
improve experimental efficiency.
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To begin implementing recornmendations on key-site or target-site testing for population
improvement, we have identified several key test sites for different mega-environments,
based on 1,508 data sets from maize international during 1984-1991 (Srinivasan et al.,
1993). Our breeders are using this information in selecting test sites for the 1994
intemational testing.
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Hybrid Development

in Lowland Tropical Maize Germplasm

s.K. Vasal, S. McLean, and 1. Narro •

Research pertaining to hybrid development at CIMMYT was initiated a decade ago. In
fact the CIMMYT Maize Program did not have a hybrid component up until 1984.
Limited combining ability studies were, however, attempted to characterize CIMMYT
maize germplasm. Heterotic pattems were worked out using Tuxpeño Planta Baja and Eto
Planta Baja as opposite testers. In the past decade, national maize programs have
demonstrated an increasing interest in hybrid work. Though the proportion of hybrid
releases in relation to total variety releases does not always reflect this change in sorne
regions, it should be remembered that, unlike the case ofOPVs, several years ofhybrid
breeding and testing work are required before a hybrid may actually qualify for release.
AIso, depending upon the type of hybrid to be released, this time frame can fluctuate. It
is apparent that sorne large and strong national programs that had hybrid components in
1960s de-emphasized this in the 1970s and later shifted toward hybrids in the 1980s.

Beginning in 1985, the CIMMYT Maize Program embarked on a new research initiative
to bring about further increases in maize productivity through the manipulation of
heterosis. Initially the effort was modest, encompassing several hybrid-related activities
as opposed to the strictly inbred-hybrid development program often envisaged by maize
breeders. An important component of this program was to train young scientists from the
developing countries in hybrid development procedures, through visits at CIMMYT for
varying periods oftime. This chapter describes activities considered important in the
development of hybrids for the lowland tropics.

Characterization oí CIMMYT Maize Germplasm

Information on combining ability behavior and heterotic patterns of lowland tropical
maize germplasm has been considered quite important from the outset. High priority has
been given to research that provides such information for CIMMYT's own program and
for breeders in national programs who use our germplasm. The task was both urgent and
laborious, considering the number of gene pools, populations, and other special trait
maize germplasm we handle. The materials had to be grouped based on maturity, grain
color and texture. Three diallels were formed involving different numbers of parents.
Parents and F1s were evaluated at severallocations. From this extensive work, several
parents exhibiting high general combining ability (GCA) were identified. AIso, as
expected, heterosis among the materials within each group was not very high, with few
exceptions. Nevertheless, sorne clearcut heterotic patterns emerged from this work and

• Leader, lowland tropical maize subprogram; associate scientist; and postdoctoral fel1ow, Cali, Colombia.
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patteros reported previously by other workers were reconfirmed (Table 1). Since this
information was generated, several new materials have been developed at headquarters and
in the regional programs ofAsia, South America, and Central and South Africa, and the
heterotic relationships of this recently developed germplasm should be studied.

Hybrid-Oriented Source Germplasm

Source populations constitute the building block ofhybrid development and must
possess at least the basic attributes for hybrid development. Such populations should
have tolerance to inbreeding, good OCA, good heterotic relationships and cross-bred
performance to one or more populations, characteristics that wiIl make it useful either as a
poIlen or seed parent, and (perhaps most importantly) desirable agronomic attributes.

Improving tolerance to inbreeding stress
The lack of tolerance to inbreeding in lowland tropical maize germplasm has been the
major obstacle to developing vigorous and productive lines. Inbreeding adversely affects
ear size, seed size, seed yield, vigour and in sorne cases even reproductive behaviour.
Thus tolerance to inbreeding is quite crucial for hybrid development work. Experimental
data generated at CIMMYT indicate that this trait can be improved through recurrent
selection procedures involving inbreeding schemes. Nine lowland tropical maize
populations were improved for this trait using S3 recurrent selection for two cycles, as
part of on-going inbred line development (Tables 2 and 3). Selection improved the grain
yield of S1s, and the linear gain per cycle ranged between 4.2 to 11.8% in the tropical, late
white Populations 21, 25, 29 and 32. Selection did not significantly affect grain moisture,
days to silk, or anthesis-silking interval, but did increase plant height in certain
populations. Inbreeding depression for grain yield decreased from 41.1% in Co to 33.3%
in C2 across populations. Populations thus improved would serve as better source
germplasm for the extraction of vigorous inbred progenitors.

Improvement for combining ability
This important aspect is currently being emphasized in both germplasm development and
population improvement activities. Improvement for combining ability is an inherent part
of interpopulation improvement. However, at CIMMYT we have modified our
intrapopulation improvement procedures to better select families that can help enhance
combining ability.

Maximizing cross-bred peñormance
Yield gains in hybrids can result from improvements in the inbred parent per se and/or
increased heterosis due to specific combining ability. Interpopulation improvement
schemes are most suitable for achieving the latter goal. Only Populations 21 and 32 are
currently undergoing modified reciprocal recurrent selection, but additional populations
will be handled this way in the near future.

70



Inbred based populations
Good-perfonning inbreds should be used in as many ways as possible, in addition to their
use in developing conventional hybrids. For example, we have drawn on such lines to
develop four tropical inbred-based populations (IBP) designated as IBP-l (late white
dent), IBP-2 (late white flint), IBP-3 (late yellow dent) and IBP-4 (late yellow flint).
Even though heterotic pattem was not a major criterion in forming these populations,
their genetic constitution and grain texture (dent vs flint) suggest they may have use as
heterotic populations.

Formation oC new tropical heterotic groups
Several promising inbred lines were tested for heterotic pattems using two dent and two
flint inbred testers. Based on the results, 35 inbred lines were recombined to fonn tropical
heterotic group (THG)-A and another 25 to fonn THG-B. Additional preparatory work
is underway to put these populations into sorne sort of interpopulation improvement
system.

Special trait populations
lnbreeding serves as an important tool to expose traits that are rarely encountered at the
population or family level in maize populations. This applies to the whole array of traits
most sought by breeders: lodging resistance, disease resistance, low ear placement, erect
leaves, prolificacy, long ears, proper ear shape, deep kemels, and proper ear row number,
among others. Lines exhibiting desirable traits can be recombined into trait-oriented
synthetics. Using this approach we have developed a lodging resistant population, long
ear synthetics, a stay green population, and tar spot resistant populations. Every such
character does not necessarily have to end up in a population; through recycling
procedures, the traits can perhaps be introduced into other lines.

Development oC inbred parents
Over the last decade, the lowland tropical maize subprogram has developed several
productive lines that also combine well. Sources of the lines include original populations,
inbreeding tolerant populations, recycling ofelite lines, recycling of early generation lines,
and high yielding early generation lines reconstituted through the forward and reverse
inbreeding procedure (FRIP). The procedure is quite similar to that employed in modified
single crosses, except that the sister lines in the more advanced inbreeding stages are
recombined to develop an improved version of the same early generation inbred lineo

During inbreeding phases, high density is emphasized. Inbreeding is also accompanied by
evaluation for yield and other important traits such as husk cover, standability, foliar
disease resistance, and ear aspecto Inbred lines are evaluated for combining ability after the
S3 or S4 stage and are also tested in line evaluation trials (LETs). Lines in LETs are
characterized thoroughly and one or two replications are sometimes grown under high
plant density and artificial disease stress. The data collected contribute significantly to
planning for crossing programs to fonn single and three-way hybrids.
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Evaluation of inbreds for various traits
Inbreds are periodically evaluated for specific traits (Tables 4,5 and 6). Several inbreds
have been evaluated for ear rots using artificial inoculation teclmiques, and some have been
identified as sources of resistance. Similarly a handful of inbred lines have been found
resistant to drought. In recent tests under artificial infestation with borer species and fall
armywonn involving several CIMMYT inbred lines already available to cooperators,
some lines showed a fair level of resistance to the pests.

Identification of tester Iines
Testers (inbreds as well as non-inbred progenitors) are extremely useful in population and
hybrid breeding. A central priority of the lowland tropical subprogram is to identify a set
of testers to serve as reference points for various objectives in hybrid breeding. We have
continued our efforts to identify new and better testers from different source populations.
Older testers are continuously replaced by newer ones. More recent testers represent
highly inbred progenitors, and through our latest efforts we have identified 19 white tester
lines and 15 yellow tester lines.

Hybrid Peñormance

Over the last decade we have developed conventional and non-conventional hybrids,
severa! ofwhich perfonn quite well (Table 7). We have also evaluated severa! single,
three-way, and double cross hybrids (Tables 8 and 9).

We have obtained very good infonnation from our 1993 single cross and three-way cross
hybrid trials (Table 10). Good combining lines have been identified (Table 11 and 12), in
addition to superior single cross and three-way hybrid combinations (Table 13, 14 and
15). Severa! of the hybrids outperfonned the best checks included in the trials.

Two-Parent vs Multiparent Hybrids

Hybrid development, ifcarried out in fuIl swing, is quite demanding. Because of limited
manpower and resources it will be more efficient if we concentrate our efforts on two
parent hybrids. A few multiparent hybrids could be fonned but large scale production and
evaluation of such hybrids will be discouraged in the lowland tropical maize subprogram,
due to resource limitations. This approach will both simplify hybrid development and
permit the evaluation ofmore hybrid combinations. Good single crosses identified by
CIMMYT can be used by the national programs as testers in developing new three-way
and double cross hybrid combinations.
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International Hybrid Triats

Starting in 1994, two lowland tropical maize hybrid trials have been sent out to more than
70 locations in countries worldwide. There are two types oftrials CHTTW, involving
white grain maize, and CHTTY comprising yellow. Each trial consists of 20 entries,
including 3 checks.

Announcement of Maize Inbred Lines

In two separate announcements during 1991 and 1994, the lowland tropical maize
subprogram at CIMMYT headquarters made 120 yellow and white inbreds available to
interested cooperators (58 in 1991 and 62 in 1994; Table 16). Fifty seeds ofeach line are
supplied free of cost to those who request it. The announcement ofnew and diverse
inbreds wiIl continue in the future.

Table 1. Possible heterotic partner(s) for lowland tropical maize populations

Population

21
22
23
24
25
26
29

31
32
43
49

Possible heterotic partner (s)

Population 32, Population 25, Pool 23
Population 32, Population 25
Pool 20, Population 49
Population 36, Suwan, Population 27
Population 21, Population 22, Population 43, Pool 24
Pool 21
Population 32, Population 2S

Pool 22, Population 26
Population 21, Population 22, Population 29, Population 44
Population 42, Population 44
Population 23, Pool 19
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Table 3. Inbreeding depression (ID) and estimates of es.pected mean of random
inbred liDes (u+a) and dominance eft'ed (d) for grain yield in different cycles of
selection of four torpical white maize populations.

Population CycJe ID u+a d
% Mglha Mglha

Popo 21 Ca 37.1 1.56 4.51
C l 33.5 2.31 4.68
C2 34.2 2.26 4.90

Popo 25 Ca 39.4 1.27 4.70
C I 34.6 1.74 3.90
C2 33.3 1.96 3.91

Popo 29 Ca 41.1 1.10 5.11
C I 40.6 1.22 5.29
C2 34.1 2.07 4.44

Popo 32 Ca 40.1 1.17 4.72
C l 41.9 1.03 5.31
C, 37.1 1.58 4.55

Table 4. Means for grain yield and other characten of white inbred lines
developed from different souree populations.

Material No.of Grain yield Days to 50% Plant beight Moisture
lines (tIba) silking (cms) (%)

Population 21 24 2.54 63 161 28.2
Population 22 3 2.23 65 156 32.0
Population 23 2 1.98 66 175 29.5
Population 25 2 2.16 61 164 24.5
Population 29 2 2.14 63 145 30.0
Population 32 1 2.91 62 177 29.0
Population 43 20 2.68 62 169 27.2
Population 49 1 2.62 60 129 26.0
Population 73 1 3.98 63 184 25.0
Pool 24 4 2.44 64 142 30.5
Syn.Bco. TSR 1 2.63 64 149 35.0
Tux. Seguia 3 3.11 62 165 28.3
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Table 5. Means for grain yield and other characters of yellow inbred lines
developed from different source populations.

Material No.of Grain yield Days to Plant ht. Moisture
Iines (t/ha) 50%silking (eros.) (%)

Population 24 12 3.30 60 157 23.0
Population 27 5 3.80 62 171 23.8
Population 36 5 4.05 59 175 21.6
Population 79 1 3.56 62 168 25.0
Population 28 TSR 8 3.05 63 158 22.3
Pool 22 3 2.81 60 145 21. 7
Sint. Amar. TSR 30 3.37 61 162 24.0

Table 6. Perlormance 01 inbred lines evaluated under drought stress at
Tlaltizapán, 1993 A.

Yield AS¡* Ears/ Plant ht. Ear
Entry Pedigree (t/ha) (days) plant (eros) aspeet#

75 SAT-93-2-2-2-2-BB-#*5 3.91 0.5 1.1 139 1.8
14 (21FI14*21F38)-5-3-2-1-BB-#*5 3.52 1.5 1.0 148 1.3
28 Pobo 21 C6 SI MH247-4-B-I-I-I-BB-#*5 2.60 0.5 1.3 129 2.3
20 AC7643*P43F7)-2-3-2-1-BB-#*5 2.26 2.0 1.0 104 2.8
46 Pobo 49 STE Cl HC10-2-1-1-2-2-BB-#*5 2.25 -LO 0.9 105 2.0
56 (P22F 128*P22F25)-2-2-2-2-BB-#*5 2.06 2.0 0.9 123 2.3
54 Pobo 24 STE C1 HC45-1-2-3-4-4-BB-#*5 2.00 2.0 1.0 125 2.8
34 Férke 8243-58-#-I-BB-#*5 1.95 1.5 0.8 132 2.5
48 Pobo 21 C6 SIMHI25-3-B-I-I-I-BB-#*5 1.94 3 1.0 103 2.3
22 Pobo 29 STE CIHC2S-6-4--1-#-BB-#*5 1.93 0.5 1.0 108 2.5
60 SAT-74-2-2-1-BB-#*5 1.72 6.0 1.0 106 2.8
30 TS-21-1-2-l-B-##-2-BB-#*5 1. 71 0.0 1.0 132 2.8
41 TS-149-2-BBB-##-2-BB-#*5 1.53 1.0 1.0 127 2.8
63 SAT-19-1-2-3-l-BB-#x5 1.51 1.5 0.9 114 3.0

• Anthesis-silking interval; # Rating scale 1-5 (l-good; 5-poor).
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Table 7. Superiority for grain yield of conventional and non-conventional hybrids
overOPVs.

Hybrid type
Conventional hybrids
Double cross
Three-way cross
Single cross
Non-conventional hybrids
Inter-varietal hybrids
Inter-family hybrids
Double topcross
Topcross

Superiority over OPV (%)

20-26
26-33
40-53

15-18
20-30
25-30
33-40

Table 8. Grain yield of superior tropical single eross hybrids.

Hybrid

CML 8 X CML 24
CML 8 X CML 38
CML 10 XCML 9
CML 45 X CML 24
CML47 X CML 9
CML 11 X CML 9

Grainyield
(t/ha)

8.37
8.18
7.91
8.34
8.13
8.05

% superiority over...
Hybrid check AC8243

7.9 20.1
5.4 17.5

10.6 13.6
8.5 23.7
5.7 20.7
4.7 19.5

CML 14 X CML 38
CML 14 X CML 24

8.20
7.77

14.7
8.7

77

38.3
31.0



Table 9. Grain yield of modified single cross bybrids involving bigbly inbred
parents and early generation reconstituted lines evaluated in Mexico and Central
America during 1990.

Grain
Hybrid yield (t/ha)

SC 07 (Pop. 21 C5 HCI09-S7 x AC 7843-16-S4-f3) 6.49
SC 12 (Pop. 21 C5 HC219-S7 x AC 7929-38-S4-F3) 6.32
SC 11 (Pop. 21 C5 HC219-S7-1 x AC 7929-38-S4-F3) 6.32
SC 57 (P.24 C20 MH94-SS x AC 7929-38-S4-F3) 5.95

SC 48 (P. 23 C2-0 MH268-S5 x AC 7929-38-S4-F3) 5.62
AC 7643-15-S6 x Popo 32 C6 (SI) MH88-S2-F3 5.49
SC 82 (Pop. 27 C5 HC11 7-S4 x Sta. Rosa 8079-S3) 5.94
SC 80 (Pop. 24 C5 HC34-S3x Sta. Rosa 8079-S3) 5.93
scn (Pop. 24 C5 HC34-S3 x Popo 27 C5 HC71-S4) 5.88

Table 10. 199310wland tropical bybrid trials.

No.of Mean yield
Trial type Trial no. locations (t/ha)

Single cross-White SCW 9301 5 S.36
SCW 9302 5 5.55

Single cross-Yellow SCy-9303 6 4.71
SCY-9304 5 4.59

Line x Tester-White TWCW-930S 6 6.68
TWCW-9306 5 6.13
TWCW-9307 5 5.97

Line x Tester-Yellow TWCY-9308 4 5.49
TWSCY-9309 4 5.94
TWCY-9310 5 5.59
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25.8
22.5
22.5
21.4

14.7
12.0
12.1
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Table 11. Good eombining lines in single eross trials, white grain maize.

Trial No. Line pedigree CML No. GCA Stability OCA

SCW-9301 PI-Pop. 21 C5 HC219-3-1-B-##-B-I-3-BB-## CML-264 0.58 Ll, L3, L4, L5
P9-AC.7643 x Popo 43-2-3-2-1-BB-## CML-273 0.43 Ll, L2, L3, L4, LS
P7-Pop. 21 C5 HC218-2-3-B-###-B-I-BBB-## CML-2S8 0.23 Ll, L2, L3, L4, LS
P6-L. Diam. 8043-S3-1-1-B-##-01-BB-## CML-278 0.11 L3, L4, L5
PI0-Pb. 29 STE Cl HC25-6-4-1-#-BBB-## CML-271 0.12 L2, L3, L4, LS

SCW9302 P3-P24 MH1l9*S4-6-4-1-1-BB-## CML-247 0.46 Ll, L2, L3, L4, LS
P8-TS 149-2-BBB-##-I-BBB-## CML-254 0.23 Ll, L2, L3, L4, L5
PI0-AC.7643 x Popo 43-2-3-4-3-BB-## CML-274 0.18 Ll, L3, L4
P7-Pop. 21 C6 SI MH-125-3-B-I-I-2-BB-f-##CML-2S5 0.22 L2, L3, L4
P9-Pop. 22 TSR-4-3-1-3-1-BB-#3 CML-267 0.22 Ll, L4, LS

SCY-9303 P7-Pop. 24 x Popo 27-4-1-B-I-I-BB-## CML-287 0.79 Ll, L2, L3, L4, L5
P8-SA TSR-23-3-2-3-2-BB-## 0.62 Ll, L2, L3, L4, L5
P3-SA TSR-76-1-2-2-2-BB-## CML-299 0.48 Ll, L2, L3, L4, LS
P6-Pop. 24 CS HC34-2-3-B-f-2#-BBB-## CML-285 0.20 Ll, L3
PI0-SA TSR-7-4-2-2-1-BB-## CML-298 0.21 L2, L3, L4

SCY-9304 Pl-SA TSR-23-3-1-1-1-BB-## CML-297 0.66 Ll, L2, L3, L4, LS
P6-Pool 22 x Pool 22-2-2.,-3-1-BB-## CML-282 0.55 Ll, L2, L3, L4, L5
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Table 13. Means for grain yield of top peñorming white and yellow single crosses
evaluated during 1993.

Grain yield· %of
Trial no. Color Entry (kglha) best check

SC9301 White 8 6345 101.2
9 6554 104.6

Best check 6268 100.0

SC9302 White 2 6289 108.1
22 6858 117.9
24 6122 105.3
27 6211 106.9
38 6259 107.6
39 6206 106.7

Best check 5815 100

SC9303 Yellow 22 5864 112.9
27 5695 109.7
40 6016 115.8
42 5827 112.2

Best check 5193 100

SC9304 Yel10w 1 5881 114.9
2 5924 115.6
7 5436 106.1
13 5541 108.2
20 5723 111.7

Best check 5122 100
• - Mean across at least 5 locations.
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Table 14. Means for grain yield of top peñorming white three-way hybrids during
1993.

Grain yield %of
Trial no. Color Entry no. (kg/ha) • best check

TWCW-9305 White 2 7330 105.6
5 7319 105.4
8 7368 105.3
17 7370 106.1
Check-SC T2 6944 100.0
Local check 5394 77.6

TWCW·9306 White 13 6326 112.6
31 6692 110.4
32 6908 114.0
34 6762 111.6
43 6774 111.8
Check-SCT2 6061 100.0
Local check 5581 92.1

TWCW·9307 White 16 6493 112.1
20 6412 110.7
23 6588 113.8
34 6623 114.4
35 6537 112.9
36 6499 112.2
37 6577 113.6
Check SC T2 5790 100.0
Local check 5750 99.0

• Based on 4 or more locations.
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Table 15. Means for grain yield of top peñorming yellow three-way hybrids
evaluated during 1993.

Grain yield % of
Trial no. Color Entry no. (kglha) best check

TWCY- Yellow 9 6266 103.7
9308

15 6345 105.0
25 6079 100.6
34 6116 101.2
42 6097 100.1
36 6077 100.6

Check SC T2 5439 90.0
Local check 6041 100.0

TWCY- Yellow 30 6818 109.4
9309

31 6898 111.7
33 6886 110.5
43 6879 110.3
45 6766 108.6

Check SC T2 6231 100.0
Local check 4899 79.0

TWCY- Yellow 4 6097 106.0
9310

[
7 5929 103.1
15 5859 101.9
24 5839 101.5
34 55841 101.6

Check SC T2 5751 100.0
Local check 3902 67.8
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Table 16. Lowland tropical maize inbred lines made available by the CIMMYT
Maize Program, 1991-1994.

Year announced Subprogram CML no.· No. of lines

1991 Lowland tropical (HQ) 1-58 58

Wide cross/stress (QP) 59-74 16

1992 Lowland tropical (Harare) 217-238 22

1994 Lowland tropical (HQ) 247-281 35

Lowland tropical (HQ) 282-308 27

Lowland tropical (Cali) 309-310 2
Total 160
• CML =CIMMYT maize line; HQ =headquarters; QP = quality protein.
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--------------------------- e HAPT E R-

Improving the Tolerance oC Lowland Tropical Maize

to Drought or Low Nitrogen

G.o. Edmeades, HR. Lafitte,S.C. Chapman, and M Biinziger *

The principal objectives ofthe maize physiology subprogram are to:

• Assess the importance of abiotic stresses in order of relative effects on maize
production.

• Develop efficient means of selecting for stress tolerance within the context of a
normal breeding programo

• Identify and develop genetic sources of tolerance to the most important abiotic
stresses.

• Provide sources of tolerance to the main breeding programs at CIMMYT and
deliver these sources, along with improved selection methodology, to national
program breeders.

Assessing the Global Importance of Abiotic Stresses

Based on data derived from CIMMYT's mega-environment study (CIMMYT, 1988) and
the accumulated experience of CIMMYT breeders and agronomists, we have ranked the
relative importance of abiotic stresses (Table 1). This suggests that the most significant
causes ofyield loss in farmers' fields are low fertility (principally N deficiency) followed
by drought and varying degrees of plant competition resulting from low planting
densities, weeds and intercrops.

Selection for Drought Tolerance

The importance of drought
Our estimates based on CIMMYT's megaenvironment survey suggest that drought stress
results in an annual maize yield loss in less developed countries of 24 m tons (17% of the
total annual harvest), 8.8 m tons ofwhich are in the lowland tropics. Drought is
considered to be a greater problem for early maturing germplasm, since season length and
total rainfall are positively correlated, but we consider this a result of pushing maize into
shorter and shorter season areas. For these shorter season situations, escape through
earliness per se seems the appropriate strategy. For late and intermediate maturity
germplasm, drought occurs principally at either end of the season, but unpredictable dry
spells of 3-6 weeks duration can occur at almost any time during the crop cycle. The

* Leader, agronomy, physiology, and stress resistance subprogram; maize physiologists.
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maize crop can be severely affected by drought which reduces stand during establishment,
and by stress that coincides with pollination and early ear fonnation.

Drougbt stress at flowering
Maize is unusually susceptible to drought stress at flowering, when it is clearly too late
for fanners to adjust management practices; for this reason, CIMMYT has focused on
alleviating the effects of drought at flowering and during grain filting. A characteristic of
maize under environmental stress is a delay in silking and an increase in the anthesis
silking interval (ASI). Pollen viability is normally little affected by plant water status, but
is significantly reduced by temperatures greater than 38-400C (Westgate and Bassetti,
1990). Tassel blasting (failure to extrude anthers) is also observed in the field at these
temperatures when the atmosphere is dry. Boyle et al. (1991) were able to offset most of
the effects ofdrought stress at flowering by infusing the stems of stressed plants with a
sucrose-rich solution. We concIude that silk delay may rather be a symptom of reduced
assimilate flux than the direct cause of barrenness.

Past studies: Recurrent selection for drougbt tolerance in 'TuIpeilo Sequía'
For a more complete description of selection methods used over a 10 year period in this
population, see Bolaños and Edmeades 1993a; 1993b. In brief, 'Tuxpei'lo Crema l' C11
underwent eight cycIes ofrecurrent full-sib selection in the cool, virtually rain-free winter
season at Tlaltizapán (18 oN, 940 masl), México, where timing and intensity ofstress can
be managed by irrigation. Each of250 full-sib families was grown in single-row plots in
two reps under three regimes of increasing drought intensity coinciding with flowering and
grain filling. Yields under each regime were approximately 100%,65% and 25% ofwell
watered potential. The best 80 families for recombination were identified using an index of
traits thought to describe a plant whieh eould access a greater volume of soil water. This
would permit the maintenanee of eell extension, a low eanopy temperature, and the plant,
when stressed, should adjust osmotically, thereby maintaining its metabolism and
delaying leaf senescence.

Evaluation ofprogress at Tlaltizapán showed a significant inerease in grain yield of 108 kg
ha-l cyele-1 at yield levels ranging from 1 to 8 t ha-1, with no significant interaction
between rate of gain and yield level (Bolaños and Edmeades, 1993a). At a yield level of2 t
ha-1 this represents a gaín of 6.3% eycIe-1, compared with 2.3% eyele-1 at a yield level
of6 t ha-l. When tested at 12 intemational sites, gains averaged 90 kg ha-l cycle-1
(Byrne et al., 1994). These data suggest that selection has resulted in a 20-40% increase in
yield for a farmer whose yields have been redueed from 6 to 2 t ha-l by drought oecurring
near flowering and during grain filling.

Gains in yield at Tlaltizapán were the result of redueed barrenness under drought, and an
inerease in harvest index under all water regimes. Under drought ASI was markedly
reduced by seleetion, and root biomass in the upper 50 cm ofthe soil profile fell by 35%.
Plant water relations were apparently not modified by seleetion, perhaps because
selection was based on single-row plots.
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Grain yield under stress showed a strong dependence on AS!. When ASI data were
transformed so that they were linearly related to grain yield, variation in ASr accounted
for 76% ofthe variation in grain yield. Subsequent studies showed that selection greatly
reduced the duration of silk growth. An unexpected result of selection was a 21 %
reduction in the total number of spikelets initiated at 50% anthesis. At the same time, the
ear grew far more rapidly in C8 than in Co, and spikelet biomass in C8 was twice that of
Co at 50% anthesis (Edmeades et al., 1993). Thus, in later selection cycles the fewer
spikelets formed grew more rapidly and ultimately were more successful in forming grain,
especially under conditions of drought at flowering. Since ASI is a good indicator of
spikelet growth rate and is easily observed, selection for reduced ASI under drought at
flowering should identify plants with high, stable grain yield.

In surnmary, eight cycles of recurrent full-sib selection for improved drought tolerance in
Tuxpeño Sequía resulted in a yield gain of 600-900 kg ha-l at all yield levels (Le., no yield
penalty under good conditions). Yield gains were associated with increased ear growth
rate prior to anthesis, rapid silk growth, reduced tassel growth, reduced growth of surface
roots, and higher harvest index, all manifestations of increased partitioning of current
photosynthate to the developing ear. The study established an important role for
managed stress environments, which exposed genetic variation for traits which control
partitioning of assimilate at flowering and thereby affect harvest indexo

Current Activities and Results
from Recent Selections for Drougbt Tolerance

Selecting appropriate populations
Four elite lowland tropical populations are now being improved for drought tolerance:

• La Posta Sequía, a late lowland white dent population (carries streak resistance,
suited to lowland Africa, Central and South America, and southern China).

• Pool 26 Sequía, a late lowland tropical yeIlow dent suited to Brazil, Ecuador, and
parts of the Asian subcontinent where downy mildew is not a problem.
Improvement in this pool was halted in 1992, subject to an assessment of
progress.

• Pool 18 Sequía, an early lowland tropical yeIlow flint/dent suited to Eastern and
Southeast Asia, West Asia and North Africa and the Indian subcontinent in areas
free of downy mildew.

• Tuxpeño Sequía C6 (TS6), a lowland white population. This is derived from
Tuxpeño Sequía C6 and is suited to lowland Mesoamerica, parts of Africa
relatively free of streak, and to southern China. It wiIl be handled in the future by
CIMMYT in collaboration with the Regional Maize Program (Programa Regional
de Maíz, or PRM) for Central America and the Caribbean.

FinaIly, two additional populations ofmixed color and intermediate maturity, DTPl and
DTP2, have been formed and are being improved through international and local testing
under drought (see below). In addition, over the past five years the Maize Program has

87



improved early and intermediate maturity lowland flints (both yellow and white) and
lowland dents for drought tolerance in what was formerly the Early Maturity Germplasm
Oevelopment Programo

Progenies of drought populations described above are prescreened at Ciudad Obregón,
Sonora, Mexico (39 masl, 270N latitude) under drought and high temperature stress, in a
collaborative arrangement with Dr. Alejandro Ortega and Ing. Oscar Cota ofINIFAP.
Superior families are then evaluated under two or three irrigation levels at CIMMYT's
experiment station in Tlaltizapán.

Breeding methodology and selection eriteria
Nearly all populations have been and are being improved in a similar manner. A recurrent
SI selection scheme is used, in which a large number (600-1,500) of S1 families are
prescreened under summer drought and heat stress at Obregón. The superior 200-250
families are grown from remnant seed at Tlaltizapán during winter under three water
regimes (SS =severe stress, in which irrigation was withheld from about 3 weeks before
flowering until maturity; IS =intermediate stress, in which irrigation was withheld from
late flowering until maturity; and WW =well-watered throughout the season), and the
best 50 families are recombined to form the subsequent cycle of selection. Those same 50
families are advanced to S2, retested under drought, advanced to S3, retested again,
topcrossed and the topcrosses evaluated under at least two water regimes.

Drought at flowering: Seleetion environments
Each of the managed selection environments used has a specific purpose. The dry heat of
Obregón (temperatures often exceed 370C) exposes lines susceptible to upper leaffrring
and tassel blasting. At Tlaltizapán the well-watered environment allows expression of
yield potential, while the intermediate stress regime exposes genetic variability for lower
leaf senescence and for grain yield. Under the severe stress regime, observed variability for
grain yield is small, but this stress exposes variability for ears per plant and ASI, and
hence for partitioning to the ear. We see no substitute for managed stress levels in this
type of research.

Refinement of selection eriteria
We are attempting to evaluate the importance of individual secondary traits in two ways.
The first is by linear phenotypic correlations between grain yield in single row plots and
an array of traits thought to be indicative of improved plant water status or improved
water use efficiency. Correlations conducted among S1 families of five tropical
populations showed that grain yield under drought stress is highly associated with ears
per plant and kemels per plant (Table 2). The negative correlation between yield and
anthesis date reflects the pressure for earliness (escape) that occurs when stress increases
in intensity with time. Among other traits, ASI (untransformed) accounted for the most
variation in grain yield. High grain yield under stress was weakly associated with a low
canopy-air temperature differential, unrolled leaves, a high leaf chlorophyll concentration
and small tassels. Leaf death score, relative leaf and stem extension rate, leaf erectness
score and plant height were essentially unrelated to grain yield under stress (TabIe 2). The
lack of association between yieId and traits related to plant water status confirms the
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notion that ASI and barrenness are affected more by changes in assimilate partitioning to
the ear than by plant turgor. This may be a result ofusing small unbordered plots.

A second approach to determining the worth of secondary traits is by divergent selection
within each group of 220-250 SI families constituting a single selection cycle. Thus afier
three selection cycles it is possible to have up to three sets of divergent synthetics for
any trait of interest for each population. When these and the cycle bulk are grown under a
range of drought stresses, we can assess realized heritabilities and the adaptive value of
the trait in synthetics that differ principally for the trait in question. Using this method
we showed that leaf osmotic potential had little adaptive value in tropical maize, but that
its realized heritability was 0.46 (Bolaños and Edmeades, 1991).

In 1993A and 1994A we evaluated 38 entries (cycles and several divergently-selected 10
line synthetics) from La Posta Sequía and 2 checks under the 3 levels ofwater supply.
Preliminary unpublished data suggest that realized heritabilities of canopy temperature
and leaf chlorophyll concentration are low, and that those for leaf erecmess, ASI, tassel
size, and to a lesser degree senescence scores, are relatively high. Of these, only reduced
ASI and occasionally small tassel size appear to have consistent significant adaptive value
under drought. Delayed senescence during grain filling, cool canopy temperatures, and
upright leaves are also considered worth including in an ideotype of a stress-tolerant
planto

In swnmary, selection criteria currently in use include:

• Increased shelled grain yield under stress and under irrigation
• Decreased ASI under drought
• Decreased barrenness (increased ears per plant) under drought
• Increased stay green
• Increased leaf angle
• Reduced leaf rolling
• Reduced tassel size
• Lodging resistance
• Maintained anthesis date

Reduced ASI under stress is a simple external indicator of changes in ear growth rate at
flowering. The process of favoring ear growth can be accelerated by actively selecting for
small tassel size, reduced ASI, and to sorne degree, for shorter plants, as adjuncts to
selection for increased grain yield. Improved radiation interception from leaves which do
not roll should also favor increased production under drought, and erect leaves are thought
to be more water-use-efficient than horizontalleaves. Where resources for collecting these
types of data are limited, the measurement of shelled grain yield, anthesis date and ears
per plant are considered the minimum dataset required for effcient selection.
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Evaluating progress
Three of the drought populations have completed three cycles of recurrent selection and
have undergone evaluation in 10 environments differing in water stress leve!.

Among the late populations the grain yield of La Posta Sequía increased by 229 kg ha-1
cycle- l under drought, and by 53 kg ha-1 cycle-1 in weH-watered environments. Those
values for Pool 26 Sequía were 288 kg ha-l cycle-1 and 177 kg ha-1 cycle-1. Gains in
Tuxpeño Sequía from Co to C8, included here as checks, under drought, no drought and
across sites averaged 80, 38 and 59 kg ha-1 cycle-1, somewhat less than in the previous
study (Table 3) (Edmeades et al., 1994). In aH cases, advanced cycles of selection for
drought tolerance significantiy outyielded related checks that had been developed in well
watered conditions when grown under drought, and were at least equal to or better than
the checks in irrigated environments.

In a separate series of trials Pool 18 Sequía, an early population, showed gains of 145 kg
ha- 1 (9.0%) cycle-1 in the 4 drought-stressed sites, 127 kg ha-1 (2.3%) cycle-1 under
well-watered conditions, and 134 kg ha-1 (3.4%) cycle-1 across drought levels (Table 4).
For the same three groups of environments, a population selected through intemational
testing, Population 31, showed gains of -50, 133 and 60 kg ha- 1 cycle-1, respectively.
The outstanding entry in the trial, Pool 16 C20, had a history of selection under drought
and density stress, and, compared with a version of the same population some 7 selection
cycles previously (Pool 16 Sequia CO), showed gains of 113 and 122 kg ha-1 cycle-1

under stressed and unstressed conditions, respectively. Again, yield gains under drought
were accompanied by a reduction in ASI, a decrease in barrenness, and increases in grain
number per unit area and harvest indexo

Improving tbe metbodology
We have been using alpha (0,1) lattice designs to control intrablock variation and to
improve our ability to identify superior progeny. Improvements in efficiency over
randomized complete block (RCB) designs are frequently in the range of20 to 70% for
many variables. Spatial analysis is also being examined as a means of better controlling the
effects of environmental variability that are manifested under stress. Clustering techniques
have demonstrated that the decrease in mean yield caused by the different water regimes
was also associated with increased discrimination among genotypes, suggesting that
drought was a valuable tool for identifying genotypes differing in yield stability under
stress.

Summary of recurrent selection for tolerance to drougbt at Oowering
Gains of 500-900 kg ha-1 in grain yields under drought have been observed in several
unrelated lowland tropical maize populations. In farmers' fields this translates to about a
30% increase in grain yields, where yield has been reduced from a potential of 6 t ha- 1 to
around 2 t ha- l by drought which coincides with flowering. Conservative estimates, based
on 20% adoption only, suggest benefits to farmers in the lowland tropics ofUS$35
million in added grain each year. More than half ofthis would go to farmers in marginal
environments affected by drought. This estimate of annual benefits does not include
increased yields under well-watered conditions accruing from the use ofthis germplasm.
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Developing new drought tolerant germplasm source populations
Two broad-based populations, DTPl and DTP2, have been developed for environments
where drought stress is common. Both are mixed grain color and texture, and both are
intermediate-Iate in maturity. The most advanced ofthe two, DTP2, consists of 85% elite
germplasm and about 15% landraces. One of the populations, DTP1, is in its second
cycle of intemational testing. The other population, DTP2, is still under improvement in
Mexico. The performance of these populations compares favorably with that of elite
populations (see, for example, Table 3).

We continue to evaluate additional materials under drought each year, in order to identify
new sources of drought-adaptive traits which can be introgressed into these populations.
So far we have screened about 200 potential sources of drought tolerance (elite, landrace,
hybrid and OPV) under drought and well-watered conditions at Tlaltizapán. DTP1,
oriented toward the lowland tropics, comprises 60% lowland tropical maize, 20%
subtropical, and 20% temperate. We are currently separating it into white and yeIlow
components, and it is being improved for yield and disease resistance via a network of
interested national program scientists.

New Topics in Drought Tolerance Research

Seedling tolerance drought stress
In 1993, we started work to develop a method of screening for improved seedling
establishment under drought. Large areas in the tropics are planted at the beginning of the
rainy season. The crop often receives enough water to germinate, but stand is severely
affected if the next rain is delayed. Selection criteria include:

• Survival when water is withheld after germination
• Biomass production under stress
• Extent of leaf rolling
• Recovery after irrigation is applied

We believe that these traits could be observed easily by cooperators; their use could result
in increases in water uptake, leaf waxiness, and in osmotic adjustment. These
characteristics may be valuable not only during early establishment but during the entire
life ofthe planto Selection was started in DTP1, since we expect to fmd considerable
variability for drought adaptive traits in that population. A total of 196 S1 families was
screened in Tlaltizapan 1993A under a water gradient (line source). The 20 best and 20
worst families, based on survival, biomass production, leaf rolling, and regeneration after
irrigation, were recombined the same cycle. S1s were produced during the subsequent
summer cycle. With this selection scheme, an evaluation ofprogress and ofcorrelated
traits should be possible after two cycles of selection (1995A). Results from the first two
cycles show that developing a successful breeding methodology wiIl depend greatly on
reducing environmental variation. These early results lead us to believe that improvements
in capacity to establish maize under drought during establishment are possible. A smaIl
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pilot project is currently examining the role of abscisic acid (ABA) in seedling survival
under stress, using families that are cornrnon to our field evaluations.

Marker assisted selection for ASI
Dr. Jean-Marcel Ribaut has prepared an RFLP linkage map of240 F2 progeny ofa cross
between two inbred lines differing in AS!, supplied by Dr. S.K. Vasal. His data show a
strong association between AS! and regions on chromosomes 1,2,5, 10, but especially a
region on chromosome 6. The importance of this region on chromosome 6 has been
confirmed by another laboratory in comparisons between Tuxpeño Sequía cycles Oand 8
(S. Quarrie, pers. cornrn., 1994). Dr. Ribaut is in the process of examining the possibility
of using RFLP markers to speed the transfer of short AS! to stress-susceptible but
otherwise elite inbred lines.

Tolerance to Low Nitrogen

The importance of nitrogen
We estimate that nitrogen fertilizer is used or should be used to achieve better yields on
some 90% ofthe maize area in the tropics. For many resource-poor farmers, N fertilizer
is simply unavailable or is prohibitively expensive, and this situation is unlikely to change
much in the foreseeable future.

Studies have suggested that nitrogen use efficiency in maize (grain yield per unít ofN
applied) can be increased by increasing the sink strength through prolificacy (Moll et al.
1987) or altered endosperm composition (Tsai and Tsai 1990). Genotypic differences in
maize performance under low N have also been related to differences in N and biomass
partitioning within the plant, especially in terms ofthe amount ofN remobilized from
vegetative tissues (Ta and Wieland 1992). Pattems ofN uptake and partitioning before
flowering have also been shown to be critical to maintaining grain number in N-limited
environments (Pearson and Jacobs 1987).

Recurrent selection for improved peñormance under low N
Across 8328 (a tropical, late, yellow dent) is being improved for performance under low
nitrogen. Because this work emphasizes methodology development more than germplasm
development per se, the low N population was selected on the basis of excellent grain
yields under both high and low N in preliminary trials. An early lowland tropical
population with white dent grain, Pool 16, has been added in 1994.

Developing selection methodologies
The selection criteria identified for tolerance to low N include:

• Grain yield at high and low N
• Leaf senescence under low N
• Plant height under low N
• Ear leafarea under low N

92



The criteria used to select the first 3 cycles of Across 8328 BN were based on the results
of a preliminary trial conducted in 1986 (Lafitte and Edrneades 1987). These
characteristics were combined in a selection index which comprised grain yield and plant
height with high and low N, maturity at high N, and leaf chlorophyll, ear leaf area, and leaf
senescence at low N. Two low nitrogen blocks have been established at the Poza Rica
experiment station, one in 1985 and one in 1988. Yields of maize grown on these blocks
are generally 30-40% ofthose on high N blocks. Approximately 250 full-sib families are
being screened each year for performance under high and low N, and 50 best families were
recombined. Considerable soil variability was revealed under low N which was not
apparent in the high N treatment. The use of a lattice design with a small block size (lOto
16 rows) improves experimental efficiency by 70 to 110% over the randornized complete
block design (RCBD) for grain yield under low N. In contrast, the efficiency gain for grain
yield under high N does not exceed 20%. Covariates (chlorophyll concentration; yield of
previous trials; yield of neighboring plots planted to a check entry) are now routinely
used in selection and evaluation trials.

Five cycles of selection have been eompleted in Aeross 8328 BN. An evaluation of
progress was condueted for the frrst three eycles of seleetion in Aeross 8328 BN. Results
from eight trials, condueted under varying levels ofN availability, showed gains of 75 ha
1 cycle- l (2.8% eycle- l ; P<O.lO) and 137 kg ha- l cycle- l (2.3% cyele-1; P<O.OI) under
low N and high N, respectively. The yield component responsible for this inerease at high
N was grain number per ear, which inereased by 7.8 grains cycle- l . Cycles Oand 3 of the
population Aeross 8328 BN were evaluated for root growth and for ear growth
charaeteristics. The root growth of cycle 3 is greater than that of cycle Owhen N is
available in the soil. The interval between male and female flowering was also reduced by
0.3 d cycle- l . The number offlorets per ear declined with selection at the significant rate
of 8.2 cycle- l across N levels. Cycle 3 has a longer lag phase afier pollination before linear
grain growth begins, and a higher rate ofgrain filling during the linear phase than does
cycle O. These changes in ear growth parameters may be responsible for the increased
number of grains per ear in cycle 3 under conditions ofN stress.

Selection increased total biomass at maturity by 205 kg ha-l cycle- l across N levels and
seasons (P<0.05). Despite attempts to maintain a constant plant height at high N, height
increased by 8.4 cm eycle- l . Total N uptake at maturity differed among entries (P<0.10),
but the change was not linear with selection. Selection had a highly significant effect on
the timing of both N and biomass accumulation. Selection cycles tended to differ in N
uptake prior to flowering (P<O.lO), with later cycles accumulating more N. There was a
significant linear increase ofO.14 g m-2 cycle- l in the amount ofN mobilized from
vegetative tissues during grain filling.

Thus, in contrast to previous reports (Muruli and Paulsen 1981), performance at each of
the two N levels showed no negative association, and selection for yield alone under low
N did not result in a decrease in yield potential under high N. In fact, selection for yield
under low N alone was at least as successful at identifying families which performed wel1
at high N as was selection for yield across N levels. These evaluations are documented
more fully in Lafitte and Edmeades (1994a, 1994b, 1994c, 1994d).
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Developing new germplasm tolerant of low N
Grain yields of improved germplasm tend to be greater than the yields of bank accessions
(landraces) under both high and low N. When compared, landrace entries tended to have a
lower harvest index, but their harvest index is less affected by N stress than was that of
improved materials. In fact, the nitrogen harvest index of bank materials actually increases
with N stress, while decreasing in improved entries. The advantage of the improved
materials under high N lies in the production of leaf area ofa lower N content, rather than
in an improved ability to absorb N from the environment. We have observed no negative
correlations among these traits.

With this in mind, two broad-based populations, one early, one late, whose components
were identitied from a screening of209 germplasm bank accessions, have been developed
for low N environments. They are characterized by early and late maturity, and are of
mixed grain color and texture. These populations have certain agronomic defects, but they
are currently under improvement for yield and plant height under low N. The populations
will be evaluated in 1994 for yield gain and maintenance of the traits for which they were
originally selected. Research results are more fully described in Latitte et al. (1995).

New Research Topies in Toleranee to Low N

Relationship between drougbt and low N tolerances
Results ofthe trial to evaluate ear growth (Latitte and Edmeades, 1994d) showed that
improvement for drought tolerance in Tuxpeño Sequía resulted in excellent performance
under low N. We then examined Co and the most advanced cycles of populations which
had been developed under drought (Latitte and Bünziger, 1994). Results indicate that we
made considerable progress in yield under low N while selecting for drought tolerance
(Table 5). In that evaluation, the advanced cycles ofTuxpeño Sequía, Pool 26 Sequía, La
Posta Sequía and Pool 18 Sequía outyielded Co by 15%, 12%, 12% and 7% respectively.
Gains in yield under low N due to selection for drought tolerance averaged 179 kg ha-1
cycle-1 (range 86-233), and were greater than those observed in Across 8328 BN in the
same trials. Material selected for performance under low N was also planted under
drought, but did not demonstrate any improvement under that stress.

Yields under low N show a strong dependence on ASI, though often N stress does not
provide the spread in ASI that drought gives. Nonetheless, the correlation between ASI
and grain yield under drought was -0.78·· in a recent trial of25 genotypes, PET 4, and
0.63·· in the same trial grown under low N. Curiously, the correlation between ASI
observed under drought and under low N was only 0.1 O(ns), and that for grain yield was
0.16(ns), suggesting that high yield under drought was not associated with high yield
under low N, but that ASI was an indicator of yield potential under both types of stress.
Under low N, ASI may also be a suitable indicator ofpartitioning of carbohydrates and
nitrogenous compounds to the developing ear.
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We are currently exploring ways of increasing the level ofN stress, especially early in the
cropping season. Intercropping maize with wheat in the winter provided an excellent level
of competitive stress for N last crop cycle, and the use of rice or millet may prove
effective in the sununer.

Future Challenges

A better definition of target environments is required, and we hope in the not-too-distant
future to use a combination of GIS and crop modelling to defme the magnitude, timing and
location of abiotic stresses with considerably more precision than is possible at present.

Almost all of the research reported here relates to improving tolerance to abiotic stresses
in populations. The challenge will be to identify efficient means of developing and
identifying stress-tolerant hybrids. We have randomly selected 100 S2lines from pairs of
populations. Each of the pair is related and each has, or does not have, a history of
recurrent selection for improved tolerance to drought or low N. Topcrosses from each will
be evaluated under drought and low N in 1995A. Our hypothesis is that populations
selected for increased stress tolerance will have a higher probability ofproducing stress
tolerant lines and hybrids. In the past year we have evaluated elite inbred lines and
hybrids from other programs under drought and low N in order to identify sources of
stress tolerance, even if they occur at a relatively lower frequency. Finding a satisfactory
and practical means of using sources ofabiotic stress tolerance in a hybrid program is one
of the central challenges of the future.

Transfer of Improved Sources of Tolerance to Abiotic Stress

Since January 1991 we have supplied 550 population selections and 370 inbred families
in 116 individual shipments to 39 countries in the developing world and 7 countries in the
developed world. As well, we have supplied population bulks and elite SI families to
other breeders in the CIMMYT headquarters program on many occasions. At present
drought tolerant germplasm has been released in El Salvador, Guatemala, southem China
and Ecuador, and is being tested in many other countries.
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Table 1. The relative importance of abiotic stresses experienced by maize in
farmers' fields, by ecology. Numbers are percentage annual yield losses compared
with an unstressed condition. Totallosses represent average decline in yield from
the potential yield of improved germplasm grown in the specific ecology.

Midaltitude
Lowland tropical and Highland

Constraint tropical subtropical tropical

----------------------0/0 loss------------------------
Drought 15 15 19

establishment 4 6 8
mid-season 7 7 3
terminal 4 2 8

Heat 3 3 3
Cold temperatures 2 4 4
Waterlogging 5 3 3
Salinity 1 2 2
N deficiency 16 13 13
P deficiency 4 5 6
Soil acidity/Al 4 4 2
Variable density 4 3 3
Competition 10 8 8
(weeds, intercrops)

Total abiotic 64 60 63
Biotic stresses 15 17 20
Total aH stresses 79 77 83
Area of maize sown ('000 ha) 32,720 16,632 5,574
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Table 2. Linear correlations (P<O.Ol) between grain yield under severe drought
stress aud various traits, determined (rom 90S-2449 SI progenies from five lowland
tropical maize populatioDs.

Ears per plant
Kernels per ear
Kemels per plant
Kernel weight

Days to 50% anthesis
ASI

Leaf and stem extension rate
Canopy-air temperature diff.
Leaf rolling score
Leaf erectness score
Leaf death score
Chlorophyll concentration
Tassel branch number
Plant height

n

2449
2227
2227
2227

2449
2449

1321
1089
2033
2033
2449

90S
1793
2449

r

0.77
0.50
0.90
0.46

-0.40
-0.53

0.10
-0.27
-0.18

NS
-0.11
0.17

-0.16
NS

Scores: 1 == unrolled, upright or green; S == rolled, lax or dead.
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Table 3. Grain yield (tIha at 0% moisture) of 15 late genotypes grown across 10
Mexican environments ofvarying water availability.

50% AS! Drought !rrigated
Genotype anthesis (d) sites sites Genotype
name (d) mean mean mean

Number of sites 10 10 5 5 10

La Posta Seq. Co 79.2 4.0 1.91 8.22 5.07
La Posta Seq. C I 78.9 3.7 1.95 8.30 5.12
La Posta Seq. C2 77.9 2.4 2.38 8.45 5.41
La Posta Seq. C3 77.9 2.1 2.53 8.35 5.44
Popo 43 C9 81.4 4.3 1. 74 8.00 4.87
Pool 26 Seq. Cl· 73.9 3.8 2.25 7.52 4.88
Pool 26 Seq. C2 73.7 2.4 2.59 7.81 5.20
Pool 26 Seq. C3 72.3 1.8 2.82 7.87 5.35
Pool 26 C23 77.4 3.8 2.14 7.97 5.05
TL89DTPl Cs 72.1 0.9 3.11 7.91 5.51
DTP2 C2 72.3 1.8 2.78 8.11 5.44
Tuxpeño Seq. Co 78.5 3.9 1.75 7.48 4.61
Tuxpeño Seq. Cs 75.9 1.7 2.39 7.78 5.08
TS6 Cl 76.4 1.0 2.69 8.19 5.44
TLWD-EL EV 80.2 3.7 2.35 7.63 4.99
Environment mean 76.4 2.8 2.35 6.20 5.16
LSD 1.6 2.0 0.35 0.39 0.28
La Posta Seq. C(}->CJ
Gain/cycle (kglha) 229 53 141
Gain %/cycle·· 10.5 0.6 2.7
R2··· 0.52 0.89
Pool 26 Seq. CI->CJ
Gain/cycle (kglha) 288 177 233
Gain %/cycle 11.8 2.3 4.6
R2 0.99 0.88 0.96
Tux. Seq. C(}->Ca
Gain/cycle (kglha) 80 38 59
Gain %/cycle 3.8 0.5 1.2

• Pool 26 Seq. Co f 2 not planted in 4 trials, and therefore not included in across-site means
•• Based on mean performance of aH cycles
••• R2 = linear correlation coefficient for yield vs cycle of selection.
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Table 4. Grain yield (tlha at ooJó moisture) of 11 early maturing genotypes grown
across 10 Mexican environments of varying water availability.

50% Drought Irrigated
Genotype anthesis ASI sites sites Across
name (d) (d) t/ha t/ha t/ha

Number of sites 3 4 6 10

Pool 18 Seq. Co 68.3 4.1 1.42 5.93 3.75
Pool 18 Seq. C I 69.1 4.0 1.51 6.35 3.99
Pool 18 Seq. C2 70.8 1.7 1.67 6.21 3.95
Pool 18 Seq. C3 70.4 1.3 1.85 6.40 4.21
Popo 31 C2 73.9 3.6 1.55 6.25 3.98
Popo 31 Cs 72.9 8.0 1.40 6.82 4.16
Pool 16 Seq. Co 73.5 4.6 1.06 6.14 3.68
Pool 16 Seq. C I 73.6 5.0 1.27 6.35 3.88
Pool 16 C20 69.8 3.0 1.85 7.20 4.51
SPE Có, best aH 77.4 5.2 1.19 6.46 3.90
TEYF Drt Tol. Syn. 2 68.0 3.2 1.68 6.01 3.88

Eovironment mean 71.7 3.4 1.46 6.36 3.97

Pool 18 Seq. Co->C3
Gain/cycle (kg/ha)* 145 127 134
Gain %/cycle* 9.0 2.3 3.4

Pop 31 C2->CS
Gain/cycle (kg/ha) -50 133 60
Gaio %/cycle -3.3 2.3 1.5

Pool 16 Seq. vs Pool 16 C20 (assllmed 7 eyeles)
Gain/cycle (kg/ha) 113 122 119
Gaio %/cycle 7.8 2.1 1.2

• Based on mean performance of aH cycles
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Table 5. Grain yields of original and drougbt tolerant cycles of four populatioos
wben evaluated under five eovirooments differiog in N level at Poza Rica. Gains
per cycle of selectioo and per year were calculated for tbe meaos of tbe two low N
experimeots only.

Grain yield across... Grain yie1d under each environment...
low a11 LowN Medium N HighN

N levels N 1eve1s PR93A PR94A PR92B PR92B PR93A

------------------------------------- t ha- l -----------------------------.

Tuxpeño Seq eo 2.26 4.32 2.39 2.13 5.23 5.82 6.05
Tuxpeño Seq e8a) 2.95 4.97 3.09 2.80 6.03 6.90 6.01

La Posta Seq eo ' 2.58 4.81 2.72 2.43 5.09 7.47 6.34
La Posta Seq e3b) 3.28 5.40 2.81 3.74 5.89 7.81 6.74

Pool 26 Seq eo 3.12 4.72 2.59 3.65 4.90 6.56 5.90
Poo126 Seq e3b) 3.74 5.30 3.75 3.72 5.36 6.95 6.71

Pool 18 Seq eo 2.51 3.89 3.19 1.83 4.45 4.98 5.00
Pool 18 Seg e2 BAb) 2.89 4.17 3.31 2.46 4.53 5.27 5.30

Mean 2.92 4.70 2.98 2.85 5.19 6.47 6.01
LSD 0.72 0.49 0.80 1.09 1.20 0.83 0.76

P(popu1ation) •• ••• • •• • ••• •••
P(cycle) •• ••• ns • + • ns
P(popu1ation·cyc1e) ns ns ns ns ns ns ns

Gains ""tú, low N:

Tuxpeño La Posta Pool 26 Pool 18
Sequía Sequía Sequía Sequía

CO->C8 CO->C3 CO->C3 CO->C2B

Pe, cycle:
kg ha- 1 86 233 207 190
% 3.8 9.0 6.6 7.6

Pe, yea,:
kg ha- 1 86 117 103 95
% 3.8 4.5 3.3 3.8

+, ., ••, ••• indicates significance at P < 0.10,0.05,0.01, and 0.001, respectively.
a) fu11-sib recurrent selection scheme; one cyc1e year- 1

b) SI recurent selection scheme; one cycle needed two years to be comp1eted
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Maize Pathology Research

for the Lowland Tropics

D. Jeffers *

The major aim of the maize pathology unit is to assist in the development of gennplasm
with improved resistance to pathogens. Working in Mexico, it is possible to improve the
resistance of maize to severa! pathogens of worldwide importanee for the lowland tropies.
Screening for resistance to the regionally important diseases, maize streak virus and
downy mildew, is carried out by CIMMYT's regional programs in Cote d'Ivoire and
Thailand (the downy mildew pathogens in Asia are more diverse and agressive than
anywhere else) and is covered in detail in Chapters 3 and 4. This ehapter presents
infonnation on the importance of maize diseases in the lowland tropics, discusses .
CIMMYT's ability to work with these diseases either under natural or artificial screening
procedures, briefly describes the level of disease resistance available in CIMMYT
advaneed gennplasm, and outlines ongoing collaborative activities to develop and
incorporate disease resistance in CIMMYT gennplasm and future directions in this work.

Across the more than 35 million heetares of lowland tropical maize area, six foliar or
systemic diseases, two stalk rots, and three ear rots are considered most important in
limiting maize production, and CIMMYT conducts research and breeding activities on
each. The foliar and systemic diseases ofimportance are maydis leafblight caused by
Bipo/aris maydis; leaf rust caused by Puecinia polysora; turcicum leaf blight caused by
Exserohi/um tureieum; the downy mildews ineluding several species in the genera
Peronosc/erospora and Sc/erophthora; the coro stunt complex ineluding the coro stunt
spiroplasma, maize bushy stunt mycoplasma, and maize rayado fmo virus; and maize
streak virus. The stalk and ear rots of most importance in these maize ecologies inelude
fusarium stalk and ear rot caused by Fusarium spp, principally F. moniliforme;
stenocarpella (diplodia) stalk and ear rots caused by S. maydis and S. macrospora; and
aspergillus ear rot caused by A. jlavus and A. parasitieus.

Other diseases of regional importance with which CIMMYT is presently working inelude
the tarspot complex here in Mexico which is caused by Phyl/aehora maydis and the
associated fungi Monographe/la maydis and Coniothyrium phyllaehorae, and banded leaf
and sheath spot in the Asian regional program caused by Rhizoetonia solani f. sp. sasaki.

The maize mega-environments defined by the Maize Program (CIMMYT Maize Program
1988) embody data on the distribution and severity of major diseases, allowing the
Program to target gennplasm to the specific needs of clients. According to this
infonnation, maydis leafblight causes econornic losses in 26% ofthe maize area in the
lowland tropics. Disease resistance screening activities are routinely carried out in

* Maize pathologist.
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gennplasm improvement programs at our Poza Rica research station under artificial
inoculations. Inoculum is produced on sterilized low tannin sorghum which has been
inoculated with pure cultures of B. maydis. The colonized sorghum is air dried and
applied in the whorl at the V5-V6 growth stage with an applicator known as the
"bazooka," originally developed at CIMMYT for infesting maize with insect larvae.
Disease severity is evaluated pre- and post-flowering.

Polysora leafrust causes economic losses in 33% ofthe maize area ofthe lowland tropics.
Disease resistance screening activities are carried out at the Poza Rica research station
under natural disease pressure, l which ranges from moderate to severe, depending on the
year.

Turcicum leafblight is reported to be severe, especially in tropical areas where temperate
gennplasm has been introgressed into the local maize. We are able to screen to eliminate
susceptible gennplasm at Poza Rica under both natural and artificial inoculations during
winter growing season, but we place more emphasis on maydis leaf blight resistance in
our tropical gennplasm. Nonnally, the most Turcicum susceptible families can be easily
identified and eliminated under natural infection.

Com stunt complex is important in North, Central and South America across parts of the
lowland tropics, the subtropics, and into highland maize ecologies. Disease resistance
screening took place in Mexico during the 1970s, with efforts being shifted in the late
1980s to the SDC-funded Regional Maize Program (Programa Regional de Maíz, or
PRM) for Central America and the Caribbean. Screening in that region in recent years has
relied on natural disease pressure resulting from high population levels of the Dalbulus
insect vector. Efforts are underway at CIMMYT headquarters to develop artificial
infestations that guarantee severe stunt pressure, as well as to detennine the reaction of
maize to the individual pathogens that comprise the stunt complexo

The tarspot disease complex is also unique to the Americas and occurs in coollowland
conditions. The biologyofthe organisms involved in this complex and epidemiological
studies have been carried out at CIMMYT under the funding provided by the Gennan
government through GTZ. This work (Hock et al. 1989; Dittrich et al. 1991; Hock et al.
1992) is the only infonnation available on the tarspot complex, aside from the original
description. There are moderate-to-high levels of natural disease pressure at the Poza Rica
station every winter cycle, allowing us to select resistant gennplasm.

Banded leaf and sheath spot can cause losses to maize grown under hot, humid
conditions, and the CIMMYT Asian regional maize program (ARMP; see Chapter 3) and
national maize programs in Asia are collaborating in resistance screening for the disease.

1 Attempts to initiate epidemics with urediospores collected from the previous season have not been
successful to date.
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The causal organisms of stalk and ear rots are not always easy to detect by persons not
trained in plant pathology or without the proper laboratory facilities. CIMMYT mega
envirorunent data places economic losses from the two rots respectively at 27 and 44% of
the area devoted to tropical maize.

Fusarium stalk and ear rots cause economic losses in 26 and 6% , respectively, of the
lowland tropical maize area. In the case of F. moniliforme ear rot, it is important to
consider not only the direct loss of grain. but also the potent mycotoxins that affect
humans and livestock consuming infected grain. Several other species in the genus
Fusarium are found in maize and are capable ofproducing mycotoxins. Work with stalk
and ear rot caused by F. moniliforme has been carried out through artificial inoculations,
eliminating the most susceptible germplasm fraction. With stalk rot, a colonized toothpick
is placed in the first expanded intemode at 7 days post silking, and stalk strength and
colonization are rated at harvest. For ear rots the plants are inoculated with a spore
suspension using the nailpunch/sponge technique (Drepper et al. 1990) at 7 days post
silking. At present a new technique utilizing a spore suspension prepared in a sugar
solution is being evaluated for improving the level of ear rot development, and following
two seasons of replicated trials with advanced tropicallines, results look quite promising.

Stenocarpella stalk. and ear rots cause losses of 1 and 6% respectively in lowland maize
production. A technique similar to that described for F. moniliforme is utilized for
inoculating the sta1ks. Ear rot inoculations are made by placing a colonized toothpick in
the peduncle at 14 days post silking. This has allowed for the differentiation of materials
according to level of colonization. Another technique where the inoculum is placed
between the base of the leaf sheath and the ear at silking is being evaluated for usefulness
in selecting for ear rot resistance

Aspergillus ear rot is important, especially since aflatoxins are extremely potent
carcinogens. Work at headquarters was initiated in 1993 looking at the potential for
evaluating germplasm at the Tlaltizapán research station for both resistance to
colonization and for differences in aflatoxin production in subtropical germplasm. If
results look encouraging, tropicallowland germplasm will be included in the evaluations.
At present a collaborative project is being developed with the Mexican national
agricultural prograrn (INIFAP) to utilize their Río Bravo, Tamaulipas, station to screen
CIMMYT germplasm for resistance to aspergillus ear rol. Activities are being carried out
in the Asian regional prograrn to identify aspergillus ear rot resistant germplasm as well.

Disease Resistance in Advanced CIMMYT Germplasm

As mentioned in the previous section, resistance evaluations for Bipolaris maydis are
carried out at the Poza Rica Station, and most advanced germplasm has high levels of
resistance to this pathogen. Sorne of the early maturity and special purpose germplasm is
more susceptible to maydis leaf blight, but usually there is sufficient variability within the
material for improvement.
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Polysora rust resistance varies, but certain materials possess high levels ofresistance.
Most adapted germplasm is not extremely susceptible. Work will continue to improve
polysora rust resistance.

Collaborative work between the CIMMYT maize entomologist and the CIMMYT Asian
regional maize program (ARMP) seeks to combine resistance to downy mildew with
resistance to borers and armyworms. The work has resulted in S2 lines that show higher
or equal levels of resistance to downy mildew at the INIFAP Rio Bravo station as the
mildew resistant check.

Resistance or tolerance to the coro stunt complex is available in the white maize
Populations 73 and 76, and work is presently under way for improved levels of resistance
in the yellow maize Population 79. With these irnproved materials, fewer plants show
syrnptorns and there are no large reductions in yield, under heavy disease pressure. The

, entomology program has crossed stunt resistant germplasrn with rnaterials that are
resistant to both borers and armyworms. Sorne of the 82progeny show combinee
resistance to stunt, borers, and armyworm. Further work with this disease complex wiIl
continue to diversify the stunt resistant germplasm products available.

Resistance to the tarspot disease complex can be found in several sources. Four
populations, two white and two yellow, possess high levels of disease resistance. Disease
resistance appears to be simply inherited (Ceballos et al. 1992).

Improvements for resistance to F. moniliforme stalk and ear rot have been rnade but are
less obvious than those for foliar diseases. Information has been published on
irnprovements rnade for both stalk and ear rot in CIMMYT tropical maize pools (De
Leon and Pandey 1989). A major focus in pathology activities at present is identifying
source germplasm for resistance to F moniliforme ear rot in tropical germplasm across all
maturity groups.

Two groups of materials are being used in work to develop resistance to ear rot caused by
Stenocarpe/la maydis (Diplodia maydis). The fust is the diplodia ear rot resistance
population, now in its third cycle of selection in the stress programo The second
comprises lines provided by Dr. Willy Villena, of CIMMYT maize training. The most
resistant lines from these two programs have been sent to Honduras and Costa Rica for
further testing at locations known for high disease pressure. Work with stenocarpeIla
stalk rot has been very limited to date.

Collaborative Projects

Collaborative work with the tropicallowland program involves the evaluation of advanced
inbred lines for resistance to Fusarium moniliforme ear rot and Stenocarpe/la maydis.
This is the third season of replicated trials for F. moniliforme ear rot evaluations and the
first cycle of evaluations for S. maydis ear roto Results from the F moniliforme ear rot
evaluations show several advanced lines are highly resistant to ear rot in the Poza Rica
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environment. Work on evaluating tropical early germplasm is in the sixth season and we
are presentIy recombining the more resistant families to compare the levels of
F.moniliforme ear rot resistance with that ofthe pools from which they were derived.

Work with the stress program is on the development and evaluation of stenocarpella ear
rot resistance, and at present a top cross trial is being evaluated for yield and ear rot
resistance with the best lines from both programs mentioned aboye .

Collaborative activities with the entomology program include assistance in handling and
evaluating the combined insect and disease resistant lines for the com stunt complex and
insect pests, combined with downy mildew resistance lines.

Special Projects in the Pathology Program

A project funded by the Overseas Development Agency (ODA) was initiated this year to
look at the discrimination ofcomponents ofthe com stunt complex, using molecular
diagnostic techniques. The funds support research on the stunt complex by a Ph.D.
candidate from El Salvador, and will help national programs determine which components
of the pathogen complex are present in their breeding nurseries. The student will also
examine isolates from various locations to detennine if variation exists in pathogenicity.

A screenhouse near completion at Poza Rica will be used to mass rear Dalbulus
leafhoppers for field infestations, as part of screening for resistance to com stunt. Work is
under way to obtain pure cultures of the three Stunt pathogens and to develop techniques
for handling them effectively.

Future Directions

With the development of lines for hybrid oriented programs, it is possible to identiry
source germplasm for resistance to specific diseases and to incorporate this resistance
more efficiently mto susceptible germplasm. The Maize Program should put more effort
into this area ofresearch, especially for diseases specific to a given region. (Ibis would
include testing the germplasm at disease "hotspots.")

Work is required on resistance to fungi that produce mycotoxins in grain and, possibly, on
resistance to the production of the toxins themselves. Efforts in the area of mycotoxins
have been initiated and wiIl continue.
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Lowlaod Tropical Maize Research:

Future Plaos aod Activities

S.K Vasal and S. Pandey *

The introduction of hybrid development activities in early 1985 posed new challenges for
the CIMMYT Maize Programo These activities have been continuously increasing over
the past decade. More recently hybrid trials have even been added to the intemational
testing system. This means that both new and old activities cannot be carried out at the

_same level. Also, our regional programs in Asia, South America, and West and Central
Africa are strengthening their hybrid development activities. Thus it becomes more
important than ever to foster interaction and integration wherever possible among maize
subprograms at CIMMYT headquarters and in outreach. Also, staff reductions in lowland
tropical maize subprograms necessitate the careful and constructive examination of
current activities to set future priorities and allocate resources adequately to activities
considered important. This chapter outlines key issues for CIMMYT breeders who deal
with lowland tropical maize.

Allocation of Resources to Different Research Activities

Both hybrids and OPVs are important and will perhaps continue to be so in the near
future. Research allocations between the two products must strike an appropriate balance
to meet needs of the national programs and farmers. It would appear that resource
allocations to hybrid research will soon reach 50% and wiIl be maintained at that level,
unless circumstances ofhybrid development change drastically in the near future.

Germplasm Needs

More precise information on the needs for various classes of maize germplasm should be
gathered. Necessary changes should be made in the volume of each class of germplasm to
be handled at various stages of breeding. The relative importance and research emphasis
on different germplasm types should be apparent and reflected in resource aIlocations.

Characterizing New Populations

Over the past few years several new lowland tropical maize populations have been
developed at headquarters and by CIMMYT regional maize programs. Sorne have
performed well in preliminary evaluation trials. However, we need to obtain information

* Leader,lowland tropical maize subprogram; and team leader. South American regional programo
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on their combining ability and heterotic relationships with other CIMMYT populations,
perhaps through some type of cooperative study.

Reduetion in Germplasm Development Aetivities

The increased emphasis on hybrid research at headquarters and in the regional programs
would imply reductions in germplasm development and population improvement

.' activities. While the situation in the regional programs may not be ofconcem, it appears
that at headquarters such reductions are occurring.

Emphasis on Interpopulation Improvement

Interpopulation improvement procedures will receive more emphasis in the future.
Efforts are already underway at headquarters in this direction and the regional programs at
Cali and Thailand are working on heterotic populations. It would seem appropriate to try
more than one interpopulation improvement scheme. At headquarters, in addition to using
modified reciprocal recurrent selection, a modified fS reciprocal recurrent selection
scheme will also be used on at least two pairs of heterotic populations. A great advantage
offS reciprocal recurrent selection is that only one set ofprogenies need be evaluated, as
against two in MRRS. Thus, the FS scheme is more cost effective, though developing full
sib progenies may require extra effort.

Duplieations and Less Resouree Intensive Strategies

Considering staffmg reductions at headquarters, germplasm development activities should
be careful1y examined. Currently this activity takes about one-third of the resources
allocated for research on lowland tropical maize. Sorne duplications are evident and need
to be corrected. Intensive and resource-consuming strategies would also have to be
discouraged. Alternate inbreeding and half-sib family procedures would be used to make
handling germplasm more cost-effective. Biotic and abiotic stresses that can be easily
managed would also receive added emphasis in such gene pools.

In four late pools, a modified SI procedure would continue to complete a few additional
cycles of selection. More information wiIl be gathered on this procedure before making
any change.

Interadion Between Headquarters and Regional Programs

Interactions between headquarters and outreach need to be strengthened. Cooperative
efforts already underway shouId be continued. New areas ofcooperation among breeders
of lowland tropical maize subprograms were discussed in September 1994.

109



Reference Testers

Appropriate reference testers should be developed for various classes of maize
germplasm. Enough tester lines are available in the late germplasm group. However, for
early and intermediate maturity groups, testers are lacking.

Inbred Recycling

Recycling between lines developed at headquarters and in regional prograrns will be
strengthened to incorporate stress characters in agronomically desirable lines.
Incorporation of stress traits in a few lines through a backcross prograrn will also be
considered.

Two-Parent vs Multiparent Hybrids

The advantages of two-parent and multi-parent hybrids should be exarnined. The two
parent hybrid strategy would give us an edge in evaluating more hybrid combinations. The
multi-parent hybrid strategy is quite cumbersome and demanding on prograrn resources.

Intemational Hybrid Trials

Intemational testing ofmaize hybrids was initiated in 1994. These trials include only late
white and yeIlow hybrids. We must ascertain what additional trials are needed to test
intermediate maturity and early maturity maize hybrids. AIso, the mechanics of entering
hybrids into such trials should be worked out.

Divenification of Inbred Line Base

An appropriate balance should be worked out for lines resulting from the recycling
process and those originating from on-going population improvement efforts. New and
diversified lines should be added to the system on a continuous basis.

Diversification of Products of OPVs

By-products ofthe population improvement prograrn should be diversified. As
interpopulation improvement schemes are emphasized, more synthetics wiIl be generated
using combining ability information.
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De-empbasizing Experimental Variety Strategy

The development ofEVs and their evaluation in experimental variety trials should be
thoroughIy examined. By 1994 we will have generated more than 1,000 EVs. Can we
drastically reduce this activity and reallocate the resources saved to evaluate different
kinds of hybrid trials?

Empbasis on Stress Traits

Stresses that can be easily managed should be emphasized at all stages of breeding to
improve performance of maize germplasm for such traits.

Maximizing Use of Inbred Lines

We will seek to make extensive use of good parental inbred lines in developing not only
hybrids but a range of products that includes trait-oriented divergent synthetics and
poIlen-and seed-parent synthetics.

Improving Periormance under Stress of Germplasm Developed at Headquarters

General purpose materials developed at headquarters are sometimes at a disadvantage in
environrnents where special biotic stresses (downy mildew, streak, stunt, etc.) or abiotic
stresses (acid soils, drought, etc.) are more cornmon. It is proposed that a system oftest
cross evaluation using testers that possess resistance or tolerance to such stresses will
facilitate evaluation of testcross progenies with better yield potential.

Optimizing Resource Use in International Testing Between Progeny Evaluation
and Hybrid Testing

Evaluating early generation hybrids involving S3 inbred lines from heterotic populations,
using a fuIl-sib reciprocal recurrent selection procedure, would help in identifying superior
hybrid combinations early in the breeding process. In addition to population
improvement, hybrid development wiIl be speeded up and the need for a separate
combining ability evaluation ofthe lines avoided. As inbreeding generations are advanced,
families can also be subjected to both biotic and abiotic stresses, an activity which could
be efficiently managed at headquarters.
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