
ABSTRACT - In U.S. maize breeding, exotic germplasm is
considered high-risk and usually is introduced by back-
crossing specific traits into elite lines. The U.S. maize
germplasm base is narrow; only a few open-pollinated va-
rieties are well represented in current programs. In other
areas of the world, germplasm bases can also occur be
narrow. Today, the barrier to use of exotic germplasm in
the U.S. is less formidable than in the 1980s. A major rea-
son is that U.S. materials are now used in tropical breeding
to add earlier maturity and lodging resistance. These exotic
materials, developed with U.S. germplasm, are being intro-
duced back into the U.S. Although use of exotic
germplasm in U.S. maize breeding is limited, a 3-fold in-
crease occurred from 1% in 1984 to 3% in 1996. Primary
sources of exotic germplasm are Maíz Amargo from Ar-
gentina and the French lines, F2 and F7. While there is lit-
tle evidence that breeding gains have been restricted by
the narrow U.S. germplasm base, it continues to be a con-
cern, as demonstrated by the GEM (Germplasm Enhance-
ment of Maize) project, promoted by ASTA (American Seed
Trade Association). GEM is a cooperative public/private ef-
fort aimed at injecting exotic germplasm into U.S. commer-
cial breeding.Although most exotic germplasm being used
in U.S. maize breeding is from temperate regions, inbreds
and hybrids from the tropics have great potential for im-
proving U.S. maize yields. GEM has already identified
about fifty, 50%-tropical, 50%-temperate families tracing
primarily to tropical hybrids that are competitive with com-
mercial checks. In our program, we have examined the po-
tential of tropical inbreds and hybrids for U.S. breeding by
crossing temperate-adapted, 100%-tropical lines to U.S. hy-
brids. That higher yields can be acquired from elite exotic
sources was demonstrated, mostly by NC346, but such
events are rare. Of the GEM breeding crosses evaluated,
DeKalb’s tropical hybrids and largely tropical synthetics
from Brazil and Florida show the most immediate promise.

KEY WORDS: Maize breeding; Tropical inbreds;
Germplasm; Incorporation.

INTRODUCTION

Conventional wisdom says that in U.S. maize
(Zea mays L.) breeding, exotic germplasm is benefi-
cial only through slow integration into mature
breeding programs that are, in turn, grounded on
historic heterotic patterns (TROYER, 1994). Elsewhere
in the world, however, exotic germplasm is a com-
monplace feature of maize breeding. A prime exam-
ple is the fact that elite U.S. lines and hybrids con-
stitute important exotic sources in most countries.
U.S. public breeding lines are readily available for
international breeding activities (typically at no cost
to other public programs, foreign or domestic),
while various devices such as restrictive contracts,
trade secrets, patents and licenses (MORRISSEY, 1995;
ROTH, 1995) limit the use of private lines (especially
in the U.S. and Europe). Hybrid seed and field-run
(F2) seed are often available without restriction for
conventional (non-transgenic) hybrids. Even F2 seed
from transgenic hybrids can sometimes be used in-
directly for breeding if the transgenes can be selec-
tively eliminated from descendants of field-run
seed. Thus, for practical purposes, most U.S. maize
germplasm is available for international breeding.

Genetic base of maize breeding in the U.S.
There were thousands of open-pollinated vari-

eties of maize in use in the U.S. in the late 1800s and
early 1900s. Today, however, only a few of these are
well-represented in current U.S. programs (BAKER,
1984; GOODMAN, 1990). The maize germplasm base
for the U.S. (and hence for most of the temperate
world) has recently been reviewed by several au-
thors. Briefly summarized, many U.S. lines currently
used as female parents trace their parentage to A632,
B14, B37 and B73 (TROYER, 1996; GOODMAN, 2004),
all derived from the Stiff Stalk Synthetic of largely
Reid Yellow Dent origin. Many U.S. lines used as
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male parents have ancestry from C103, Mo17 and
Oh43, lines derived from Lancaster. LU and BERNARDO

(1999) and TALLER and BERNARDO (2004) suggest
adding B84 and H99, respectively, to these two lists.
Iodent lines (derived from I159, I198, I205, MBS847,
etc.) and Minnesota 13 (TROYER, 1994, 1996) lines
have added early dry-down, allowing earlier harvest-
ing with less artificial drying, and permitting hybrid
corn to be grown further north. Midland,
Krug, Leaming, Northwestern Dent, Pride of Saline,
and Jarvis are varieties that also have contributed to
current breeding programs, but at a much lower lev-
el than Reid, Lancaster, Iodent and Minnesota 13.
The Iodent lines originated (1930s) from Iowa State
(WALLACE, 1923), but were much improved over a
long period of time, largely under the guidance of
the late Raymond Baker of Pioneer (BAKER, 1984;
GOODMAN, 2004; SMITH et al., 2004; TROYER, 2004). In
some northern areas, the French lines, F2 and F7,
made maize-growing really feasible.

In recent years, the Iodent and Minnesota 13
materials have largely been restricted to private line
development, while U.S. public breeders have con-
centrated on Stiff Stalk x Lancaster combinations. In
addition, many private (and perhaps a few public)
breeders have made use of Pioneer’s domestic lines
and hybrids. Today, in private breeding circles, Pio-
neer sources probably rank second only to Stiff
Stalk derivatives. TROYER (1996, 2004), DUVICK et al.
(2004) and SMITH et al. (2004) have described these
sources, inferring the overall extent of their use
from SMITH et al. (1990, 1999). While much overlap
exists with other programs, Pioneer alone seems to
have made a continual effort from the 1930s to the
1990s to acquire and evaluate virtually all available
maize germplasm sources.

Genetic base of maize breeding outside the U.S.
In other areas of the world, important heterotic

patterns differ widely from region to region, but the
tale of a restricted germplasm base is all-too-similar
to that in the U.S. In the tropics, several races domi-
nate these patterns. Various Tuxpeños form the ba-
sis for dent breeding efforts (especially for the
white dents) in the tropics, while Cuban Flint and
Suwan 1 are the predominant yellow flints. ETO
and Tusón are semidents of major importance.
Coastal Tropical Flint (called Costeño in many re-
gions) is a semi-flint that has been widely used.
These six groups are crossed in virtually all permu-
tations for hybrid development. Consider Tuxpeño
x ETO as an example of how U.S. germplasm can

be employed: B73- or Mo17-type lines can be used
on either side of the Tuxpeño-ETO heterotic combi-
nation, but B73-types are often used to cross with
Tuxpeño-type materials, while Mo17-type lines are
often used with ETO materials (Glenn Robison, re-
tired from DeKalb, personal communication). The
usual goals are to increase stalk and root strength,
lower plant height, decrease maturity and add yield
potential from U.S. sources, while maintaining the
disease and insect resistance and wide adaptation of
the tropical sources. Usually U.S. materials con-
tribute 25% to 50% of the germplasm of the result-
ing breeding lines. In some cases, southern U.S.
lines can be used directly, to form as much as 1/4
to 1/2 of the parentage of tropical hybrids. Lines de-
veloped in the tropics, but containing some U.S.
germplasm, are occasionally crossed with U.S.
breeding stocks by multinational breeding compa-
nies. Jerry Arnold, now retired from Asgrow, was a
strong proponent of such procedures, and Don
Bockelmann successfully used such tropical lines at
Asgrow; that practice may increase as U.S. materials
have a larger impact overseas.

Attempts/strategies to broaden
the genetic base of maize in the U.S.

The narrow genetic base of U.S. maize is recog-
nized widely; however, there was a 3-fold increase
in the use (defined here as percentage of parentage
of all inbreds used in production of hybrid seed) of
exotic germplasm between 1984 and 1996, from
slightly less than 1% in 1984 (GOODMAN, 1985) to
2.9% in 1996 (GOODMAN, 1998). This increase was
both for exotic germplasm from temperate regions,
which increased from 0.8% in 1984 to 2.6% in 1996,
and for germplasm from tropical areas, which in-
creased from a minuscule 0.1% in 1984 to a still tiny
0.3% in 1996. Among the available examples of use
of exotic germplasm for hybrid production, there
seem to be two extremes in the actual deployment
of tropical germplasm in U.S. hybrids. The most
widely-sold U.S. hybrids containing tropical
germplasm have relatively small amounts of exotic
germplasm that has been introduced by slow intro-
gression, mostly from backcrossing, of experimental
lines over time. On the other hand, there are a few
hybrids with 25% or more tropical parentage,
where, for example, a 50%-temperate/50%-tropical
line was adapted well enough to the U.S. to enable
its use as a parent of a U.S. hybrid.

The bulk of exotic maize germplasm currently
employed in the U.S. is temperate in origin, and
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most of that traces to two specific sources. Maíz
Amargo was discovered in Argentina in the late
1930s (MARCHIONI, 1939) and has been used in the
U.S. as a source of insect and disease resistance,
mostly via B64 and B68 from Iowa State. Deriva-
tives of B68 are represented in most breeding pro-
grams in the Midwest, East and South, although B68
itself was never a dominant inbred. The second ma-
jor source of temperate exotic germplasm in the
U.S. is the pair of French lines, F2 and F7, both de-
rived from the open-pollinated population Lacaune.
These lines have excellent capability to germinate
well under adverse conditions and are widely used
for breeding and seed production across the north-
ern parts of both the Old and New Worlds.

While broadening the germplasm base of tem-
perate maize breeding has frequently been advocat-
ed (WELLHAUSEN, 1956, 1965; BROWN, 1975; STUBER,
1978; GEADELMANN, 1984; GOODMAN, 1999, 2004;
GOODMAN et al., 2000; HALLAUER, 1978, 2003; BETRÁN

et al., 2004, 2005), there is little evidence to show
that breeding gains have been restricted by the nar-
row U.S. germplasm base (DUVICK, 1984, 1990; DU-
VICK et al., 2004). Indeed, bringing in exotic
germplasm sources generally results in yield losses,
despite general increases in disease and insect resis-
tance. There are exceptions (GOODMAN, 1999, 2004;
GOODMAN et al., 2000), but they are rare. To para-
phrase Arnel Hallauer: most genetic variation is not
favorable.

Nonetheless, the narrowing of the U.S. maize
germplasm base continues to be a widespread con-
cern, as evidenced by the GEM (Germplasm En-
hancement of Maize) project, that was established
as a result of the concerns of ASTA (American Seed
Trade Association) an organization that represents
the interests of commercial seedsmen. GEM (SAL-
HUANA et al., 1994; POLLAK and SALHUANA, 1998) is a
cooperative public/private effort to quickly inject
exotic germplasm into U.S. commercial breeding.
Briefly summarized, the GEM program uses F1
crosses between private lines and tropical sources
to derive partially inbred families that are then
topcrossed to foundation-seed-company testers.
These topcrosses are tested collaboratively, the best
performing families are distributed to cooperators
and a year later released to the public through the
North Central Regional Plant Introduction Station
(NCRPIS) at Ames. This part of GEM is coordinated
at NC State. At Ames, a similar program is carried
out with temperate materials and with 25%-tropical
crosses.

A major problem confronting anyone wanting to
incorporate exotic germplasm into a breeding pro-
gram is what exotic germplasm to use. DUDLEY

(1984, 1987, 1988) and some of his students (for ex-
ample, BERNARDO, 1990) and GERLOFF and SMITH

(1988) have tried to address this issue in terms of
improving specific lines and hybrids, but the num-
ber of potential lines and hybrids to be improved is
very large and constantly changing. In addition, the
number of potential exotic sources is large and
many are very unadapted to the central Corn Belt of
the U.S., and thus not amenable to the Dudley esti-
mation procedures.

If the goal is overall improvement of U.S. maize
breeding stocks (incorporation, in the sense of SIM-
MONDS, 1993), then several generalizations can be
made on the basis of extensive experimentation by
both public and private sources. Much of this work
was ultimately unproductive and therefore unpub-
lished, yet it is widely known. First, virtually all
readily-available, temperate-adapted, Argentine,
Uruguayan and Chilean sources (accessions, lines
and hybrids) have been tested repeatedly by public
and private organizations and have generally been
found not to be widely useful [Maíz Amargo has
been a notable exception and the GEM website
(http://www.public.iastate.edu/~usda-gem/) lists
other materials with promise]. This broad generaliza-
tion is based on personal conversations with many
people, but Raymond Baker and William Brown,
both now deceased but formerly research leaders at
Pioneer, were primary sources. Second, synthetics
and accessions from the tropics often carry recessive
alleles adaptational to that region but which hamper
U.S. inbreeding efforts (GOODMAN, 1992). Third,
highland materials, whether from Mexico, Peru or
elsewhere (and southwestern U.S. ones as well), al-
so often carry ecologically-specific, adaptive alleles
that make them recalcitrant sources for general
breeding (this generalization comes from personal
experience, along with that of several Latin Ameri-
can colleagues with whom I have worked, especial-
ly Fernando Castillo and Jesus Sanchez of Mexico
and Wilfredo Salhuana and Ricardo Sevilla of Peru).
Fourth, inbreds and successful hybrids from the
tropics (often carrying some small amount of U.S.
germplasm) are by far the easiest tropical sources to
use for general improvement of U.S. maize (GOOD-
MAN, 1993). Fifth, although largely-exotic lines with
slightly better per se performance can be drived by
several generations of sib mating before selfing (UHR

and GOODMAN, 1995), the time-costs of this line im-
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provement (which does not generally carry-over to
hybrids) are usually not worthwhile unless both
parental-source materials are unadapted. Sixth, it is
probably far more sensible to build on existing ef-
forts than to ‘go it alone’. Today, adapted exotic syn-
thetics and inbreds are available from HALLAUER

(2003), BETRÁN et al. (2004) and GOODMAN (2004),
while partially-inbred families of widely-tested, high-
yielding, 50%-exotic and 25%-exotics are available
from the GEM program through NCRPIS at Ames, IA
(http://www.public.iastate.edu/~usda-gem/).

If one is instead searching for unique traits, not
readily encountered in any commercial maize, then
working with less-adapted highland or other spe-
cialized accessions or even teosinte (WILSON et al.,
2004) might be advisable, but, if so, the goals need
to be clear. Useful alleles can probably be found in
any line, race, accession or species, but the tools for
extracting them are expensive and the time in-
volved is lengthy. Such endeavors, some of which
are novel and exciting, are now largely limited to
single, major genes (CASTLE et al., 2004) rather than
the polygenic traits that form the basis for almost all
successful maize breeding.

Use of public lines developed in the tropics for
commercial breeding in the U.S. is largely undocu-
mented (a Pioneer breeder who must remain
anonymous says that one parental line of one com-
mercial hybrid was derived partly from a CML [CIM-
MYT] line) or barely-existent, although the old
Cuban line A6, a line that was still being used in
tropical hybrids 40+ years after its development by
DEVALLE (1952), may have had some use. A major
reason for the lack of attention paid to public tropi-
cal lines is the sparse amount of yield-trial data. Al-
though many such lines are available (largely from
CIMMYT, IITA, NCRPIS or from Jim Brewbaker in
Hawaii) and substantial amounts of disease and in-
sect resistance data exist (BREWBAKER et al.,
1989), very little yield data have been published in
a form that allows line-choices to be made. Since
such data cannot readily be collected in temperate
locations, interest of temperate breeders in such
lines has been minimal.

For the past 30 years, genetic resource programs
for maize have generally been under-staffed and
under-funded (GOODMAN, 1984). This is unlikely to
change until more successful uses of such resources
are demonstrated. Somehow, the widespread use of
Maíz Amargo, first evaluated in the early 1940s, is
not considered adequate justification for further
evaluation of accessions and sometimes not even

for maintenance of exotic maize accessions. GEM,
LAMP (Latin American Maize Program; see SALHUANA

et al., 1995) and regeneration programs coordinated
by CIMMYT and NC State have been exceptionally
successful, but fewer than half of the Latin Ameri-
can accessions have been evaluated; many still des-
perately need immediate regeneration. Proposals for
maize photoperiod conversion have been submitted
from the U.S. Maize Crop Advisory/Germplasm
Committee; all have been turned down by the US-
DA-ARS for lack of available funds. LAMP was com-
pletely funded by a major international seed com-
pany (Pioneer), and GEM was funded solely be-
cause of a successful Congressional lobbying effort
by ASTA (an influential Senator and a senior House
member, both from Iowa, served on the Agriculture
Conference Committee that funded GEM at the last
moment in the 1994 Congress – it had not been in
either of the original House or Senate budget pro-
posals). Once material has been evaluated, as has
happened with LAMP, years of breeding and testing
must follow to convert potentially promising, but
agronomically inferior, germplasm accessions into
useful breeding lines. In the U.S., widespread use of
Maíz Amargo germplasm in successful hybrids did
not occur until the 1980s, after 40 years of breeding
and selection, and Maíz Amargo itself is more tem-
perate than tropical in its adaptation.

Three types of experiments will be reported
here. The first involves a set of temperate-adapted,
all-tropical (TAAT) inbreds crossed to a currently
important set of maize hybrids to determine
whether TAAT germplasm can add to the perfor-
mance of currently elite hybrids. The second is a
comparison of 50%-tropical F1 breeding crosses in-
volving elite Latin American accessions and hybrids
crossed to elite, private lines to determine which of
these F1 hybrids are most promising for future
breeding work. The third compares topcrosses of
partially inbred families derived from such breeding
crosses to commercial checks to determine whether
some families show immediate promise for general
use in breeding.

MATERIALS AND METHODS

NC336, NC346, NC352, NC400 and NC458, used in the first
experiment, are temperate-adapted, all-tropical (TAAT) lines de-
veloped from tropical hybrids that were elite in the early 1970s.
Their pedigrees are listed in Table 1; the important point is that
they were derived from materials that themselves belonged to
the era (though not the pedigree) of B73 x Mo17 hybrids in the
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U.S.; tropical breeding has made much progress since then, so
that much better materials are available today. The TAAT inbreds
were crossed to DeKalb 697, FR1064.LH185, HC33.TR7322,
LH132.LH51, LH200.LH262, Pioneer 31G98 and Pioneer 33P66,
all currently, or very recently, important hybrids.

In the second set of experiments, F1 hybrids between tropical
accessions (or tropical hybrids or tropical inbreds, together called
‘accessions’ here) and proprietary lines were compared to com-
mercial checks. The hybrids were made by commercial compa-
nies, coded from 1 to 27, with codes known only to the GEM co-
ordinators at Iowa State, and the F1s are labelled as S, N or D for
Stiff Stalk, non-Stiff Stalk or Argentine Dent crosses, respectively.

The third set of experiments reported here compares families
(slightly inbred lines) derived from such F1 crosses to commer-
cial checks.

Experimental procedures used included lattice designs, with
three replications, for individual NC environments, with random-
ized complete blocks analysis across environments. For GEM tri-
als involving topcrosses of partially inbred families conducted
across multiple states, single-replication trials were analyzed us-
ing the GLM Procedure in SAS and LS Means are reported here
(SAS INSTITUTE, 1988).

RESULTS

Tables 2 and 3 summarize the results of the
crosses of TAAT inbred lines with commercial hy-
brids. The data in Table 2 suggest that NC346 might
have potential to contribute to the U.S. germplasm
base, despite its TAAT origin. That said, no NC346
cross equalled the highest-yielding domestic hybrid,
Pioneer 31G98, as can be seen in Table 3, that lists
all NC346 crosses, all domestic hybrids and all other
crosses in the set that exceeded 8 tons/ha.

There are a large number of GEM breeding
crosses (F1s between private lines and tropical ac-
cessions, lines and hybrids; some of which are list-
ed in Tables 4 and 5) that have yet to receive seri-
ous attention, but the range in potential general
productivity is large. Tables 4 and 5 include exam-
ples of breeding crosses currently under considera-
tion for use in GEM. Even some F1s with the
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TABLE 1 - Pedigrees of TAAT lines.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

LINE PEDIGREE1

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

NC336 Pioneer X105A x H5

NC346 Pioneer X105A x H5

NC352 Pioneer X105A x H5

NC400 NC300 x NC348

NC458 KU2301 x PM703
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1 Pioneer X105A was from Jamaica, H5 was from the Rockefeller
Program in Nicaragua, KU2301 was a Suwan 1 hybrid from Thai-
land and PM703 was a Peruvian hybrid of Cuban origin. NC300
and NC348 are second-generation TAAT inbreds.

TABLE 2 - Mean grain yield, grain moisture and percent erect
plants (EP) at maturity of TAAT line crosses to DK 697,
FR1064.LH185, HC33.TR7322, LH132.LH51, LH200.LH262,
P31G98, and P33P66 across 9 North Carolina environments
(2003-2004).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

YIELD % %
LINE t/ha H2O EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

NC336 7.54 15.7 59

NC346 7.91 15.4 64

NC352 7.28 15.4 61

NC400 7.54 15.5 57

NC458 7.47 17.0 57
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Tester mean 7.41 14.5 66

Trop. line mean 7.54 15.8 60

LSD (.05)* 0.25 0.3 3
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

* For comparing individual line means to the mean of all testers.

TABLE 3 - Better performing hybrids and all checks for experi-
ment summarized in Table 2.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Year 2004: Clayton, Lewiston, Plymouth, Sandhills, Kinston, NC
Year 2003: Clayton, Lewiston, Plymouth, Kinston, NC
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

YIELD % % Southern
ENTRY t/ha H2O EP Rust1

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DK697 x NC346 8.11 16.0 53 6.6

DeKalb 697 8.34 15.3 63 4.2

FR1064.LH185 x NC346 7.90 15.1 66 7.1

FR1064 x LH185 6.86 13.8 75 5.2

HC33.TR7322 x NC346 8.14 14.6 68 7.1

HC33 x TR7322 7.07 13.9 66 4.6

LH132.LH51 x NC336 8.02 15.7 62 6.7

LH132.LH51 x NC346 8.04 15.7 67 6.6

LH132 x LH51 7.17 14.6 69 5.0

LH200.LH262 x NC346 8.13 16.4 61 6.9

LH200 x LH262 8.04 15.3 59 5.8

P31G98 x NC346 8.49 15.6 64 6.4

P31G98 x NC400 8.38 16.1 58 8.7

P31G98 x NC458 8.19 17.3 58 6.3

Pioneer 31G98 9.04 14.9 64 4.1

P33P66 x NC336 8.17 16.0 61 5.8

P33P66 x NC346 8.21 15.4 66 6.4

P33P66 x NC352 8.01 15.6 53 5.6

Pioneer P33P66 7.67 14.8 66 5.2

Garst 8288 7.89 15.0 75 5.4
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

LSD .05 (ENTRY x ENV) 0.62 0.8 9 1.0

C. V. % (ENTRY x ENV) 8.01 5.2 15 11.9
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1 Rust severity, rated on a nine-point scale, where 9 = immune to
1 = plant death due to severe disease, was collected only in 2003
(at all locations).
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TABLE 4 - Yield, moisture and percent erect plants (EP) at harvest for 50%-tropical GEM Breeding Crosses (F1s), Year 2003: Clayton, Lewis-
ton, Plymouth, Sandhills and Kinston, NC.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

YIELD % % YIELD % %
ENTRY t/ha H2O EP ENTRY t/ha H2O EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Pioneer 31G98 8.77 14.3 68 CHIS462:N08d 5.84 18.4 76

FS8B(S):S03 7.22 15.4 74 BVIR155:S20 5.75 16.7 62

RN07:S20 (BR51721) 7.03 15.7 74 FS8B(S):S17a 5.67 16.7 69

FS8B(T):N11a 6.88 15.4 77 DREP269:S06 5.63 14.7 65

PE27:D27 (BR51675) 6.88 18.4 73 DREP150:N20 5.62 15.2 61

CUBA84:D27 6.71 18.5 67 GUAT209:N19 5.55 15.5 64

PE1:S02 (BR51403) 6.67 17.5 71 BA38:N15 (BR51039) 5.50 17.1 74

SANM126:N12 6.63 16.3 74 DKXL370:S08b 5.49 15.6 64

RN07:N20 (BR51721) 6.59 15.9 64 MDIO22:S21 5.13 17.2 74

BG070404:D27 6.56 17.6 62 DKXL380:S08a 4.88 17.9 69

CUBA164:D27 6.46 18.4 67 FS8B(S):S17b 4.88 15.9 78

FS8B(T):N18 6.23 16.1 68 DK888:S08a 4.75 18.8 73

MDIO22:N21 6.07 17.7 71 SANM126:S12 4.57 15.3 66

SCR0GP3:N20 6.02 16.0 64 LSD.05 (ENTRY x ENV) .98 1.3 13

PE27:N06 (BR51675) 5.85 14.3 73 CV % (ENTRY x ENV) 12.63 6.2 15
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

TABLE 5 - Yield, moisture and percent erect plants (EP) at harvest for 50%-tropical GEM Breeding Crosses (F1s), 2004: Clayton, Lewiston
and Plymouth, NC.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

YIELD % % YIELD % %
ENTRY t/ha H2O EP ENTRY t/ha H2O EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Pioneer 32D99 8.73 17.4 76 PASCO14:N11b 5.53 16.4 55

DeKalb 697 7.90 16.2 82 PE1:N16 (BR51403) 5.31 16.6 72

LH200 x LH262 7.89 15.9 61 GUAT209:S13 5.10 16.3 65

Garst 8288 7.65 16.9 84 SANM126:N12 4.96 17.0 84

Pioneer 31G98 7.53 15.2 85 CML325:S18 4.88 15.6 64

PE11:S11a (BR51501) 7.21 16.5 53 GUAD05:N06 4.84 17.7 17

DKB830:S19 7.06 16.8 81 NEI9004:N08 4.78 17.0 68

PE27:D27 (BR51675) 6.90 18.0 51 GUAT209:N19 4.70 16.9 69

FS8B(S):S03 6.86 16.5 67 MBRC10:S17 4.58 15.8 55

BG070404:D27 6.69 18.1 37 DK888:S08b 4.58 18.0 57

FS8B(T):N11a 6.62 17.1 74 FS8A(S):S09 4.36 15.9 80

BR105:S16 6.67 17.8 75 DKXL370:S08c 4.22 16.0 78

CL-00331:N18 6.57 17.9 82 CL-G1501:S17b 4.00 15.7 65

SE32:N11c (BR52051) 6.53 16.6 65 CML287:N13 3.99 17.2 46

PASCO14:S11a 6.38 17.0 53 NEI9008:N08 3.92 17.5 53

CML329:N18 6.36 16.5 85 NEI9008:S17c 3.89 16.5 58

BR105:N16 6.34 17.2 67 NEI9008:S17b 3.64 17.7 74

GUAT209:N11c 6.21 16.7 64 CML323:S17b 3.59 17.1 67

CUBA84:D27 6.16 19.2 40 CHIS740:S14 3.61 17.3 58

CL-G1607:S18 6.18 16.6 91 CML323:S17a 3.48 16.8 76

PASCO14:N24 6.20 18.5 37 NEI9008:S17a 3.34 17.5 73

BA38:S15 (BR51039) 6.00 18.2 77 CML247:N17b 3.15 17.0 67

CHIS462:N24 5.86 18.0 67 SANM126:S12 3.09 17.3 51

DK212T:S06 5.70 17.0 63 CML247:N17c 2.90 18.4 55

PASCO14:S01 5.68 17.3 58 CML247:N17a 2.68 16.6 70

NS1:S08 5.63 17.6 65 CHIS462:N08a 2.59 17.4 58

MD1022:N21 5.62 18.4 56 LSD .05 (ENTRYxENV) 1.14 1.5 26

RN07:S20 (BR51721) 5.51 16.7 59 CV % (ENTRY x ENV) 13.74 5.6 25
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



Dekalb tropical hybrids and some with CIMMYT
lines that looked good in the nursery yielded less
than half as well as a good check hybrid in replicat-
ed yield trials. However, other GEM breeding cross-
es perform reasonably well.

The GEM project has already identified about
fifty, 50%-tropical, 50%-temperate, families that are
competitive with commercial checks (Table 6). For
the most part, these trace back to a set of DeKalb
commercial, tropical hybrids (contributed to the
project by Bruce Maunder and Glenn Robison)
crossed to private inbred lines from other U.S. com-
panies. Table 7 provides examples of recently-test-
ed, 50%-tropical GEM families that were reasonably
competitive with commercial checks after two years
of testing in a minimum of 19 test environments,
with different experiments grown in different sets of
environments, that ranged from Delaware to Geor-
gia and as far west as Nebraska.

DISCUSSION

That high yields can be acquired from elite exot-
ic sources has been demonstrated with 50%-tropical
lines such as NC312 to NC316 (LEWIS and GOODMAN,
2003) and by TAAT lines like NC296 and NC346
(TALLURY and GOODMAN, 1999; GOODMAN and CARSON,
2000), but such events are rare. However, such lines
and others, like NC298 or NC300 (HOLLAND and
GOODMAN, 2003), that perform adequately, offer an
important insurance policy against diseases that
could affect today’s entire elite U.S. germplasm base
that carries essentially no resistance to diseases as
important as streak virus or mal de Rio Quarto
(NC298 and NC348, both TAAT lines, carry resistance
to the latter), both spread by leafhoppers. This latter
virus (virus is used here in its common sense to de-
scribe a broad spectrum of virus and virus-like dis-
eases) has many alternate hosts, including the fes-
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TABLE 6 - Publicly released 50%-tropical GEM families competitive with check hybrids.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

FAMILY SOURCE FAMILY SOURCE
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

B2011-01 SE32 S17 F2S3 B2253-01 XL370A S11 F2S3

B2084-02 DK212T S11 F2S3 B2258-03 XL380 S11 F2S3

B2086-01 DK212T S11 F2S3 B2282-01 XL380 S11 F2S3

B2088-01 DK212T S11 F2S3 B2283-01 XL380 S11 F2S3

B2089-01 DK212T S11 F2S3 BCr1-044 PE 1 N16 F2S3

B2109-01 DK212T S11 F2S3 BCr1-181 PE 1 N16 F2S3

B2111-01 DK212T S11 F2S3 BCr1-239 PE 1 N16 F2S3

B2112-02 DK212T S11 F2S3 BCr1-705 PE 1 N16 F2S3

B2116-02 DK212T S11 F2S3 1937-2/96 DK844 S16 F1S2

B2120-01 DK888 S11 F2S2 1357-007/97 DK212T S11b F1S1

B2121-04 DK888 S11 F2S3 1367-001/97 DK888 S11b F1S1

B2127-01 DK888 S11 F2S3 1776-001/98 DK888 N11 F2S2

B2131-01 DK888 S11 F2S3 1778-001/98 DK888 N11 F2S2

B2132-03 DK888 S11 F2S3 1780-001/98 DK888 N11 F2S2

B2142-01 DK888 S11 F2S3 9366-001/97 DK888 N11 F2S2

B2143-02 DK888 S11 F2S3 9366-005/97 DK888 N11 F2S2

B2146-01 DK888 S11 F2S3 9367-001/97 DK888 N11 F2S2

B2150-01 DK888 S11 F2S3 9375-001/97 DK888 N11 F2S2

B2152-02 DK888 S11 F2S3 9376-001/97 DK888 N11 F2S2

B2152-03 DK888 S11 F2S3 161-7/W97 CHIS740 S14 F2S1

B2156-02 DK888 S11 F2S3 1937-002/98 XL380 N11 F2S2

B2201-01 DKB830 S11 F2S3 3050-003/00* DK212T N11 F2S2

B2226-02 XL370A S11 F2S3 3291-001/00* DK888 N11 F2S2

B2228-03 XL370A S11 F2S3 3315-003/00* DK212T N11 F2S2

B2250-01 XL370A S11 F2S3 3315-022/00* DK212T N11 F2S2

B2250-02 XL370A S11 F2S3 3407-003/00* CHS775 N19 F1S3
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

* Publicly available 4/1/2006 from NCRPIS.



cues, unlike common U.S. maize viruses where the
alternate host is almost always Johnson grass
[Sorghum halepense (L.) Pers]. The southern rust da-
ta in Table 3 suggest that NC346 and NC400 both of-
fer more resistance than is often found in current hy-
brids; this is a disease that occurs sporadically in
North Carolina, thus far appearing late enough in
the growing season so that it does not cause yield
losses. Further south, it occurs with sufficient force
and regularity that hybrids with resistance are often
required. All crosses involving NC400 had rust rat-
ings above 8.0, i.e., near immunity on a 1 to 9 scale.

The results in Tables 4 and 5 were surprising,
even to one who has worked with exotic
germplasm for several decades. Two things stand
out there: (1) the better entries are not necessarily
from hybrids or inbreds, but instead are often Flori-
da Synthetic or Brazilian synthetics; (2) the better
crosses often originate from the same companies
(companies 3, 11, 20, 24 and 27), while companies
8 and 17 have had less success here. There are sev-
eral possible reasons for these two observations,
but two may be most pertinent: few DeKalb tropical
hybrids were represented in these two tables, as
most of those had already been through the GEM
pipeline and were not being evaluated here, and as-
signment of materials to companies is far from a
random process; it depends largely on which com-
pany has winter nursery space available at the ap-
propriate time. Nevertheless, the data do suggest
that the choice of what U.S. line to use in these
crosses is critical: certain GEM collaborators have
had far greater experience with tropical germplasm
than others, and that experience may be responsi-
ble for some differences seen here. The range in
yield was extreme, with some breeding crosses
yielding less than half of the commercial checks. It
is theoretically possible to obtain a superior line
from a population with low mean performance if
the genetic variation is high enough. However, even
the widest range of genetic variation for maize yield
ever encountered would not compensate for mean
yields that are as different as observed in Tables 4
and 5. Perhaps the closest corresponding estimates
of genetic variance relative to these studies are from
W.L. Brown’s West Indian Composite, a 50%-adapt-
ed, 50%-tropical population (GOODMAN, 1965). The
range of estimates there were from 0.07 (additive
genetic) to 0.22 (total genetic, including some gxe,
from NC only), thus providing a range of genetic
standard deviations from 0.27 to 0.48 t/ha. As a rule
of thumb, if yields are normally distributed, to over-

come a difference of two standard deviations would
require a minimum of 100 families; three standard
deviations would require about 1,000 families (and
of course this also assumes, among other things,
that the yield distributions are symmetrical and that
yield is the only trait of consequence!). In the case
at hand, the range between the commercial checks
and several F1 breeding crosses was on the order of
ten genetic standard deviations. Admittedly, these
comparisons are only approximate, but deriving
families competitive with commercial checks when
trailing the checks by 10 genetic, or five or more
phenotypic, standard deviations (in 2003, the phe-
notypic standard deviation was 0.78 t/ha; in 2004, it
was 0.71) would be a serious challenge. Perhaps
marker-assisted selection might be of some help,
but switching to more promising sources among
GEM breeding crosses, trying to make a better
breeding cross or switching to alternate exotic
sources, would probably be more economical.

Furthermore, simple nursery observation without
replicated, measured yield trials (at least in NC) of-
ten fails to identify the most productive breeding
crosses, and some of the poorer ones haven’t a
chance of producing competitive families. This was
not immediately apparent, as when the GEM project
started, F1 seed was scarce, and it seemed reason-
able to evaluate the various breeding crosses avail-
able by topcrossing them to standard testers and
comparing the resulting hybrids in yield trials. This
minimized the large differences among the breeding
crosses (basically reducing the variation among en-
tries by at least one-half), as the testers were gener-
ally uniformly good, while the breeding crosses
ranged from quite good to very low yielding.

The other feature that GEM yield trials quickly
demonstrated was that the numbers of outstanding
GEM families were inversely correlated with the
numbers of test environments and the ages of
checks used to identify those families. The outlier
families that looked good at six or eight environ-
ments with older checks often looked ordinary or
worse with 15 to 20 environments compared to
checks like DeKalb 697 and Pioneer 31G98, intro-
duced within the past few years. In addition, even
the best of the GEM families are generally less sta-
ble across environments than commercial, domestic
hybrids that have had generations of selection for
stable, high yields. However, results obtained thus
far have exceeded all reasonable initial expectations
with several GEM families identified with outstand-
ing yields and acceptable agronomic performance

210 M.M. GOODMAN



THE U.S. MAIZE GERMPLASM BASE 211

TABLE 7 - Yield, moisture and percent erect plants (EP) at harvest for 50%-tropical GEM trials; two year averages, selected experiments,
2003-2004; best families.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

t/ha %
EX87 ENTRY YIELD H2O %EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DK212T N11 F2S2 x FR992.FR1064
3315-003/00 11.0 19.5 86.3
Check mean 11.3 18.6 91.0
DK697 11.5 19.7 89.7
DK743 10.9 21.1 90.0
HC33.TR7322 9.8 16.5 94.4
LH200.LH262 11.3 19.2 85.7
P31G98 12.5 18.3 89.6
P32K61 11.0 17.9 95.5
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

LSD (.05) 0.7 0.6 10.4
23 Env. CV: 10.8 5.1 15.4
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

EX89 ENTRY YIELD H2O %EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DK888 N11 F1S2 x FR992.FR1064
3607-034/00 10.4 19.3 85.0
Check mean 10.8 18.4 87.8
DK687 10.5 18.5 89.5
DK697 11.2 19.7 84.6
DK743 10.8 20.4 81.5
FR1064.LH185 9.7 17.7 87.2
HC33.TR7322 9.4 16.3 90.8
LH200.LH262 10.3 18.8 84.5
P31G98 12.2 18.1 87.7
P32K61 10.8 18.0 93.2
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

LSD (.05) 0.6 0.7 6.2
24 Env. CV: 10.1 6.5 12.1
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

EXF2 ENTRY YIELD H2O %EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DK888 S11 F2S4 x FR615.FR697
4018-001/00 10.4 21.3 81.3
Check mean 11.0 19.1 85.3
DK697 11.6 19.6 82.7
G8288 11.1 19.6 85.4
HC33.TR7322 9.8 16.8 83.0
LH195.LH256 9.9 20.5 89.7
LH200.LH262 10.3 19.5 80.7
NK91-R9 11.2 21.2 88.0
P31G98 11.8 18.3 89.8
P32D99 12.4 20.4 82.5
P32K61 10.5 18.3 89.8
P32R25 10.5 18.4 82.7
P32W86 12.3 18.8 89.0
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

LSD (.05) 0.9 0.9 7.4
21 Env. CV: 13.1 7.8 14.7
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

t/ha %
EXF6 ENTRY YIELD H2O %EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DK888 S11 F2S4 x FR615.FR697
4064-001/00 10.5 20.9 77.9
Check mean 11.2 19.2 86.1
DK697 12.1 20.0 83.6
G8288 11.5 19.5 86.7
HC33.TR7322 9.5 16.9 85.1
LH195.LH256 10.0 20.3 89.4
LH200.LH262 10.6 19.6 80.3
NK91-R9 11.5 21.1 89.4
P31G98 12.1 18.5 89.5
P32D99 12.5 20.1 84.5
P32K61 10.8 18.1 91.2
P32R25 10.9 18.4 82.3
P32W86 12.7 18.6 90.5
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

LSD (.05) 1.0 0.8 8.3
20 Env. CV: 12.0 6.7 16.5
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

EXG2 ENTRY YIELD H2O %EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DKXL380 N11 F2S3 x R992.FR1064
B9527-01/97 10.6 19.2 88.1
Check mean 10.7 18.7 89.5
DK697 11.1 19.3 89.8
G8288 11.1 19.9 88.0
HC33.TR7322 9.1 16.6 90.5
LH200.LH262 10.6 19.2 89.0
P31G98 11.8 18.8 90.4
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

LSD (.05) 0.7 0.9 7.4
19 Env. CV: 11.1 8.0 13.7
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

EXG4 ENTRY YIELD H2O %EP
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DK888 N11 F2S3 x FR992.FR1064
3439-001/00 10.3 20.4 76.9
DKXL380 N11 F2S3 x FR992.FR1064
3483-005/00 10.2 20.8 79.3
Check mean 10.7 19.3 85.5
DK697 11.3 19.9 85.0
G8288 10.7 19.6 84.4
HC33.TR7322 9.1 16.7 84.3
LH195.LH256 9.6 20.5 88.5
LH200.LH262 10.2 19.3 81.0
NK91-R9 10.9 21.2 87.1
P31G98 11.4 19.0 88.9
P32D99 11.8 20.5 83.1
P32K61 10.2 18.2 89.0
P32R25 10.5 18.4 82.9
P32W86 11.8 19.0 87.9
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

LSD (.05) 0.8 0.8 7.0
19 Env. CV: 11.2 6.6 13.3
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



across 19 or more environments (recent examples
are found in Table 7). Most of these lines will be in-
creased in 2005 for distribution in 2006.

The number of companies actively breeding
maize in the U.S. has greatly decreased, and univer-
sities as renowned for their breeding as Purdue no
longer have any maize breeding. It is very unlikely
that industry will depart from the elite x elite cross-
es that have carried us to higher and higher yields,
despite the interest in GEM. In the 1980s, almost
every major maize seed company (Asgrow, Cargill,
DeKalb, NK, Pioneer, etc.) had at least one person
working full-time on incorporation of exotic
germplasm into their overall breeding efforts. To-
day, among all the major companies, no one person
is so employed and the grand total now adds to less
than 0.5 scientist.

The last survey of maize germplasm use orga-
nized by ASTA collapsed due to industrial secrecy
concerns (David Smith, then of DeKalb, personal
communication), so the most recent report on the
use of maize germplasm in the U.S. was that of
GOODMAN (1998), who showed that only 0.3% of the
U.S. maize germplasm base was represented by trop-
ical germplasm. The use of U.S. germplasm in the
tropics appears to have been much more successful
than the use of tropical germplasm in the U.S. This is
a phenomenon that has occurred since the early
1980s, as until then, it was widely believed that U.S.
germplasm was useless in the tropics (personal com-
munications, William Brown and Surinder Sehgal).

Despite the dominance of organizations that
have invested in long-term maize germplasm im-
provement (Pioneer in the private sector; Iowa State
in the public sector), in most of the world, today’s
breeding focuses on what can be achieved in 5 to
10 years. In addition, with few exceptions, there is
usually the equivalent of a firewall between genetic
resources programs and plant breeding programs.
Until such barriers are breached (and GEM is one
such fissure), there is little hope for efficient use of
maize genetic resources, for adequate funding of
maize germplasm collections or for their integration
into active breeding programs.

Although the potential impact of tropical
germplasm on yield in U.S. maize breeding is obvi-
ous, U.S. industry has been unable to capitalize
greatly upon this opportunity. Much breeding effort
that once focused on line development now is di-
rected at backcrossing the latest transgene into ex-
isting lines. Budgets that once supported a half-
dozen field breeders for a year now often support a

month or two of genomics research for a single sci-
entist (GOODMAN and CARSON, 2000). Overall field
breeding for maize has declined precipitously over
the last decade, even within persisting companies
or public programs (GOODMAN, 2002).

Utilization of exotic germplasm via GEM or other
routes is a long-term breeding program; but with
current emphases (public and private) on how
quickly and how profitably lines can be developed
(although no examples of “profitable” U.S. public
maize lines exist), few long-term breeding projects
may survive. Repeated studies have shown that very
high returns on investment are available from ex-
penditures on breeding and germplasm utilization
(RUTTAN and SUNDQUIST, 1983), but the returns are
not the instantaneous sort favored by the 5-year
funding plans currently used almost universally by
industry, universities and the USDA. No granting
agency exists to support such long-term work in the
public sector, even on a short-term basis. At present,
the only viable, long-term public U.S. maize breed-
ing programs appear to be those conducted by the
USDA-ARS and the program at Iowa State University
that is largely funded by a portion of the earnings of
a large bequest by Raymond Baker, an Iowa State
alumnus and one of the founders of Pioneer.

Regardless of whether there are grain surpluses
or shortages, there is always a demand for higher
productivity, quicker drydown and resistance to
lodging. These traits govern competitiveness and ef-
ficiency; they ultimately protect the environment by
insuring that marginal lands are not used for produc-
tion. Each is a polygenic trait that can readily be ad-
dressed only by field breeding. While better statisti-
cal procedures and molecular marker data may as-
sist, there is no substitute for quality, well-replicated
field trials. Applied public breeding programs contin-
ue to be essential for educating future plant breed-
ers, demonstrating nursery and yield-trial selection
procedures and teaching the many parts of plant
breeding that depend more on field experience than
academic achievement. Public programs are also es-
sential for high risk research that private companies
cannot justify to shareholders who are often interest-
ed in fairly short term gains; in plant breeding “short
term” usually means about ten years whether the ap-
proach is field- or laboratory-oriented. The largely-
tropical maize breeding program at NC State, mainly
intended to serve as an insurance policy for U.S.
maize breeding’s narrow germplasm base, would
probably not be tolerated at a private company, de-
spite its minimal out-of-pocket costs, averaging
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about $50,000/yr over the past two decades, roughly
equal to the cost of one postdoc in a laboratory
(with minimal supplies). Typically, 5,000 nursery
rows, 11,000+ yield trial plots, 2,000 isolation plots,
2,000 disease plots and 1,500 winter nursery have
been grown on an annual basis, with an average of
at least three line releases per year. At least a dozen
of these lines have been used in commercial hybrids,
including at least one TAAT line. The productivity of
the better public maize breeding programs compare
well to the better private programs. Certainly, the rel-
ative return on investment to the public for maize
breeding at Iowa State - effectively responsible for
most female inbred lines - compares favorably to the
much larger investments made at Pioneer’s home
station at Johnston, IA, less than 50 km distant.

A major argument for investment in plant molec-
ular biology is that advances in that field would
speed up plant breeding. In fact, plant molecular bi-
ology is sufficiently important in its own right that it
doesn’t need excuses to exist, but comparative
analyses (GOODMAN and CARSON, 2000) demonstrate
that the time frame for moving a new transgene into
a commercial hybrid is roughly the same as the time
required to develop and deploy a new inbred from
a largely-exotic germplasm source, but the costs are
vastly higher for transgenic approaches to plant
breeding. While the economic returns for any type
of plant breeding are uncertain, the returns from
maize breeding have been very favorable in the
past. How important TAAT lines like NC346 will ulti-
mately be also cannot be foreseen at the moment,
but they do represent an entirely new heterotic pat-
tern for U.S. maize breeding, the first identified since
the Iodents emerged from obscurity in the 1970s.
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