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ABSTRACT

Corn (maize, Zea mays L.) hybrids expressing the flexibility trait in ear size (number of kernels per ear) are marketed
for ability to give higher yields under adverse conditions. Altered kernel number is associated with altered number of
silk, a major route for infection of kernels by aflatoxin-producing fungi such as Aspergillus flavus. The effect of plant
density and irrigation level on yield and accumulation of aflatoxins and fumonisins in harvested grain was compared in
a fixed-ear hybrid (Pioneer 33K81), a semi-flexible ear hybrid (Pioneer 3223) and a flexible ear hybrid (Golden Acres
8460) over a range of seeding densities (49,400, 61,750, 74,700, 86,450, and 98,800 seeds-ha’l) in non-irrigated, mod-
erately-irrigated (6.4 cm soil water deficit) and well-irrigated plots (3.8 cm soil water deficit), during three years with
variable rainfall. Irrigation increased yields in all hybrids, but in the absence of irrigation, yields were highest with the
semi-flexible ear trait hybrid. In general, the hybrid with the flexible ear trait had lower optimal seeding densities than
the other hybrids for each soil water regime. In general, kernel number was least affected by seeding density in the hy-
brid with fixed-ear trait compared to the semi- and flexible ear hybrids. The lowest levels of aflatoxin and of fumonisin
contamination in harvested grain were associated with the flexible ear trait at all rainfall and irrigation levels, but there
was no evidence that reducing stress by lowering seeding density reduced mycotoxin contamination. Inoculation with A.
flavus resulted in much higher levels of aflatoxin and significantly higher levels of fumonisin contamination in grain of
all hybrids under most conditions of rainfall and irrigation, suggesting that factors that promote A. flavus infection can
affect production of both mycotoxins.
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1. Introduction the soil and surface plant debris. The husk on the ear
constitutes a major physical barrier to infection of ker-
nels by A. flavus, but between silking (reproductive stage
R1) and blacklayer (physiological maturity, reproductive
stage R6) [9], the silks provide avenues for A. flavus to
enter the ear and infect the kernels. The fungus may also
infect the kernels by entering through exposed kernels,
i.e. insect damage. Once inside the ear, a fungus may
spread laterally and infect many kernels [10]. Contami-
nation of harvested corn kernels by another class of my-
cotoxins, the fumonisins, is also a problem [1-3,7,11-13].
The fungus that produces fumonisins, Fusarium verticil-
“Corresponding author. lioides (Sacc.) Nirenberg [syn: Fusarium moniliforme], is

Contamination by aflatoxin is a major determinant of crop
quality in corn (maize, Zea mays L.) in the US, particu-
larly in the Southern US, where the hot, dry conditions
which favor Aspergillus flavus and other aflatoxin-pro-
ducing fungi frequently occur [1-7]. Fungi cause a vari-
ety of root, stalk and ear rots in corn, all of which cause
some loss of yield, but it is aflatoxin produced by Asper-
gillus flavus contaminating kernels that is responsible for
the greatest economic losses [8]. Aspergillus flavus spores
infect corn after over-wintering in reservoirs provided by
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an endophyte present in the seed, which can infect the
developing plant during germination. F. verticillioides is
also present in the soil, where it is introduced by decay-
ing corn plant material. F. verticillioides can also infect
corn plants from the soil reservoir, but the relative con-
tributions of the two infection sources to fumonisin pro-
duction in kernels is not well established [14,15].

Fungi that produce mycotoxins are often found in corn
kernels at harvest [16-21]. Aflatoxin and fumonisins are
responsible for illnesses in humans and animals, and
cause deterioration of the product resulting in economic
losses to growers [8,22-25]. Thus, control of aflatoxin
and fumonisins is a worldwide priority [26-28]. The Uni-
ted States Food and Drug Administration (FDA) has is-
sued “action levels” for mycotoxins in foods and feeds in
the US, which mandate the maximum level of aflatoxin
at 20 ppb in foods for direct human consumption, but
lower levels for some animal feed applications, whereas
the action level of fumonisins is set at 2 ppm and is ad-
visory [23,29,30]. Corn grain may be contaminated by
both mycotoxins, which is expected to increase health
risks. This regulatory environment has an important eco-
nomic impact on the grain industry [1-3,31,32].

Kernel number is an important trait that affects a hy-
brid’s ability to adapt to specific growing conditions.
Corn hybrids adapted to the Northern and Eastern US,
where growing conditions are almost ideal for corn pro-
duction [33], usually have determinate or fixed kernel
number, resulting in uniform cob length and girth even at
high plant densities. In contrast, much of the corn pro-
duction in the Southern US experiences drought stress at
some time during the growing season. This is a particular
problem on alluvial clay soils, which are more subject to
drought stress due to a relatively shallow rooting zone
and physical restrictions limiting plant-available water.
Irrigation of corn is not consistently done in the lower
Mississippi River Valley, particularly on the more slowly
draining high clay soils. Many of the newer corn hybrids
used in the Southern US have either the indeterminate
(-flex) or partially indeterminate (semi-flex) kernel num-
ber trait [34]. Flex-ear hybrids respond to good growing
conditions by producing an ear with more kernels than
the plant would produce at high plant density. This trait
may provide a competitive advantage when plant density
is low. Examples of factors reducing plant density are
soil surface residues which interfere with germination in
no-till agriculture or use of lower seeding densities to
minimize yield reduction associated with dry conditions.
When a flex-ear corn plant responds to lower plant den-
sity by producing more kernels, it also produces a corre-
sponding increased number of silks, which provides ad-
ditional avenues for infection by A. flavus, as well as the
desired increase in pollination potential. In principle, the
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existence of additional routes for A. flavus infection pro-
vides the basis for a hypothesis that a flex-ear hybrid will
have increased susceptibility to natural infection by A.
flavus relative to a fixed ear hybrid under similar condi-
tions. Increased infection by A. flavus should result in
increased contamination of harvested kernels with afla-
toxins, particularly at lower plant density. Differences in
aflatoxin contamination in hybrids with different kernel
numbers would not be expected when ears are artificially
infected with A. flavus by a mechanism that circumvents
the silks (e.g., a pin-bar applicator). The effect of silk/kernel
number on fumonisin contamination is less predictable,
because F. verticillioides is present as both endophyte
and soil-derived pathogen [14,15].

Aflatoxin levels are believed to be affected by the
level of stress in corn plants during the ear filling period
after silking [7,35]. Among the types of plant stress be-
lieved to affect aflatoxin levels, high minimum (i.e., night-
time) temperatures are believed to be very important.
However, other types of plant stress including drought
and population density may add to heat stress in enabling
A. flavus infection, proliferation, and aflatoxin elabora-
tion [35,36]. The ability to alter the number of kernels
per ear has been introduced into corn cultivars in cli-
mates sub-optimal for corn production based on the ra-
tionale that these cultivars can minimize plant stress by
altering ear size. If this is true, -flex and semi-flex hy-
brids may experience reduced aflatoxin contamination
levels. A typical infection of corn by A. flavus involves
the fungus entering the ear by growing down the silk,
then spreading laterally in the cob. The larger the ear, the
more silks and thus more potential avenues for infection
and a greater likelihood of elevated aflatoxin levels. If
this mechanism is important, full- and semi-flex corn
hybrids would be expected to have higher aflatoxin lev-
els at low seeding densities. The same plant stress factors
are expected to affect levels of fumonisin contamination
in a way similar to their affects on aflatoxin levels. How-
ever, the fumonisin-producing fungus, Fusarium verticil-
lioides, is an endophyte in corn as well as a soil-derived
contaminant, and the relative contributions of soil-derived
F. verticillioides vs endophyte-derived F. verticillioides
to production of the fumonisins that contaminate corn
kernels under different sets of environmental conditions
is poorly understood. This situation makes predicting
how fumonisin levels in harvested corn kernels would be
affected by additional kernels per ear and correspond-
ingly larger numbers of silks more difficult than predict-
ing effects on aflatoxin levels. A study was undertaken to
determine the effects of seeding density and irrigation
level on 1) Grain yield; 2) Number of kernels per ear and
3) Aflatoxin and fumonisin contamination in harvested
corn kernels in hybrids with differing levels of ear de-
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velopment flexibility trait.

2. Materials and Methods
2.1. Experimental Site Characteristics

Field experiments were conducted in 2000 on the Lou-
isiana Delta Plantation near Jonesville, LA, on an Alli-
gator clay (very-fine, montmorillonitic, acid, thermic Ver-
tic Haplaquepts) and 2001 and 2003 at the Northeast Re-
search Station near St. Joseph, LA, on a Sharkey clay
(very-fine, montmorillonitic, non-acid, thermic Vertic
Haplaquepts) to evaluate the influence of seeding density
on three hybrids differing in ear developmental traits on
yield and aflatoxin and fumonisin accumulation in the
grain. The following three soil water regimes were estab-
lished using furrow irrigation: 1) No irrigation; 2) Mod-
erate irrigation, in which crops were watered when the
soil water deficit (SWD) reached 6.4 cm; and 3) Well-
irrigated, in which crops were watered when the SWD
reached 3.8 cm. The experimental design was a random-
ized complete block with five replications in 2000, three
replications in 2001 and four replications in 2003 for
each irrigation level. Timing of irrigations were deter-
mined using the Arkansas Irrigation Scheduler model
[37,38]. In 2000, the well-irrigated regime was watered
on June 2, 9, 14 and 26, and July 3, 7, 12, 18 and 25, and
moderately irrigated regime was watered on June 2, 14
and 30, and July 11 and 22. In 2001 well-irrigated plots
were watered on May 17 and 29, June 20 and 27, and
July 3, 10 and 20, and moderately irrigated plots were
watered on June 4 and July 2. In 2003 well-irrigated plots
were watered on May 30, June 6, 23, and 30, and July 15,
21 and 29, and moderately irrigated plots were watered
on June 3 and 27, and July 17 and 29.

2.2. Corn Hybrids

Hybrids were selected based on yield potential and dif-
ferences in ear developmental traits reported by the seed
companies. Hybrids evaluated were Pioneer brand (PB)
33K81 (a fixed-ear hybrid with a relative maturity of 112
days), PB 3223 (a semi-flex ear hybrid with a relative
maturity of 118 days) and Golden Acres (GA) 8460 (a
full-flex ear hybrid with a relative maturity of 120 days).
However, a randomized block design was used in the
study in which each hybrid was grown in a range of five
population densities, which should allow valid compari-
sons of aflatoxin and fumonisin susceptibility to be made
within the population density range for each hybrid. Fur-
ther study will be required to determine the generality of
any conclusions drawn from the study concerning rela-
tionships between ear developmental traits and mycotoxin
susceptibility.

Copyright © 2012 SciRes.

2.3. Plant Densities

Corn hybrids were planted with a plot planter at seeding
densities of 49,400, 61,750, 74,700, 86,450, and 98,800
seeds-ha ' on 11 April 2000, 23 March 2001, and 2 April
2003. Mid-silk dates occurred in early June. Plots con-
sisted of four rows spaced 102 cm apart and 12.2 m long.
Cultural practices for fertility and pest control recom-
mended by the Louisiana State University AgCenter were
followed. The two center rows of each plot were machine
harvested, and yield reported at 15.5% grain moisture.
Yield components of plant population, kernel weight, and
kernels per ear were determined. Plant population was
determined by counting the harvestable plants in each
plot just before harvest. Mean ears per plant were also
determined. Kernel weight was determined by averaging
the weight of 100 kernels (g per 100 kernels). Kernels
per ear was calculated using grain yield, ears-ha', and
kernel weight in the following formula: Kernels per ear =
Yield/(ears ™ x kernel weight).

2.4. Fungal Inoculation

In order to identify non-silk-related factors in the suscep-
tibility of hybrids to aflatoxin contamination, pin-bar or
needle inoculation of ears [39] was used to by-pass the
silk-related parts of the infection process, and thereby
produce controls for post-infection differences in afla-
toxin between hybrids. Primary ears were inoculated
with a suspension of about 1.0 x 10° spores-ml™" of an
aflatoxin-producing strain of Aspergillus flavus, F3W4
(NRRL 30796) about 20 days after anthesis (approxi-
mately mid-ear stage of development) using the pin-bar
method [40] in 2000. In 2001 and 2003, needle inocula-
tion was used. The needle was inserted under the husk
and approximately 1.2 ml of suspension (1.0 x 10°
spores'ml™") injected on each ear. In the case of fu-
monisins, in which kernel contamination can result from
both soil-derived and endophyte F. verticillioides, the
fungus is typically widespread in corn production areas
so that artificial inoculation was not necessary.

2.5. Mycotoxin Determination

Aflatoxin and fumonisin were determined in naturally-
infected corn from combine-harvested grain. A. flavus-
inoculated ears were hand-harvested at approximately
15% grain moisture, shelled, dried at 50°C and thor-
oughly mixed on a sample splitter. Grain samples were
ground using a Romer Mill (Romer Lab, Union, MO),
and analyzed for aflatoxin and fumonisin at the USDA/-
ARS laboratory in Stoneville, MS, using commercial
ELISA kits (Neogen Corporation, Lansing, MI) as de-
scribed previously [1-3]. Samples were analyzed in trip-
licate for both toxins.
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2.6. Statistical Analyses

Statistical analyses were conducted using the Proc Mixed
procedure of SAS 9.1 [41] to determine the effects of
hybrid type and plant density at each irrigation level in
each year, and Microsoft Excel 2010 for correlation
analysis and Student’s t-test. Fisher’s Protected Least
Significant Difference (LSD) was used to evaluate treat-
ment differences when the F-test indicated a significance
level (P <0.05).

3. Results and Discussion
3.1. Weather Conditions

Rainfall and temperatures in the Louisiana Delta Planta-
tion (Jonesville) region and St. Joseph for the three years
of the study are reported in Tables 1 and 2. Seasonal
average temperatures were higher than the 40-year aver-
age for both maximum (daytime) and minimum (night-
time) temperatures for each of the three years studied. No
single month was consistently responsible for elevated
average temperatures. But in 2000, daily maximum tem-
peratures from 14 July through 17 July and 19 July to 20
July were unusually high, ranging from 38.0°C to 39.8°C
(Table 2). Rainfall varied substantially for the three
years (Table 1). In 2000 rainfall was far below average
in April and July, but at or above average in May and
June, respectively. In 2001 rainfall was below average in
April and May, while rainfall for June and July was
above or near the long-term average, respectively. In

2003 rainfall for April, May, and July was below the
long-term average, while June rainfall was well above
normal.

Irrigation frequency was greatest in 2000, reflecting
the large rainfall deficit that year (Table 1). Irrigation
was triggered in the study by soil water deficit, which
reflects the length of time between rainfall events as well
as low total rainfall and the evapotranspiration rate,
which is incorporated in the scheduling model. As a re-
sult, in 2000 there were five irrigations for plots in the
moderate irrigation category (when the soil water deficit
reached 6.4 cm) and nine irrigations for plots in the well-
irrigated category (when the soil water deficit reached 3.8
cm). In 2001, a moderate drought year, there were two
irrigations in the moderate irrigation category and seven
irrigations in the well-irrigated category. In 2003, a rela-
tively wet year by total rainfall, but with poor distribu-
tion, there were four irrigations in the moderate irrigation
category and seven irrigations in the well-irrigated cate-
gory. Soil water levels measured by Watermark sensors
(Irrometer Co., Riverside, CA) confirmed that there was
a consistent, expected difference in soil water between
non-irrigated, moderately irrigated and well-irrigated plots
(data not shown).

3.2. Effects of Planting Density (Seeding Rate)
and Soil Water Deficit Kernel Number

If the hybrids in this study exhibited the kernel number
variation expected on the basis of claims made by the

Table 1. Rainfall for the April through July growing season for the three locations in 2000, 2001 and 2003.

Month Rainfall (mm/month)
2000 2001 2003 Long-term average'
April 23 53 69 127
May 137 69 107 135
June 114 155 206 99
July 19 107 84 104
Total 293 384 466 465

'Forty-year average for St. Joseph.

Table 2. Temperatures for the April through July growing season at the experimental sites in 2000, 2001 and 2003.

Average Monthly Temperatures (°C)

Month 2000 2001 2003 Long-term average’
Min Max Min Max Min Max Min Max
April 12.3 24.6 14.6 26.9 12.3 26.3 12.7 253
May 19.6 31.9 17.4 30.8 19.0 30.2 17.4 29.3
June 21.3 33.0 20.7 314 21.3 325 21.1 32.6
July 22.4 36.4! 22.4 342 22.4 33.6 22.7 339
Season 18.9 315 18.8 30.8 18.8 30.6 18.5 30.3

'"Temperatures for 6 days in mid-July ranged from 38.0°C - 39.8°C. *Forty-year average for St. Joseph.

Copyright © 2012 SciRes.
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marketing seed companies, then the number of kernels
per ear would be expected to be affected by environ-
mental factors that stress plants, including plant density
and drought. A hybrid marketed as “flex” would be ex-
pected to yield ears with fewer kernels under stress con-
ditions, whereas a hybrid marketed as “fixed-ear” would
be expected to have yield with similar numbers of ker-
nels under stress conditions. A hybrid marketed as “semi-
flex” would be expected to exhibit intermediate charac-
teristics. In the present study plant density correlated
very closely with seeding density under all conditions
encountered (R values were 0.989 + 0.004). Hence, in the
following discussion the term “seeding density” is used
interchangeably with “plant density”. In no treatment
were there significantly more than one ear per plant. In
2000, non-irrigated plots showed no consistent effect of

seeding density on kernels per ear in the fixed-ear hybrid.
In the semi-flex and flex hybrids, kernel number was
reduced by an average of 171 and 199 kernels, respec-
tively, over the range from the lowest to the highest
seeding density used (Table 3). Similarly in 2001, non-
irrigated plots showed no consistent effect of seeding
density on kernels per ear in the fixed-ear hybrid, whereas
kernels per ear was reduced by 141 kernels from the
lowest to the highest seeding density in the semi-flex
hybrid, and reduced by 151 kernels in the full-flex hybrid
(Table 4). However, in 2003, kernels per ear in non-ir-
rigated plots was progressively reduced by 125 - 191
kernels as the seeding density increased for all three hy-
brids (Table 5); indicating all three hybrids exhibited
either a flex response to plant density, or a response to
some unmeasured factor.

Table 3. Effect of hybrids with differing kernel number flexibility trait and seeding density on grain yield and yield charac-

teristics in 2000,

Hybrid/Kernel number Non-irrigated Moderate irrigation (6.4 cm SWD) Well-irrigated (3.8 cm SWD)
Seeding  Grain Plant  Kernel Earsize Grain Plant  Kernel Earsize Grain Plant  Kernel Ear size
Flexibility Trait  density  yield density weight (kernels yield density weight (kernels yield density weight (kernels
(seeds/ha) (10°¢/ha) (plts/ha) (g/100) per ear) (10°g/ha) (plts/ha) (g/100) per ear) (10°g/ha) (plts/ha) (g/100) per ear)
PB 33KS81 49,400 43 43,500  22.0 464 5.0 44260 233 497 5.8 48,930  25.0 481
Fixed-ear 61,750 5.1 54,760  19.9 478 5.7 58,240 233 423 6.7 60,560 242 464
74,700 5.2 63,480 192 433 6.4 69,010  21.8 435 6.8 67,460  23.1 439
86,450 5.2 73,190  19.1 375 6.1 74,740 214 388 7.8 75,630  23.0 452
98,800 6.0 81,530  17.7 454 5.8 83,190  20.9 341 7.6 81,340  22.7 421
Average 5.2 63,290  19.6 441 5.8 65,890  22.1 417 6.9 66,780  23.6 451
PB 3223 49,400 6.0 51,050  24.0 496 6.8 50,760  28.8 474 7.2 54,270  31.7 417
Semi-flex 61,750 6.2 58,140 244 447 5.4 58,540 274 346 7.7 63,210  30.6 403
74,700 5.7 67,280 22.4 390 6.6 69,110 26.9 361 8.1 70,570 294 399
86,450 5.5 75,430 20.9 351 6.7 78,520 27.6 313 7.9 80,280 28.6 343
98,800 5.8 84,840 215 325 5.9 87,170 272 267 8.2 91,540  27.7 328
Average 5.8 67,350 226 402 6.3 68,820  27.6 352 7.8 71,970  29.6 378
GA 8460 49,400 4.6 45320 182 561 6.2 51,250  25.7 472 6.8 54,760  27.5 458
Full-flex 61,750 4.8 57,950 19.2 451 6.3 58,740 25.4 378 6.6 60,290 259 430
74,700 4.7 62,320 17.1 455 5.6 65,830 24.1 366 7.3 72,520 24.8 406
86,450 4.5 74,740 16.4 376 5.8 73,680 22.8 350 7.1 76,990 24.8 375
98,800 4.6 83,580 15.6 362 5.6 84,450 23.8 282 6.8 86,700 24.2 325
Average 4.6 64,780 17.3 441 5.9 66,790 24.4 370 6.9 70,250 25.4 399
LSD (0.10):
Ear flexibility (F) 0.4 NS 0.6 19 0.4 NS 0.6 19 0.2 2,180 0.5 18
Seeding density (D) NS 3,850 0.8 24 NS 3,850 0.8 24 0.3 2,810 0.6 23
FxD 0.8 Ns' NS NS 0.8 NS NS NS 0.4 NS NS NS

' Abbreviations: NS = Non-significant at the 0.10 probability level; LSD = Fisher’s least significant difference test; flex = Flexible kernel number trait; SWD =

Soil water deficit; plts = Plants.

Copyright © 2012 SciRes.
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Table 4. Effect of hybrids with differing kernel number flexibility trait and seeding density on grain yield and yield charac-
teristics in 2001",

Hybrid/Kernel number Non-irrigated Moderate irrigation (6.4 cm SWD) Well-irrigated (3.8 cm SWD)

Seeding Grain  Plant Kernel Earsize Grain  Plant Kernel Earsize Grain  Plant Kernel Ear size
Flexibility Trait ~ density  yield density weight (kernels yield density weight (kernels yield density weight (kernels
(seeds/ha) (10°g/ha) (plts/ha) (g/100) per ear) (10°g/ha) (pltstha) (g/100) per ear) (10°g/ha) (plts/ha) (g/100) per ear)
PB 33K81 49,400 8.0 40,780  29.7 618 8.4 44,830  30.8 596 8.1 42,630 31.6 597
Fixed-ear 61,750 9.2 55,700  30.2 549 10.1 54,170 299 621 10.0 52,710 309 608
74,700 9.8 57,060 283 606 109 63,530 295 572 119 61,870 323 583
86,450  10.7 55200 285 678 11.6 73,580  28.0 556 120 70,400  28.6 584
98,800 113 71,930 254 619 11.8 77,110 263 586 123 74350 269 607

Average 9.8 56,130 284 614 10.6 62,640 289 586 10.9 60,390  30.1 596
PB 3223 49,400 9.5 39,870  35.6 617 9.9 48,040 354 562 9.7 46,040 334 629
Semi-flex 61,750 10.6 52,390 342 578 112 55,110 343 571 11.3 55450 36.4 549

74,700 1.5 58,930 358 534 11.5 59,600 352 547 114 58,860  33.8 585
86,450 11.3 63,840  33.7 508 13.0 77,010 342 485 132 71,460  35.1 517
98,800 11.8 75,530 329 476 132 81,830 354 454 13.0 79,410 328 500

Average 10.9 58,110 344 543 11.8 64,320 349 524 11.7 62,240 343 556
GA 8460 49,400 9.7 45,990  30.0 703 10.5 50,390  29.8 680 10.5 50,460  30.6 673
Full-flex 61,750 10.7 54,880 285 679 1.5 60,560  28.7 690 11.1 57,080  29.5 653

74,700 114 64910 26.7 646 122 68,860  28.2 622 12.1 69,010 325 553
86,450 11.0 72,450 263 575 12.1 75,710 259 610 11.7 74,670 274 568
98,800 1.2 80,600 25.2 552 12.1 81,490  27.1 550 11.5 78,180 279 527

Average 108 63770 273 631 117 67400 279 630 114 65880 296 595

LSD (0.10):
Ear flexibility (F) 04 3580 08 35 02 1,90 08 25 05 2710 18 33
Seeding density (D) 06 4620 1.0 45 03 2530 1.0 32 05 3500 23 42
FxD NS NS NS 78 0.6 NS 1.7 NS 0.9 NS NS NS

! Abbreviations: NS = Non-significant at the 0.10 probability level; LSD = Fisher’s least significant difference test; flex = Flexible kernel number trait; SWD =
Soil water deficit; plts = Plants.

Table 5. Effect of hybrids with differing kernel number flexibility trait and seeding density on grain yield and yield charac-
teristics in 2003,

Hybrid/Kernel Number Non-irrigated Moderate irrigation (6.4 cm SWD) Well irrigated (3.8 cm SWD)

Seeding  Grain Plant Kernel Earsize Grain Plant Kernel Earsize Grain Plant  Kernel Ear size
Flexibility Trait  density  yield density weight (kernels Grain density weight (kernels yield density weight (kernels
(seeds/ha) (10°g/ha) (plts/ha) (g/100) per ear) (10°g/ha) (plts/ha) (g/100) perear) (10°g/ha) (plts/ha) (g/100) per ear)

PB 33K81 49,400 6.9 48,580 248 571 6.5 49,420  26.2 507 7.0 45320 274 570
Fixed-ear 61,750 7.6 60,790  23.6 536 7.2 54,980 252 522 8.0 57,380 263 530
74,700 8.3 67,060 232 536 8.4 66,440  25.6 495 9.2 63,850  26.2 547
86,450 8.8 81,260 223 485 9.7 76,770  24.1 487 10.6 79,510 253 530
98,800 8.4 89,240 224 424 9.5 85,220 233 478 103 83,440 239 518

Average 8.0 69,390 233 512 8.3 66,570 249 498 9.0 65,900 258 539
PB 3223 49,400 8.8 47,550 313 595 9.5 46,360  32.7 626 103 46,660 332 669
Semi-flex 61,750 9.6 56,070 312 549 10.1 59,060  32.1 532 11.1 57,970  33.6 573

74,700 9.2 68,740  30.0 448 10.5 68,620 304 506 11.7 69,750  31.8 527
86,450 9.9 77,360  29.9 427 11.0 79,340 314 445 122 75210 321 508
98,800 103 86,850 293 404 11.1 87,240  31.1 409 12.1 82,790 322 456

Average 9.6 67,310 303 485 104 68,120 315 504 11.5 66,480  32.6 547
GA 8460 49,400 7.8 42,310 282 658 8.6 48,840  27.6 713 9.0 43,250  29.1 722
Full-flex 61,750 8.6 51,670  26.7 626 9.6 51,850 274 676 102 52,610 28.6 681

74,700 9.4 57,670  26.0 625 9.9 61,820  26.7 604 10.5 60,560 279 624
86,450 8.7 67,280 254 517 102 72,620  26.0 544 11.2 68300 274 602
98,800 9.4 73,580 239 533 103 77,310 250 537 119 77,810 268 572

Average 88 58500 260 592 97 62490 265 615 10.6 60,510 28.0 640

LSD (0.10):
Ear flexibility (F) 03 1850 0.6 20 0.4 NS 0.6 26 03 2800 04 22
Seeding density (D) 04 2370 08 25 05 4940 08 33 04 3,620 05 28
FxD NS 4,120 NS 44 NS NS NS 57 0.7 NS 0.9 48

' Abbreviations: NS = Non-significant at the 0.10 probability level; LSD = Fisher’s least significant difference test; flex = Flexible kernel number trait; SWD =
Soil water deficit; plts = Plants.
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The effect of drought on kernel number was less clear.
In a comparison of average kernel number in non-irri-
gated plants between a drought year (2000) and a normal
rainfall year (2003), all three hybrids had a lower kernels
per ear under drought conditions. But the increase in
kernels per ear in the normal rainfall year for the fixed
ear hybrid (71 kernels) was less than for the semi-flex
hybrid (83 kernels), and the largest increase was in the
full-flex hybrid (151 kernels). However, the 2001 grow-
ing year was anomalous with a larger kernel number for
all three hybrids, suggesting another unidentified factor
was the primary determinant of kernel number that year.
Inconsistent results were also obtained in a comparison
of kernels per ear with increasing irrigation levels for the
three growing years. Hybrids in the drought year (2000)
would be expected to exhibit the largest kernel number
flex response. As expected, the fixed ear hybrid changed
kernel number little with increased irrigation, but the
semi-flex and full-flex hybrids changed kernels per ear in
unexpected directions, suggesting that the irrigation lev-
els used were not sufficient to eliminate drought stress.
In the semi-drought year (2001) there was insufficient
kernels per ear change to allow conclusions to be drawn.
In the normal rainfall year (2003) the fixed ear hybrid
changed kernels per ear little with increased irrigation, as
expected, while the semi-flex and full-flex hybrids in-
creased in kernels per ear (by 64 and 74 kernels, respec-
tively) with increasing irrigation levels as expected for
effective relief of drought stress. In general, kernel num-
ber change in response to drought was only partially
consistent with expectations for ear size change proper-
ties claimed by the seed companies that marketed the
hybrids.

3.3. Factors Affecting Yield

3.3.1. Effect of Type of Hybrid on Yield

Hybrids with flexible kernel number are marketed for
their purported ability to give higher yields under stress
conditions than do fixed ear size hybrids, which have
been selected for the ability to give high yields under
optimal conditions. When not irrigated, only the main
effect of hybrid type was significant. Among the three
hybrids in this study, under non-irrigated conditions, the
semi-flex hybrid gave the highest average grain yield in
all three years, resulting in the average yield rank for the
hybrids being semi-flex hybrid > fixed ear hybrid =
full-flex hybrid (Table 3). These data suggest that the
full-flex hybrid may not be very tolerant of dry condi-
tions. The semi-flex hybrid had the highest yield among
hybrids regardless of the irrigation level. These higher
yields for the semi-flex hybrid were primarily due to
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higher kernel weights regardless of soil water levels. Hy-
brid and seeding density main effects affected kernels per
ear, however, the interaction between hybrid and seeding
density was not significant in either of the soil water
treatments in 2000 (Table 3). The fixed ear hybrid ex-
hibited less variation in ear size (kernels per ear) with
increased seeding density than the semi-flex and full flex
hybrids. In scatter plots of kernels per ear vs seeding
density the data for the fixed ear hybrid with no irrigation
correlated poorly (R* = 0.235) and the slope of the line
fitted to the data = —0.1 kernels per ear change per 10’
increase in seeds per ha. The corresponding values for
moderate irrigation were R* = 0.895 and slope = —2.8,
and for well irrigated were R* = 0.832 and slope = —1.1.
For the semi-flex hybrid the corresponding values were
R? = 0.984 and slope = —3.6 for no irrigation, R* = 0.840
and slope = —3.6 for moderate irrigation and R* = 0.900
and slope = —1.9 for well-irrigated conditions. For the
full flex hybrid the corresponding values were R* = 0.886
and slope = —3.8 for no irrigation, R* = 0.894 and slope =
—3.3 for moderate irrigation and R* = 0.975 and slope =
—2.6 for well-irrigated conditions.

3.3.2. Effect of Seeding Density on Yield
Yields from hybrids with flexible kernel number are ex-
pected to correlate negatively with seeding density, par-
ticularly under drought conditions, because these hybrids
can increase yields at low seed densities by increasing
kernel number. In the drought year of 2000, yields from
semi-flex and full flex hybrids correlated negatively with
seeding density with no irrigation (R = —0.648 and
—0.412, respectively) and with low irrigation (R = —0.128
and —0.817, respectively), whereas under well-irrigated
conditions the correlations were positive (R = 0.863 and
0.295, respectively) (Table 3). In contrast, yields from
the fixed kernel number hybrid were observed to corre-
late positively with seeding density with no irrigation (R
= 0.919), moderate irrigation (R = 0.612) and well-irri-
gated (R = 0.929). These differences are reflected in a
significant hybrid x seeding density interaction for yield
in both moderately- and well-irrigated corn. In non-irri-
gated plots in 2000, yields for both the semi-flex hybrid
and the full-flex hybrid were maximal at about 74,700
seeds-ha !, whereas yields for the fixed ear hybrid con-
tinued to increase as seeding density increased. Maxi-
mum yield for the semi-flex hybrid occurred at higher
seeding densities than the other two hybrids in the well-
irrigated plots, while yields for the fixed ear hybrid and
the semi-flex hybrid increased with higher seeding densi-
ties in the moderately irrigated plots.

In years 2001 and 2003, when there was greater rain-
fall, yields from all hybrids correlated positively with
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seeding density with or without irrigation (R ranging
from 0.722 to 0.984). Kernels per ear for the fixed ear
hybrid remained relatively constant across seeding densi-
ties, while kernels per ear decreased with increasing plant
populations for both the semi-flex hybrid and the full-
flex hybrid. In 2001 the main effects of hybrid and seed-
ing density were significant for kernels-ear”' regardless
of soil water level, and the interaction between hybrid
and seeding density was significant for the non-irrigated
plots. In 2003 there appeared to be a good relationship
between optimum plant population and yield potential.
Optimum seeding density was approximately 74,700
seed-ha' for non-irrigated plots and 86,450 seed-ha' for
moderately irrigated plots regardless of hybrid. However,
there was a significant hybrid x seeding density interact-
tion for yield in well-irrigated plots. The optimum seed-
ing density was 86,450 seed-ha' for the fixed ear hybrid
and 74,700 seed-ha' for the semi-flex hybrid, while
yield for the full-flex hybrid continued to increase with
increased seeding density over the entire range studied.
The semi-flex hybrid had the highest kernel weight in
non-irrigated, moderately irrigated and well-irrigated plots
(Table 5). Unlike the first two years, the hybrid x seed-
ing density interaction for kernels-ear' was significant
across all irrigation rates examined. The decrease in ker-
nels per ear as plant population increased was less for the
fixed ear hybrid than for the other two hybrids.

In general, the flex hybrid had lower optimum plant
populations than the other two hybrids for each soil water
regime. This was most obvious in both the non-irrigated
and moderately irrigated plots, indicating that lower
seeding densities could be used for this hybrid, particu-
larly under drought conditions. However, the 2000 find-
ings indicate that the -flex hybrid may not be as drought
tolerant as the other hybrids in the study. For a grower,
selecting an adapted drought-tolerant hybrid would be
advisable in a dryland cropping system.

3.3.3. Effect of Moisture Stress on Yield

Reducing drought conditions by irrigation resulted in
increased yields with all hybrids in all years and higher
levels of irrigation resulted in higher yields (Tables 3-5).
Averaged across the three hybrids and seeding densities,
yields were 8.2 Mg-ha ' for the non-irrigated corn, 8.9
Mg-ha' for moderately irrigated corn, and 9.6 Mg-ha'
for well-irrigated corn, consistent with water stress being
greatest in the non-irrigated plots, and least in well-irri-
gated plots. The largest increase in yield in response to
irrigation was observed with the flex hybrid each year,
although the relative sizes of yield increases were vari-
able.
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3.4. Mycotoxin Contamination in Hybrids
Expressing Varying Levels of Kernel
Number Flexibility Trait

3.4.1. Aflatoxin Contamination in Hybrids Expressing
Varying Levels of Kernel Number Flexibility
Trait

Aflatoxin levels in uninoculated corn averaged over the

three years in the study were 33.5 + 12.0 pgkg' for

non-irrigated plots, 29.3 = 11.4 pg-kg' for moderately
irrigated plots and 24.2 + 8.5 pg-kg ' for well-irrigated
plots (Table 7). The effect of drought on aflatoxin levels
can be examined by comparing average aflatoxin levels
in corn grown without irrigation in the drought year of

2000, to corn grown in moderately irrigated plots and in

well-irrigated plots. In 2000, corn inoculated with A. fla-

vus, averaged aflatoxin levels of 827 + 46 pg'kg' in
non-irrigated plots, 783 + 51 pg-kg ' in moderately irri-
gated plots, and 877 + 50 pg-kg ™' in well-irrigated plots.

The only significant difference with differing irrigation

levels was hybrid in both the moderately-irrigated and

well-irrigated plots. The hybrid with the flexibile kernel
number trait had the lowest aflatoxin levels at each of the
irrigation levels. In 2001, average aflatoxin levels in corn

inoculated with A. flavus were 1,008 + 274, 660 + 212

and 684 + 145 for the non-irrigated, moderately-irrigated

and well-irrigated plots, respectively. At each irrigation
level, hybrid was significant for aflatoxin levels with the
rank being flex ear > fixed ear = semi-flexible ear hybrid.

In 2003 aflatoxin levels in corn inoculated with A. flavus

were lower than the other two years, averaging 46.5 +

12.2 pg-kg™ for non-irrigated plots, 68.1 = 16.7 ug-kg™

for moderately irrigated plots, and 22.3 + 5.5 pg-kg ' for

well-irrigated plots. The only significant effect was hy-
brid in the non-irrigated plots.

Very limited differences in aflatoxin levels in naturally
infected corn (Table 6) or in corn inoculated with A. fla-
vus (Table 7) were observed in hybrids with varying ear
flex. In 2001, for moderate irrigation there was a signifi-
cant hybrid type x seeding density interaction in which
aflatoxin levels increased with increasing seeding density
for all hybrids with A. flavus inoculation and for the flex
hybrid with natural infection. For naturally-infected fixed
ear or semi-flex hybrids there was insufficient aflatoxin
contamination to evaluate the effect of seeding density in
2001 (Table 6). In 2003 the hybrid x seeding density
interaction was significant only for the non-irrigated
plots. There was considerable variation in aflatoxin lev-
els among seeding densities for all hybrids. Effects of
drought stress and seeding density alone do not fully ex-
plain the variation in aflatoxin levels, consistent with
other factors playing a significant role.
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Table 6. Effect of hybrids with differing kernel number flexibility trait and seeding density on aflatoxin levels in kernels har-
vested from corn naturally infected with A. flavus while growing at three soil water deficit levels in 2000, 2001, and 200322,

Average aflatoxin levels (ng-kg™)

Hybrid/Kernel Number Irrigation in 2000 Irrigation in 2001 Irrigation in 2003 Average
Flexibility Trait See((sig;ﬁs(/iﬁ;)s ity None  Moderate  Well None  Moderate  Well None  Moderate  Well

PB 33K81 49,400 99 36 19 14 0 0 1 2 13 20

Fixed-ear 61,750 41 178 30 0 0 0 1 2 30 31

74,700 6 64 14 0 0 0 2 1 1 10

86,450 289 141 27 0 0 0 1 66 1 58

98,800 7 26 114 0 0 0 23 1 1 19

Average 88 89 41 3 0 0 6 14 9 28

PB 3223 49,400 34 109 31 0 0 0 62 1 23 29

Semi-flex 61,750 135 25 12 0 0 0 18 2 1 21

74,700 41 63 34 0 0 0 1 2 1 16

86,450 7 138 7 0 0 0 7 2 1 18

98,800 20 42 147 11 0 0 1 1 1 25

Average 47 75 46 2 0 0 18 2 5 22

GA 8460 49,400 92 7 103 55 19 0 29 3 1 34

Full-flex 61,750 256 39 6 32 0 9 1 12 14 41

74,700 25 23 10 31 26 113 2 2 2 26

86,450 9 37 17 43 48 39 8 2 1 23

98,800 85 63 83 16 136 180 3 1 1 63

Average 93 34 44 35 46 68 9 4 4 37

LSD (0.10): -2

Ear flexibility (F) NS NS NS 21 22 42 NS NS
Seeding density (D) NS NS 59 NS 29 NS NS NS
FxD NS NS NS NS 50 NS NS NS NS

! Abbreviations: NS = Non-significant at the 0.10 probability level; LSD = Fish’s least significant difference test; flex = Flexible kernel number trait; SWD =
Soil water deficit. “Some treatments contained only one replicate. *Moderate irrigation occurred at 6.4-cm SWD; well irrigated occurred at 3.8-cm SWD.

Table 7. Effect of hybrids with differing kernel number flexibility trait and seeding density on aflatoxin levels in kernels har-
vested from corn inoculated with A. flavus while growing at three soil water deficit levels in 2000, 2001, and 20032,

Average aflatoxin levels (ug-kg™")

Hybrid/Kernel Number Irrigation in 2000 Irrigation in 2001 Irrigation in 2003 Average

Flexibility Trait See((siézﬁs(;ﬁz)s ity None  Moderate ~ Well None  Moderate ~ Well None  Moderate ~ Well

PB33K81 49,400 950 1,010 1,067 710 115 212 10 77 40 466

Fixed-ear 61,750 515 956 854 290 175 86 31 82 30 335

74,700 779 547 771 50 67 36 34 8 61 261

86,450 871 1,117 717 134 330 435 54 63 1 414

98,800 688 693 673 260 237 363 41 76 11 338

Average 761 865 816 289 185 226 34 61 29 363

PB3223 49,400 839 921 1,053 475 180 89 20 90 50 413

Semi-flex 61,750 1,224 1,008 945 230 309 471 65 8 5 475

74,700 728 937 1,249 207 508 689 11 1 15 483

86,450 642 605 1,087 567 170 221 36 45 1 375

98,800 867 849 1,036 620 282 678 36 36 47 491

Average 860 864 1074 420 290 431 34 36 24 447

GA8460 49,400 863 726 829 2,868 488 1,630 192 101 36 859

Full-flex 61,750 821 532 738 1,148 830 1,381 1 11 34 611

74,700 1,048 628 633 3,152 1,345 1,373 41 181 1 934

86,450 636 670 581 1,948 3,008 1,370 105 18 1 926

98,800 936 542 906 2,458 1,855 1,218 21 225 1 907

Average 861 620 737 2315 1505 1394 72 107 15 847

LSD (0.10):

Ear flexibility (F) NS 231 251 679 431 398 29 NS NS
Seeding density (D) NS NS NS NS 557 NS NS NS NS
F xD NS NS NS NS 964 NS 65 NS NS

! Abbreviations: NS = Non-significant at the 0.10 probability level; LSD = Fisher’s least significant difference test; flex = Flexible kernel number trait; SWD =
Soil water deficit. "Moderate irrigation occurred at 6.4-cm SWD; well irrigated occurred at 3.8-cm SWD.

Copyright © 2012 SciRes. AJPS



1350

Effect of Planting Density, Irrigation Regimes, and Maize Hybrids with Varying Ear Size on Yield, and

Aflatoxin and Fumonisin Contamination Levels

3.4.2. Fumonisin Contamination in Hybrids
Expressing Varying Ear Flex

Fumonisin contamination levels in harvested grain were
significantly higher in the full- and semi-flex hybrids
than in the fixed kernel number hybrid with (Table 8) or
without (Table 9) inoculation with A. flavus, under most
(six of nine) experimental conditions of rainfall and irri-
gation level. In hybrids not inoculated with A. flavus
(Table 8), fumonisin levels in harvested grain averaged
over the three years were significantly lower (analysis of
variance, P < 0.05) for the fixed ear hybrid (1.32 + 0.08
mg kg') than for the semi-flex hybrid (2.30 + 0.22
mg-kg ') and the flex hybrid (3.02 = 0.19 mg-kg ). In
hybrids that were inoculated with A. flavus (Table 9),
fumonisin levels in harvested grain averaged over the
three years were significantly lower (ANOVA, P <0.01)
for the fixed ear hybrid (1.94 = 0.17 mg-kg ') than for
the semi-flex hybrid (2.84 = 0.19 mg-kg ') and the flex
hybrid (3.80 + 0.10 mg-kg ). Fumonisin levels in corn
grain not inoculated with A. flavus averaged over the
three years in the study was 1.94 + 0.20 mg-kg ' for
non-irrigated plots, 2.18 + 0.36 mg-kg ' for moderately
irrigated plots, and 2.54 + 0.35 mg-kg ' for well-irrigated
plots (Table 8). Inoculation with A. flavus is not ex-
pected to affect fumonisin levels unless the two fungi are
mutually antagonistic or synergistic during fungal growth

and mycotoxin production. Fumonisin levels in corn
grain inoculated with A. flavus averaged over the three
years in the study were 2.13 + 0.19 mg-kg' for non-ir-
rigated plots, 3.11 + 0.39 mg-kg' for moderately irri-
gated plots, and 3.31 + 0.46 mg-kg"' for well-irrigated
plots (Table 9), which was significantly higher (P < 0.05,
Student’s t test) than observed for corn in plots not in-
oculated with A. flavus.

Fumonisin levels in naturally infected corn (Table 8)
were significantly affected by hybrid in 2000 and 2003
with higher fumonisin levels being associated with hy-
brids expressing increased ear size flexibility. In corn
inoculated with A. flavus (Table 9) fumonisin levels
were significantly affected by hybrid in 2000 in moderate
and well irrigated corn and in 2003 with all irrigation
levels, also with higher fumonisin levels being associated
with hybrids expressing increased ear size flexibility.
Overall average fumonisin levels were significantly higher
in hydrids expressing increasing ear size flexibility in
naturally infected corn (ANOVA, P < 0.001) and in corn
inoculated with A. flavus (ANOVA, P < 0.001). No con-
sistent effects of irrigation level or seeding density on
fumonisin levels were observed in either naturally in-
fected corn (Table 8) or corn inoculated with A. flavus
(Table 9).

Table 8. Effect of hybrids with differing kernel number flexibility trait and seeding density on average fumonisin levels in
kernels harvested from corn naturally infected with A. flavus while growing at three soil water deficit levels in 2000, 2001,

and 200323,

Average aflatoxin levels (ug-kg™)

Hybrid/Kernel number Irrigation in 2000 Irrigation in 2001 Irrigation in 2003 Average

Flexibility Trait Se?g;ﬁ;}}elral)s ity None  Moderate  Well None  Moderate  Well None  Moderate  Well

PB33K81 49,400 0.3 1.6 2.1 1.2 2.6 0.4 1.2 0 0.8 1.1

Fixed-ear 61,750 0.6 0.4 1.4 1.9 3.8 0.7 0.7 0 1.3 1.2

74,700 0.3 1.8 2.7 1.1 1.7 1.1 1.9 0 0.9 1.3

86,450 0.7 1.7 2.4 1.8 2.9 1.5 1.6 0.1 1.2 1.5

98,800 0.4 2.6 2.3 1.7 1.8 0.4 1.9 0.1 2 1.5

Average 0.5 1.6 22 1.5 2.6 0.8 1.5 0 1.2 1.3

PB3223 49,400 0.8 3.8 49 1.8 1.1 0.4 22 0 1 1.8

Semi-flex 61,750 1.3 22 5.1 1.5 1.8 0.8 1.7 0 1.4 1.8

74,700 0.9 33 5.5 1.9 2.1 1.3 3.8 3.9 1.1 2.6

86,450 0.7 6.3 6.7 32 0.9 0.5 23 0 0.8 2.4

98,800 1.5 43 7 4.7 1 0.5 5.5 0 1.7 2.9

Average 1 4 5.8 2.6 1.4 0.7 3.1 0.8 1.2 2.3

GA8460 49,400 0.8 6 6 3.4 2.5 0.7 35 0.9 4 3.1

Full-flex 61,750 1.7 6.1 6.8 2 1.1 1.2 1.4 0 1.2 2.4

74,700 0.5 5.1 5.2 4 3.2 2.7 22 0 2.4 2.8

86,450 1.4 9.2 8.3 2.4 1.4 1 6.7 0 1.3 3.5

98,800 1.3 4.8 9.4 22 33 1.4 2.7 2 2.8 33

Average 1.1 6.2 7.1 2.8 23 1.4 33 0.6 2.3 3
LSD (0.10):

Ear flexibility (F) 0.4 1.2 1.4 NS NS 0.6 1.3 -2 0.7
Seeding density (D) NS 1.6 NS 0.9 NS 0.7 NS - NS
F xD NS NS NS NS NS NS NS - NS

' Abbreviations: NS = Non-significant at the 0.10 probability level; LSD = Fisher’s least significant difference test; flex = Flexible kernel number trait; SWD =
Soil water deficit. “Some treatments contained only one replicate. *Moderate irrigation occurred at 6.4-cm SWD; well irrigated occurred at 3.8-cm SWD.
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Table 9. Effect of hybrids with differing kernel number flexibility trait and seeding density on average fumonisin levels in
kernels harvested from corn inoculated with A. flavus while growing at three soil water deficit levels in 2000, 2001, and

20032,
Average aflatoxin levels (ug-kg ™)
Hybrid/Kernel number Irrigation in 2000 Irrigation in 2001 Irrigation in 2003 Average
Flexibility Trait Se?g;gigﬁg)s 1ty None  Moderate Well None  Moderate Well None  Moderate Well
PB33K81 49,400 2.1 34 7.5 0.4 43 1 1.5 0.8 1.2 2.5
Fixed-ear 61,750 3.4 3 3.1 0.6 3.1 0.8 1.4 0.6 0.4 1.8
74,700 1.6 25 42 0.9 0.9 0.7 1.2 0.4 0.7 1.5
86,450 1.6 2.1 5.6 1.4 29 0.7 0.6 0.7 0.6 1.8
98,800 2.4 7.3 3.7 1.4 0.9 0.5 1.6 0.4 1 2.1
Average 22 3.7 4.8 0.9 24 0.7 1.3 0.6 0.8 1.9
PB3223 49,400 32 7.3 8.9 22 1 0.3 1.4 1.9 1.5 3.1
Semi-flex 61,750 3.7 52 57 0.4 0.2 0.4 1.7 0.9 1.4 22
74,700 49 33 6.3 1.6 0.2 0.5 4.5 1.1 1.5 2.7
86,450 22 6.6 5.5 1.3 1.2 0.5 3.5 33 1.9 29
98,800 25 7.6 7.6 0.7 1.2 1.3 2.3 22 4 33
Average 33 6 6.8 1.2 0.8 0.6 2.7 1.9 2.1 2.8
GARB460 49,400 25 8.7 6 1.8 3.1 1.5 5.8 23 4.5 4
Full-flex 61,750 3.1 6.9 7.9 0.8 3.7 1.5 2.7 2.1 3.8 3.6
74,700 1.7 8 8.5 1.3 1.7 0.9 3.9 3.5 53 3.9
86,450 1.9 79 10.4 0.5 1.3 0.7 39 1.2 3.5 35
98,800 3.9 9.5 11.8 1.8 2 0.4 2 1.7 3.1 4
Overall average 2.9 6 6.8 1.1 1.9 0.8 2.5 1.5 2.3
LSD (0.10):
Ear flexibility (F) NS 2.5 2.3 NS 0.9 NS 0.8 0.7 1.2
Seeding density (D) NS NS NS NS 1.2 NS NS NS NS
FxD NS NS NS NS 2 NS 19 1.5 NS

' Abbreviations: NS = Non-significant at the 0.10 probability level; LSD = Fisher’s least significant difference test; flex = Flexible kernel number trait; SWD =
Soil water deficit. “Some treatments contained only one replicate. “Moderate irrigation occurred at 6.4-cm SWD; well irrigated occurred at 3.8-cm SWD.

3.5. Effect of Irrigation Level on Aflatoxin and
Fumonisin Levels

In the drought year of 2000, aflatoxin levels were sig-
nificantly higher (P < 0.001, Student’s t-test) than in
years with moderate (2001) or good (2003) rainfall at all
levels of irrigation with or without inoculation with A.
flavus (Tables 8 and 9). There were no consistent sig-
nificant differences in aflatoxin levels among irrigation
regimes in the drought year of 2000 or in years with
moderate (2001) or good (2003) rainfall, suggesting that
factors other than drought were primarily responsible for
determining aflatoxin levels in harvested grain.

In the drought year of 2000, fumonisin levels were
significantly lower (P < 0.001, Student’s t-test) in non-
irrigated corn than in moderately or well-irrigated corn
with or without inoculation with A. flavus (Tables 8 and
9). There were no consistent significant differences in
fumonisin levels among irrigation regimes in years with
moderate (2001) or good (2003) rainfall, suggesting that
factors other than drought were primarily responsible for
determining fumonisin levels in harvested grain.
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3.6. Effect of Seeding Rate on Aflatoxin and
Fumonisin Levels

Seeding rate and the resulting plant density is one of
several crop management techniques which have been
extensively studied for their effects on aflatoxin and fu-
monisin contamination in harvested corn kernels based
on the model that mycotoxin production is associated
with factors that increase plant stress [42]. Effects of
plant density have become of increased concern as plant
population recommendations for maize production have
increased to the point at which they are now double those
recommended in the 1950’s. For example, Rodriguez-
del-Bosque [43] observed in Mexico that the two factors
most associated with enhanced aflatoxin contamination
were late planting and ear insect damage, whereas plant
density did not significantly affect aflatoxin contamina-
tion. However, Alvarado-Carrillo et al. [44] observed that
high plant densities resulted in lower grain yield and in-
creased aflatoxin content and charcoal rot disease in corn
in Mexico. In Italy Blandino et al. [45] reported signifi-
cantly higher levels of fumonisins in harvested corn us-
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ing a combination of agronomic techniques including
higher seeding density.

In this study, no consistent significant correlations
were observed between seeding density and aflatoxin
levels in either naturally infected corn (R ranged from
—-0.73 to +0.71) (Table 6) or corn inoculated with A. fla-
vus (R ranged from —0.94 to +0.84) Table 7). In hybrids
not inoculated with A. flavus (Table 8), the average fu-
monisin levels across the three years correlated well with
seeding density for the fixed kernel number hybrid (R =
0.97) and less well for the semi-flexible kernel number
hybrid (R = 0.91) and the fully flexible kernel number
hybrid (R = 0.54). All significant correlations with seed-
ing density for individual years and irrigation levels in
the study were positive, but average fumonisin levels did
not correlate (R < 0.5) consistently with seeding density
for hybrids (R ranged from —0.47 to +0.96). In hybrids
inoculated with A. flavus (Table 9) there were no consis-
tent significant correlations between fumonisin levels
and seeding density (R ranged from —0.96 to +0.99).

4. Conclusion

In this study, characterization of the effects of irrigation
and population density (seeding density) on kernel num-
ber in corn hybrids with different ear size flexibility traits
generally reflected expectations based on seed company
claims. Under drought conditions, kernels per ear for the
fixed-ear hybrid remained relatively constant across the
range of seeding densities studied, whereas kernels per
ear decreased with increasing plant population for both
the semi-flexible and flexible kernel number hybrids.
However, drought alone resulted in smaller numbers of
kernels per ear for all hybrids. Irrigation increased yields
in all hybrids, but in the absence of irrigation, yields
were highest for the hybrid with the semi-flexible kernel
number trait. Under irrigation yields of all hybrids corre-
lated with seeding density. Under drought conditions,
yields were maximal at 74,700 seeds/ha for semi-flexible
and flexible ear hybrids, but yields for the fixed ear hy-

brid continued to increase with seeding density evaluated.

The lowest levels of aflatoxins and fumonisins in har-
vested grain were observed for the hybrid with the flex
ear hybrid at all rainfall and irrigation levels, but there
was no evidence that reducing stress by lowering plant-
ing density played any role in achieving low mycotoxin
contamination. Inoculation with A. flavus resulted in
much higher levels of aflatoxins and significantly higher
levels of fumonisins in all hybrids under most conditions
of rainfall and irrigation, suggesting that factors promot-
ing successful infection by A. flavus can have a major
effect on production of both toxins. Further studies with
larger numbers of hybrids will be needed to determine
more specific roles played by the ear flex trait

Copyright © 2012 SciRes.
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