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Indirect Reduction of Ear ~Iolds and Associated ~Iycotoxins in Bacillus 
tlwringiensis Corn Under Controlled and Open Field Conditions: 

Utility and Limitations 

P.HHIC K f . DO\\-O 

Bioacti \ e A~e n ts Hesearch Unit , CSDA-AHS , :'\'atio nal Center fo r Agricultural l'tili wtion Hesearc/; . 
181.3 N. l'ni \'e rsit\· Street. Peo ri a, IL G160-1 

J. Econ , Enlo mo!. 9:] 16 ): 1669- 1679 (2000 ) 
.-\BSTRACT [n 1995. ears of a experimental inbred (CG.'59-l ) cont,lin ing a synthetic Hacillu., 
thuringiem is Cr\ [A (b ) gene dri \'en by PEPC. pit h and pollen promoters and artificiall \· infested with 
Osl ri llia lIu v ilalis (HObner) IaIT'le in small plot studies we re free from insect damage, whereas 
-10 -.50% of the co rresponding non-Bt inbred ears were damClge cl . Bt inbred ears that \I 'e re inoculated 
with A spergillus f lat us Link and Fusariu/Il pra li/ era tulll 1. .\latsushima (:--iirenGerg) or exposecl to 
nat ltl'al mold inuculum afte r in fest at ion with 0. nubilalis were free of \'isible signs of mo ld, a, 
compared \I'ith "-':30 - -10% of the nOll -Bt ears similarl y treated. Results in 1996 us ing the same inbred 
with a single allele dose of the Bt gene showed similar tr(' nds. !\[eall total fUl11 onisilll t'\ 'els for non-Bt 
ve rsus Bt inbred ears we re not signi ficantly different (l .8 verslls 0 ., ppm, respecti ve ly) ill 1996, [ II 

paired hybrid studies run in O.-l-ha (Llcre) fi e lds. an e\'ent 176 Bt hybrid had Signi ficantly 10\l'e r 
amounts of damage and signs of Fllsarillm spp. mold, but not fum onisin , co mpared with a corre· 
sponding non-Bt hyGrid from 1996 to 1998. Howe\·e r. two h\'brid pairs that contain ed eith er '\[O"iS 10 
or Btl1 constructs examined in similar fi elds at the same site had lower levels of fumonisin in both 
1997 (:30-, to -lO-fold ) and 1998. High intrafield "ariabilitv in ins,ec t infestation and presence of 
Helico~erfJa ::.ea (Boddie) in Bt hybrids was apparently responsible for fewer Signifi cant diffe rences 
in fumonisin levels ill 1998. Similar tre nds for all three hybrid pairs were noted in small plot trials 
at another site. Incidence of oth er ear pes ts or insect predators varied as much among non-Bt h"brids 
as they did for Btl non-Bt hybrid pairs. 

KEY \-VOROS Bacil/lls thll,-ingiensis, maize. Zea. Ostri/lia, Hc/icoL'erl'(l, Carpophil us 

\[YCOTOXI NS PRODUCED BY corn ear mold fun gi cause 
hundreds of millions of dollar of direct and indirect 
costs pe r year in the United States (CAST 1989, USDA­
ARS 1999 ). In corn des tine d for human consumption , 
acceptabl e levels for aflatoxins are from 0 to 20 parts 
per billion (ppb ) , wh e re as the proposed level for fu­
l110nisins in Europe is one part p e r million (ppm ) (van 
Egmond 1998). It is well docume nte d that ear feeding 
insects can sig nifi cantl y increase the in cide nce of 
these molds and associate d toxins ( for a revie w see 
Dowd 1998). Both insecticide treatments and use of 
tight-husked varie tie s of corn resistant to insects can 
significantly reduce th e incide nce of the molds and 
their toxins (Dowd 1998) . Howe ve r , curre nt insecti­
cide formulation s usually cannot be applied econom­
ically to control insects we ll e nough to reduce myco­
toxin le vels to acceptable leve ls as a result of the 
numbe r of treatments required (for a revie w , Dowd 
1998) . Southe rn-adapted , tight husked germplasm 
does not yie ld as well as corn b e lt adapte d germ plasm 
(Jenkins 1947) , and h as increased susceptibility to 

This article reports th e results of research onl y. \Iention of a 
proprietary product does \l ot constitute an e ndorsement or a recom­
mendation by USDA fo r its use. 

te mpe rate ear molds caused b v the exte nded dryd own 
pe riod in the fi e ld (Dowd 1998, Tre nholm et al. 1989 ) . 

Re ce nt gene tic e ng ineering technology has pro­
duced mai ze with near immunity to th e European 
corn bore r, Ostril!ia Illlbilalis (Hubn e r ) , in ti ssue ex­
pressing 1,000 + ppm of Bt crys tal prote in in th e so l­
uble prote in frac tion (Kozie l e t a l. 199:3). Expressio n 
of high leve ls of the Bacilllls thllringic»sis prote in in 
the silks and ears of mai ze can greatly reduce d amage 
b y O. 1111lJila/is The reduced 0. 1111bilalis damage 
should a lso reduce mold on th e respective ears . as has 
been re porte d previously in small plot studies (Dow d 
e t al. 199.5, 1996; ~Iunkvold e t al. 1996, 1997, 1999 ; 
Munkvold and H e llmic h 1998) . Use of the Bt hybrids 
thus may not only help w ith in sect manage me nt. but 
also with ear mold and m ycotoxin leve ls, Howe ve r, th e 
numbe r of other ear feeding pests that may be in­
volved in mycotoxin production (Dowd1998) and th e 
pote ntial concerns of Ht hybrid effects on nontarget 
and be ne fi c ial insects prompte d compre he nsive stud­
ie s in Illinois. This re poli d escribe s e xpe rime nts in 
both sm all plot and in = 0.4-ha ( l-acre) fi e lds that 
d e monstrate reduction s in the incidence and amount 
of ear dam age caused b y target cate rpilla rs in Bt versus 
non-Bt inbreds or h ybricls. These reductions in cate r-
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pillar damage were often associated wi th both reduc­

tion s in signs of mold and associated mycotoxins . such 

as fumoni sins. This report also describes in c idence and 

clamage c,lU sed by nontarget insect pests of ears, and 

in c ide nce of insect predators. Sumlllaries of these 

studi es ha\ 'e been re pOlied pre\iously (Dowd e t al. 

1995, 1996. 1997a. 1998a. 1999a) . 

\latedals and \lethods 

Inbred Study. Imects. The 0. nllbilalis were ob­

tained from e ither J. White, of Ciba Seeds (now No­

vartis) , Bloomington. IL. or \.-1. R. McGuire (USDA­

ARS, National Center for Agricultural Uti li ziltion 

Research. Peoria IL ). The colon y obtained from \.-1. R. 

McGuire was originally obtained from L. C. Lewis 

(USDA-ARS, Iowa State Un iversity) . The Blooming­

ton 0. nlliJilalis were used for initial tests of seedlings 

in growth chambe rs in 199,5, and the other 0. nlliJilalis 

were used in all other studies. 

Planls. Elite inbred seed (expe rimental inbred 

CG59-2 produced b y C iba Seeds [now Novartis I) 

segregating L: 1 for a Bt gene was used to obtain Bt corn 

in 199.5. The construct in this inbred had a CryIA (b ) 

synthetic Bt gene driven by PEPC, pith and pollen 

promoters, thus expression of the Bt prote in was at 

high levels throughout most of th e plant. A corre ­

sponding non-Bt inbred was used for co mparative 

purposes. Because of unavailability of the same Bt seed 

in 1996, seed produced from the Bt X non-Bt (polle n 

source) inbreds in 1995 was used. Seed was germi ­

nated in soil mix (Dowd 199.1 ) and seedlings were 

grown in plant growth chambers (Dowd and Lagri­

mini 1997) at 27::2l°C, 50'70 RH , and a photoperiod of 

16:8 (LD ) h. Plants were tran splanted into the fi e ld 

after three leaves were present. Initial fertilizer ap­

plications were the same as described previously 

(Dowd 1994), but were supplemented with Miracle 

Gro lawn food (Ste rn 's ~Iiracle-Gro Products, Port 

Washington, NY) (33% N. 6% P, 6% K ) whe n pale 

leaves indicated signs of nitrogen stress. There were 

two suppleme ntal treatmen ts with fertilizer in L995, 

and four in 1996. Flooding in 1996 kill ed most of the 

initial transplants, so new plants were started and 

transplanted. 
Bacillus t/lIlringiells is Delamination Assays fOl' Ex­

perimental Illbreds. In 1995, = 2 cm of the oldest leaf 

tip was removed from = 150 of the 1:1 segregating Bt 

seedlings and 7.5 of the non-Bt inbreds. Each leaf 

section was put in a Falcon 1006 pe tri dish (Becton 

Dickinson, Franklin Lakes. NJ) along with 10 neonate 

0. nl/bilatis larvae. The leaf sections were examin ed 

after 1 and :2 d for dead larvae and the degree of 

feeding damage. The source plants corresponding to 

leaf sections producing mostly d ead larvae and almost 

no feeding after 2 d were considered Bt pro te in pos­

itive and were transplanted into the fie ld. Of the seed­

lings tested, .50.3% were Bt protein positive. 

Bacillus thllringiensis protein positive plants used in 

1995 and 1996 were furth er checked for Bt p rote in 

expression just before fie ld assays by collecting 2 by 

2-cm sections of th e terminal leaf tip of each plant in 

the field . These leaves " 'e re e\'a luated Bt prote in prt',. 

ence as just described. 

,Ho lds ['sed fo r [nured IlI oCl/lalioli . The AspergillI/ I 

fI(/ws Link strain used, NRRL 33.37. \\ 'as obtain ed frol1l 

S. W. Pe terson at the USDA-ARS National Center fOr 

Agricultural Utili zation Research. Peoria, IL. Thi s 

strain is a reliable aflato xin producer often used in 

c \'aluating maize resistance to A. j/alus and aflat oxin 

(No rton 199,5 ) . The Fusariulll proliferalulll (T. \l.lt· 

sush ima ) Nirenberg strain usee!, ~ 1 -.399L was obtain C' cl 

from G. A. Ben nett (USDA-ARS National center for 

Agricultural Uti li zati on Research, Peoria IL ). This 

strain o rig inall\' came from the Fusarium Research 

Center at The Pennsykania State Univers it y. This 

strain is a re liable producer of fumonisins and moni li · 

formin and was origin all y isolated from co rn in Io\\ ,I 

(Javed e t al. 1993). A separate spo re suspe nsion of 

each mold species was prepared at a concentrati on of 

LOG colony forming un its per millilite r of 0.01% Tri· 

ton X 100. The spore suspensions were mixed 1: 1 for 

application to ears. 

Inbred Field Assays. Bt plants were de tasseled duro 

ing both 199,5 and 1996 because of other corn bC' in ~ 

grown in the area, and pollen from the correspo ndiJl ~ 

non-Bt inbred was usee! for all pollinations. Tim C' of 

silking varied e nough so that two series of ears \\ 'C' re 

a\ 'ailable each year, with pollination dates for C'<tch 

seri es varying b y no more than 3 d. The most num C'roth 

plants ( first series of pollinations in each case) \\ 'C' re 

used in studi es where both 0. Il!{bilalis and mold 

inoculum were added . Seven davs after median silki ll~ 

of each series, 10 neonate 0. ,;ubilalis were ill(hid· 

ually transferred to the silks of each ear by using: .1 

probe. The caterpillars were confin ed to the ear tip b, 

covering the ear tip with a 10 by 20-cm muslin ba~. 

secured by a rubber band. One upper corner of the b'l~ 

was cut off so an opening 1 cm wide was available. Th .. 

open corne r was folded over and he ld closed with .1 

small binde r c lip. 

Mold inoculum was aclded to the first series of e,u" 

7 d after the cate rpillars were added. The bincb clip 

was removed and 0,5 ml of inoculum was added to th t' 

silks at the ear tip with an automatic pipet. The corner 

of the bag was folded back over and reclipped. B'I~' 

remained on those ears in the mold inoculation seri t', 

until harves t. In the uninoculated series of experi· 

ments, the muslin bags were removed 1 wk after th <' 

0. nubilalis were added to permit naturally occurrim: 

molds to interact with the ears. 

Evaluation of Inbred Ears. Ears were remo\'ed after 

black layering of ke rnels had occurred. Ears " er<' 

examined for cate rpillar damage and position of thr 

damaged kerne ls on the ear. The number and tl pc 

(filled or unfilled ) of kernels damaged was also noted 

Em's were also evaluated fo r signs of mold prC'sellc". 

The numbe r and type of kernels, and the type of 1l10i.: 

( if determinable) was recorded . Mold type \\'as dr 

te rmined using guide lines provided in a corn dist',I;! 

lllanual (Shurtle ff 1980) as described pre\ioll,l: 

(Dowd e t al. 1999). The association of mold \I!1i 

insect-damaged kernels was also reco rded. Ex,llllill,l' 

tions for mold were done both by eye and under W' 
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' ere evaluated Bt protein prf'\ -

d - oClI latioll . The AspergillI/ I 
.J l .L .3:357, was obtained 'from 
,Ln-ARS National Ce nte r for 

~ I Research , Peoria, IL. TI, i, 
'. '0 I producer often user! ill 

.n . to A. jiar;lIs and afbtO \ in 
Sa ntilli pmliJeratllln (T. \1.11-
in used , M--5991 , was obtained 
;e' -ARS National center for 

J search, Peoria IL). Thi \ 
:rV111 the Fusarium Research 
vania State Un iversity. This 
CE el f fumonisins and monili­
Iy -' olated from corn in Io\\a 
:e~,irate spore suspension of 
repared at a co ncentration of 
s :r milliliter of 0.01 % Tri­
sr Isions were mixed 1: 1 for 

t plants were detassel ed dur­
b! - luse of other corn bein~ 
)11 · '1 from the correspondin~ 
fG : all pollinations. Time of 
that two series of ears \I 'ere 

h . )llination dates for each 
tl 13 d. The most numerous 
lil".~ions in each case) \I'ere 
)oth O. Illlbila/is and mold 
vc- days after median silkin~ 

\ 

: ~ . ll11bilalis were indi'id­
Sl ,, ' of each ear by uSlllg a 

. ~re confined to the ear tip h,' 
I " '0 by 20-cm muslin h'IC. 

j C . r upper corner of the b,IQ 
j 1 C..I wide was available. Thp 1 )ver and he ld closed with ,I , :IE to the first series of e,\r\ 

v~_ ~ added. The binde r clip 
f inoculum was added to the 
av'')matic pipet. The corner 
~ k " over and reclipped. B,Ig:1 
tL mold inoculation series 

noculated series of experi­
era removed 1 wk after the 
) I '-mit naturally occurrin~ 
~ t :. : 5. 
r8. Ears were removed after 
; h ~d occurred. Ears were 
Ia - .lge and position of the 
ea .The number and type 
~ ls damaged was also noted. 
for <igns of mold presence. 
~n Is , and the type of mold 
:0: _~d . Mold type was de­
provided in a corn dise,lle 
~< described previoush 

8 ociation of mold \I'ith 
as' so recorded. Examin,l­
loth by eye and under -10 \ 

• I 
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using a stereolllicroscope. Ears were 'llso examined 
under long wave (:3-1 -5 nm ) UV light for the presence 
,\Ild numbers of kern e ls with bright greenish ye llow 
fluorescence (BGYF) wh ich is an indicator of A. jlar; l/S 
kernel in vasion (e.g. , Norton 199.'5 ). 

Hvbrid Studies. HyfJrid ClIltl/re. Field scale expe r­
il1lel~ts in volved planting non-Btl Bt pairs of Ciba -1-19-1 
,\Ild \lax -15-1 (eve nt 176 ) from 1996 to 1998, Pioneer 
P3:39-1 and P.3:3V08 (event \;!ON810) and NK6800 and 
\'K 6800 Bt (event Bt 11 ) from 1997 to 1998 at a 
~esearch site near Kilbourne, IL (Dowd et al. 1998b ). 
E,lch hybrid pair was planted in = O.-I-ha (l-acre) 
fields in four row alte rnating strips. with at least six 
strips of eac h hybrid type. Planting density and cul­
tural condit ions were th e same as those described 
preyiously (Dowd et al. 1998b ). Smal1er paired exper­
iments were also set up in Peoria, lL. in the same years, 
with at least 20 plants of each hybrid present and 
<frown as described for inbreds. 
.~ Erall/alian oj Hybrid Ears. In fields near Kilbourn e, 
lL. samples for first-generation 0. I1l1bilalis were taken 
once damage was noted in al1 3 yr in th e V9 to V12 
stage. Sampling was performed as described previ­
ouslv (Dowd et al. 1998b ) with about every fourth 
plant sampled in a center row of each strip, for a 
typical total of 2.'5 plants. In 1996, an adjacent fi eld of 
P:3394 was also sampled in the same manner. In 1996 
and 1997, the two axi ls below the ear axil of 25 plants 
in each row were sampled for insects (including pred­
ators) , insect damage, and molds. Twenty- five milk 
stage ears pe r row were removed for e\'aluat ion in the 
bboratory for type and degree of insect damage as 
described previously. which included insect species 
present and numbers of ke rne ls damaged by respec­
tile insects (Dowd e t al. 1998) . Harvest sl<lge ears 
were sampled in the same manne r as milk stage ears, 
and evaluated for amount and type of insect damage, 
numbers of kerne ls discolored , and numbers of ker­
nels symptomaticall y molded. 

During milk stage sampling in 1996, unexpectedly 
smaller O. Ill/bila/is larvae were found on the Max 454 
"ersus 4494 ears, so ear tissue from col1ected ears was 
tested for effects on 0. Ilubilalis. For this experiment, 
:30 ear tips of each hybrid, =2 cm long, we re removed 
from each ear and placed in 28-ml plastic cups. Five 
neonate 0. l1!1billllis were added to each cup. Cups 
were held at 27 ~ 1°C, 40 ~ 10% RH, and a photope­
riod of 14:10 (L:D) h for 7 d , after which both mortality 
and weights of survivors we re determined. The ex­
periment was run in duplicate. 

'.!ycotoxin Analyses. Insect-damaged kernels were 
separated from other kernels and both were analyzed 
separately for aflatoxins and fumonisins to increase the 
accuracy of the analysis. Data were recombined by 
weigh t for final mycotoxin level calculations. Prior 
work has indicated that insect-damaged ke rnels can 
CO mprise most of the source of fumonisin in an ear, in 
some cases having> 1,000 ppm of fumonisins (Dowd 
et al. 1999). Samples were stored at -20°C until my­
cotoxin analysis for fumonisins and aflatoxins was per­
formed by Romer Laboratories (Union, MO) , using 
previously described procedures (Dowd et a l. 1999) . 

: 0.... : :" ' "o!' ,_: 

.: .. :. :: ". :".:"·r. , ' :~ .... ~ ~" ... ," '- .~' ~, 

Tahle I . Effpcl of 8t g(~IU' in maizt" inhrt·cI !<I 011 O. lIubi/a/is 
illfe~tation. dall1a~t" ami mold in 1 99;; 

~Iold :\0 IIlold 
Paramete r inoc uiulll added inocu lUIlI added 

BI - Bt + BI- Bt ... 

0. rIId)i/lIlis 
% in fes tat io n SU" o.Ob ~I..';" O.Oh 
9~. \\"/ kern e l damage CiLl" O.Ob :39.0" O.ob 

~ I olcl 
% w i mold :38.:3.1 O.Ob 2'l.:3a O.Oh 
o/r; \\' ! spontlation 0.0" O.O\' 0.0" 0.0" % W : nlloresC't' ll c(' ~6.S" 10.Ob 2'U" :llh 

Mold in ocu lum was A. jlll!;U8 and F. pl"u/iji.:m tll III , Respective nUIll ­
b!"r or ears are ~i alld :30 raJ' Bt - alld Bt + pars "ith illocu lum adeled. 
and ~I and:31 for BI - and B+ ears with no inoculum adeled . Values 
in rows of the same coluTllIl groupin g follow ed by diffe rent le tt e r.;; are 
stalisticallv diffe rpnt at P < 0.0.'; by ch i-square anah-sis. 

High-performance liquid chromatography analysis 
detection limits were 1 ppb for aflato.xins Bl , B2, Gl , 
and G2; and 0.1 ppm for fumonisins Bl , B2, and B3. 
Individual ears from inbred stud ies were tested for 
mycotoxins . whereas groups of three to five ears for 
small plot hybrid studies in Peoria were combined for 
analysis. All ears from each sampled row in hybrid 
studies at Kilbourne were pooled as an individual 
sample used for mycotoxin analysis. 

Statistical Analyses. Sign ificant diffe rences in per­
cent insect infestation and percent infection (molds ) 
were determined by chi-square analysis due to non­
normal distribution of some data, as has been de­
scribed previously (Dowd et al. 1998b. 1999 ) using 
SAS PROC FREQ (SAS Institute 1(87). Significant 
differences in numbers of ke rn e ls per ear that were 
insect-damaged or molded, and mycotoxin levels (af­
ter log transformation ) we re dete rmined by analys is of 
variance (ANOVA) (PROC GLM, SAS Institute 
1987) . Correlation analysis was lIsed to dete rmine the 
degree of association between the insect damage, 
mold presence , and mycotoxins (PROC CORR. SAS 
Institute 1987). 

Results 

Inbred Studies. There was no indication of presence 
or ear damage by 0. nl/hilalis larvae when th ey were 
added to the Bt inbred in 1995 (Table 1). Incide nce of 
0. nt/hi/atis on the non-Bt inbred ranged from = 40 to 
50%, with approximately th e same pe rcentage of ears 
sustaining 0. Ill/bi/alis kernel damage whether th ey 
were inoculated with mold or not. None of the Bt ears 
had visible mold hyphae or sporulation regardless of 
whe ther they were inoculated with mold or not (Ta­
ble 1). Although no visible mold was seen , 10% of the 
inoculated Bt ears had visible bright greenish yellow 
fluorescence (BGYF), typically on onl y one or two 
ke rnels pe r ear. In contrast, =30 -40% of th e non-Bt 
ears had visible mold and up to 47% had BGYF, which 
was again limited to a few kernels per ear. Mold was 
associated with 0. l1ubilalis damage 78% of the time 
when mold inoculum was added, and 94% of the time 
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TlIbl~ 2. En'f'd HI' BI gt" l1t" (half It'n· l) ill ll1 aizt· illlll'f·tI ~ un O. 

""bi/fi/is inft"~la lioll ~ dallla~e and m o ld ill 1996 

Parameter 

Tip / earl y dillllilge 

% infe ~tatioll 

No. ke rn e ls ! ear 

Late rbmage 
o/c. infestation 

No. ke rn!'ls! e ar 

Side damagE' 
% infes t:ltioll 

1\0. ke rn e ls! ear 

O verall 
% infe sta tion 

No. kerne ls/ ear 

Tip mold on fi lled 

kerne ls 

% in cide nce 

No. kernels! e ar 

Tip mold on all 

kerne ls 

% incidence 

No. ke rn e ls! ear 

~Iold on total e"r on 

fill ed ke rnels 

% inciciencf' 

No. kernels ! e ar 

Mold on total ""r on 

an y kernels 

% incide nce 

No. kerne ls! e ar 

FUnlonisin. ppm 

\Iokl 

inocululll added 

St - St ~ 

O. Will i/air" 

96.9<\ ::n.:3b 

9,4 :: 0.9a 9 .:3 1: 1..5a 

:3.la 19.0" 

6.0 8.S 1: 1.2 

:3l .2a :2 :) . ~a 

16.9 1: H la 6,4 :: :l.l" 

96.9a .51.~b 

9 .:3 1: 0.9" 9 .1 1: ~ . .5a 

~Io ld 

~6.8" 9 .. 5], 

115 :: 2 .. ';" .; .. 5 :: l.!5a 

~O . G" 18.Gb 

l1.:2 :!: Lja 1 ~ . 5 1: 2.9 .. 

~~ . la 19.0a 

11.3 :: 2.2a 6.5 1: 1.1" 

8B.2a :)B. l b 

8.0 1: 0 .6a 8.6 1: 1.2a 

1.8 :: 1.·3a 0.8 1: 0.3a 

No 1110ld 

illOt: llhllll i.tddf'u 

St -

NO 
!\O 

l'i0 
NO 

NO 
NO 

7:2.:!a 
19.0 1: 1., 

NO 
NO 

NO 
NO 

:3:3.:3" 
11.11: :3.0 

60.0a 
II.-l 1: 1 .. ; 

NO 

NO 
:\0 

NO 
NO 

NO 
1\0 

o .ob 

:'>10 
i'i0 

NO 
NO 

0.0" 

10.0a 
~ .O 

NO 

Mold inoc ulum was A.Jfat; IlS and F. p,-o/~fc,-atl/m . Respective num­

be r of ears are 3 :2. and 2l for Bt - alld Bt + damage on inoculat e ld ears. 

,5 and IS for St - and St + damage on no n inoculate d e ars. Value s 

re ported for numbe rs of dall1a~ed ke rnels per ear are based o n Iy 011 

ears where damage occurred. Values in rows for like column g roup­

ings followed b y diffe rent le tte rs are si!(l1ificantl y diffe re nt for inc i­

dence (chi-square anal ysis ) and numhe r of kerne ls / car or fUlllonisin 

(ANOVA ) at P < D.O.; . NO. not d e te rmined due to low or 110 occur­

re nce. 

when no inoculum was added. Because ear fill was 

poor (appare ntly because of hot weather, which also 

adversely affected fill of other varieties being grown in 

the same location ) , no samples were submitted for 

mycotoxin analysis. 

Heavy and repeated natural infestation by 0. nllvi­

lalis in 1996 complicated interpretation of experi -

me nts. Be cause of this natural in festation. location and 

type of infestation is di stinguished in reported result s. 

Early tip damage. as indi cated bv browning of th e 

pericarp on damaged kernels. is attributed to those U 

lIuiJi/alis specificall v added to the ear tips and then 

covered b\· cloth bags. For those ears that had mold 

inocu lum added. nearly 100% of th e non-Bt ears kid 

O. Illl bi ialis damage at the tip, as compared with T;(; 

of the Bt ears (Table 2). Whe n cate rpillar damage II as 

present. the number of ke rne ls damaged pe r ear at til {' 

tip was approximately the same for both inbreds. 

There was no significant differen ce in incidence of 0 

nl/vilalis that im'aded through the ear side (which n1.\1 

result in higher rates of mold. Dowd et al. 1991J ) 0 '1' 

invaded late (which t ypicall~ ' results in littl e mold 

Dowd et al. 1999) for the Bt versus non-Bt inbreds. ,utd 

incidence was lower than for ear tips of the respecti \ {' 

inbreds. Although when ear side damage occurred and 

the number of damaged kern e ls per ear was recluc{'d 

by more than twofold for the Bt versus non-Bt corn. 

the differences were not sign ificant. A more litllit ('d 

number of plants had natural mold invasion . but th t 

amount of 0. I'tl/bilalis infestation of all ear location 

types was still significantly less for the Bt comp'lred 

with non-Bt corn (Table 2 ) . 

In 1996. the inc ide nce of mold on the inbred ear tip, 

where mold inoculum was purposely added was "" -1..:>-

2.8-fold less for the Bt compared with non-Bt inbrt'd. 

depending on whether only filled kernels or a ll kel'll el, 

are'conside red (Table 2 ). When mold was preseJ\t. tht 

number of moldy filled kernels per ear was reduced bl 

twofold for Bt versus non-Bt ears, but differences \ \'(:' 1'<' 

not significant. At leas t a twofo ld reduction in thr 

in cidence of mold for Bt versus non-Bt ears was see" 

regardless of the location of the O. nt/bilalis damage Oil 

the ear (Table 2) . Again , when mold was present. th,· 

number of fill ed moldy ke rn e ls per ear was reduced III 

twofold for the Bt compared to non-Bt corn O\'er the 

entire ear. Similar trends were noted for the "aI" 

where mold inoculum was not added in 1996 .. \1· 

though mean total fumonisin levels were about threp· 

fold lower in Bt versus non-Bt ears, the differeJ\ce· 

were not significant. No ears had BCYF in 1996. 

Hybrid Studies in O.4·ha Fields. Control of fir '! 

generation 0. nllbilalis by Bt hybrids was highl\ ef· 

fective in all 3 yr at Kilbourne, IL (Table 3 ). \\'h"l 

examined, a sign ificantly higher percentage of nOIl'S: 

versus Bt plants had both mold and O. nt/hilalis larl " . 

TaLle 3. Inci.len('e of first~generation European corn bore r-likt' damage a t Kilbourne site on Bl anti non-Bt hybrid IHli .. ~ --
% infestation by O. /lubi/alis 

Year C iba 
Pioneer 

NK 

H94 St - Max 454 St + 3394 St - J :lV08 St + 6000 St - 680081 B: ' 

--------------------------------------------
--------------------------------------------

--------

1996 16.0a O.Ob 36.5 N.'\. NA 
\ .\ 

1997 86.0" 1.6b 82.4" 1.6b 80 .0a O.: !> 

1998 .5.6" O.Ob 12.0a o.ob 3 .6a 11 111> 

-------------------------------------------------------------------------------------------

Numbe r o f ears for 1996 was 100. Number of ears for 199~ was 2.50 for Pioneer and Ciba series hybrids, 1 ~.j ror NK6Boo and 1.';0 for \I\ (;" ~ f ' 

Number of ears for 1998 was 1.50 and 160 for -l~9~ . lt1a,45~ : 200 and 215 for :3394 and 33V08: 2.50 and 215 ror NK6800 and NK6800Bt . 1.11" 

in rows of like hybrid pairs follow e d by dirfe rent le tte rs are significantly difTe re nt at P < 0.05 b\' c hi-s']llare analysis. NA . not a\ ail ,lule 1", :. 

ye ar. 
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s natural infestation , locati on c!lld 
di nguished in reported re~ul t, 
s j li cated by browning of II " 
I kernels, is attributed to thos(~ (j 

added to the ear tips and tl"" 
gs 'or those ears that had 1111 ,1, : 
,HI 100% of the non-Bt e~m k lfl 
at the tip, as compared wi th :3,'; 
:2 ) . When cClterpillar dama~(' \\ .t-

01 ~ rn e l s damaged pe r ear at tIt ,· 
e l' the same for both inlJr(· t\, 
ca~t difference in incide nce or () 
:1 through the ear side (which Ill,,:. 
)s mold, Dowd et al. 1999 1 (,I 
:1 . Jically results in little mold 
~ the 'Bt ve'rsus non-Bt inbreds .. Ii "! 
. than for ear tips of the respec:ti\ ,. 
hE 'ear side damage occurred "IV! 
19l _. : ke rnels per ear was reclllCf-tl 
,Id for the Bt versus non-Bt ((III, 

'e not significant. A more li lllit,.r! 
,td atural mold invasion , but th ,­
ali infestation of all ear lo('cllillio 
ficantl y less for th e Bt compar~l i 
Table :2). 
~n of mold on the inbred ear ti p, 
lm:;:- as purposely added was "" ~ , ,) ­
Bt compared with non-Bt inb rr'd 

ner only filled kernels or all kempl. 
)IE I. 'vVhe n mold was present. the 
Ie, :ernels per ear was reduced b', 
s non-Bt ears, but differe nces \\ tl·' 

least a twofold reduction in t\; ,· 
fOJ ,t ve rsus non-Bt ears was St c, 

:at n of the 0. nllbilalisdamage Ol , 
\.gai; , whe n mold was present. Ih, 
,Idv kernels per ear was reduced h, 
co oared to non-Bt corn over the 

t' hds were noted for the ... ,[. 
dum' was not added in 1996 .. 11. 

, fumonisin levels were about three· 
e r. ; non-Bt ears, the differenc<· 
It. 0 ears had BCYF in 19% 
in O.4-ha Fields, Control of fir< 

ilalis by Bt hybrids was high" ri 
at jlbourne, IL (Table 3). \\"11 <" , 
ca Iy highe r percentage of non·B: 
.d both mold and 0. nlllJilalis 1.11'\ .', 

,ite . I Bt and non-Bt hybrid pail'S 

NK 

6800 Bt - 68[1081 RI-

'-------N-A------------~~ 

BOOa O, ~h 
3,6a O.lIh 

---------------------------
,vb s 1.5 ror NK6Boo and \.',0 ror \ Kt;",'f' 
;0 and 22.5 ror NK6800 and NK6BooBt. \ "'!',' 
c hi-square analys is. NA, not avai lable lur! 

Dece 111 be r 2000 D OWD: BT CORN .\ ~D ~IYCOTOXll\S 1673 

Tahle 4. Di~trihutiHIl uf in sf"c t~ ami Uloid for ax il sampl t"s (7- It) aftt'r p.,lIjn:tlion ) at Ki lbou rne .. ite ill 81 and lIulI-B, h~· "rid pair ... 

?(. illl:ici f' IlC€' 

Organism Pioneer Ciba :\K 

T39 -1 Bt- :J;JVOB Bt + -1-19-1 Bt- ~ lax -1,5-1 Bt ~ 6S00 Bt- G~ooBt B t ~ 

1996 

(}rillS 2 .. 5 NO 26.0a :n .Ob :\0 :\0 

Fusatillln 88.0 NO 87.Sa 86.0a NO :\0 

1 99~ 

;" p beet les B.Ba t:l6a 1.6a -I.Ba :3.-Ia t .-;"a 

(}ri llS 6.8a 1O.0a :3,2" :3.6a :)A" S.lla 
Wdv beetl es 2.8a 1.6a -;".:2<\ 9.6a 1.7a 2.0a 
Iphids NR NR 20.-Ia -I2.-Ib ,~.Oa 1-1 .0a 
O, llllbila li.\ :36.8a o.Ob -I2.8a OAb 2<),l a O.Ob 
FIM,,"III 7.5.:2a 56.00 7-1 .0a 56.ob 70.9a 62.7,\ 
a. llllbilalis + Fllsarill ul :33,2" o.ob 3.5.2a O,-Ib 27Aa o.Ob 

><D, not determined; l'\R, less than 1% and not reported. \ 'al ues ill rows of like co lumn ,groups followed b\' different Idte rs ,Ire sigll ifi canth­
!ilTerellt at P < 0.0.5 by chi-square analysis. 

lotry holes at th e same axi l in 1997 (P = 0.000, >I = 
Y9.520). There we re typically no differe nces in inci­
dences of be ne ficial insects for Bt versus non Bt hy­
brids. However, there were several cases whe re th e 
differences in incide nce of predators were greater 
between different non-Bt hybrids than betwee n Bt 
md non-Bt hybrid pairs (Table 4). The presence of 
lady beetles was relat ive ly independent of aphid pres­
,nce. 

At milk stage, as expected , the Pioneer and NK Bt 
hybrid ears had no 0. Hllbilalis damage. although dam­
age by sap beetles (Coleopte ra: Nitidulidae) and He­
lico[;erpa ::.ea (Boddie ) did occur (Table 5). In 1998, it 
appeared infestation by second-ge neration 0. Hllbila­
lis occurred later that normal. They were present fairl y 
commonly in the Ciba series plants, but not the Pio­
neer or NK series plants. The envi ronm ental condi­
tions appare ntly delayed development of the C iba 

Table 5. Dis trilHition or in~eets ror milk ~ Ia g(" samplt~s at Kilhourne site 011 Bt ami nun- Bt hybri.1 pairs 

Organism 
3:19-1 Bt -

lECB 1.1.1b 
rCB kd l ear 6.2 :: 1.5 
'i CEW -19 
LEW kd l ear -13,3 :: 6.1 
: Orius In 
; Aphids 0,0 

i ECB 76.8a 
rCB kd/ ear • . O:!: 0.4 
; CEW l.-Ia 
C!:W kd l ear 15.3.:: 5.9a 
; SB .5.:3a 
iB kdl ear 3.7:!: 1.6a 
; Orius 37.2a 
; I.dy beetles 2Aa 
: rarabid larva 7.7<1. 
; 'piders aOa 
Ciba specific 
; recove ry ECB rrom ears 
; ears with 2 or more ECB 
II" n ECB size mOl 
'0, kerne ls dal~age by ECB I ear 

: ECB 0.0" 
fCB kdl e"r 
i CEW 2.0a 
mV kdl ear 12.5 :!: 2.5 
; SB 1O.0a 
'B kd /ear 4.2:!: LOa 

Pioneer 

3,WOB Bt + 

NO 
NO 
NO 
NO 
NO 
NO 

O.Ob 

3 .. 5a 
. 3.0:!: OAb 

:2.5a 
.1.0 :!: 0.5a 
5:l2b 

:3.0a 
B.Oa 
I~Aa 

O.Oa 

O.Oa 

B,Oa 
3,8 :: l.la 

-1-194 Bt -

19% 

28.9 .. 
8.9 :: O,Ba 

B.2a 
-I0.6:!: -I ,6a 

20,6a 
1-5 ,.5" 

199. 

79,3a 

1.5" 
17,3:!: 7.9 

B,4a 
:),B :!: l.2a 
-I-I .8a 
.5Aa 
-1 .9" 

lZ.:3" 

7.1.9a 
,JO, -Ia 
9.3:!: 0,-1" 

10.1 :!: O.Ba 

199B 

38.Ba 
1O.9 :!: 0.9a 

O,Oa 

,10.8" 
3A :!: O.')a 

Ciba 

Max -15-1 Bt + 

21.B,. 
1.3:: 0,2b 

7Aa 
33.7:: -I .9b 

l B,Ba 
10,-Ia 

76,B" 
see below 

O.,')a 

4.4a 
2.7 ~ 0.9,\ 
.50.7a 

2 .. 5a 
9.9a 

1-1.3a 

53.1b 
1-1.5b 

.5.5:!: 0.3b 
1.3:!: 0.2b 

ZUb 
' .O:!: 0,9b 

O.Oa 

23,~b 

:3..5:: O . .5b 

6800 Bt -

NO 
NO 
NO 
NO 
NO 
NO 

80,6a 
to,,5 :!: 0.8 

OJia 
2:),0 
6.9" 

40,6" 
7.-1" 
1.7a 

12.0a 

O.Oa 

7.-1<1 
29.3:: 2.2a 

3Aa 
2.0 

NK 
6800Bt Bt + 

'JO 
NO 
NO 
NO 
NO 
NO 

O.Ob 

O.Oa 

8.0" 
• . 0 :: :2.:3 
.50.0a 

1.3b 
0.7a 
8.0a 

O.Ob 

12Aa 
10.7 :: 1.7b 

Z .. 5a 
-1 .0 :: 2,5 

ECB, o. Hubilalis : CEW, H. :ea; 5B, sap beetle: kd. kernels d"m,,!\ed. V"lues in rows or like column pairs rollowed bv dilferent letters are 
'Qni6cantly clifrerent at P < 0.0.5 by analysis of variance (number of ke rnels damaged ) or chi-square analys is (incidence). 
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series plants b\· about a week. despite being planted on 

the saille cla~' . This differe nce in developmen tal rate 

contmsted with what was seen in 1997 for this S,l I1le 

group of hybrids, because silking occurred on approx­

imate l\" th e same davs. \Vh e n corresponding \ 'alues 

were present (o ne instance each in 1996. 1997. and 

1998) . the numbers of ke rne ls dalllaged by H. ::('a 

hu"\"ae were sig nifi cantl\' less for Bt \ 'e rsus non-Bt hy­

brids. Again , \\·he n be neficial in sects we re Illonitored . 

th eir in cide nce \\ 'as typicallv ve ry simihu' for Bt and 

non-Bt pairs. and \ 'ariedmore between differe nt hy­

brids of the same Bt type than for Bt and non-Bt pairs. 

At milk stage, the numbe rs of ~ Iax ·1.54 ke rne ls d am­

aged per ear by O. Illthiialis was 6 . .5 ( 1996) to e ightfold 

( 1997) less than the 4-t94 non-Bt hybrid. The dramatic 

reduction in 0. III1Uilaiis damage on Max 4.54 com­

pared with 4494 ears at milk stage was un expec ted . 

based on the low level of Bt prote in previously re­

ported for the silk and ke rne ls. Laboratory stud ies of 

ear tips from ears sampled in 1996 \\ 'ithout fill ed ke r­

nels ( the state they were in wh en ears were sampled 

at milk stage), indicated highe r mortality of 0. iluhi­

lalis larvae after 1 wk for those fed on the Bt ear tips 

compared with the non-Bt ear tips (3-t.4 and 1.5% for 

set 1, and 25 .• and 0.78% for set 2, respectively). The 

Bt ear tips also caused sig nificant reductions in growth 

rates of 0. I'lIIlJilalis larvae compared with non -Bt ear 

tips as refle cted by weights of survivors (0.5:3 :!: 0.06 

versus .5.89 :!: 0.24 mg, P = 0.000, F = 221.246, df = 1, 

192 for se t 1: and 0 .• 8 :!:: 0 .08 versus 4 . .52 :!:: 0.26 mg , P = 

0.000, F = 134.423, df 1, 183 for set 2. respective ly ). 

At harvest , kerne ls damaged by 0. Iluhilalis, 

whether early (d iscolored pericarp ) or late in occur­

re nce, were typicall y lowe r in number for Bt versus 

non-Bt hybrids (Table 6). Whe n primaril y H. ::ea dam­

age was p resent , th ere was no significant differe nce in 

numbers of kernels damaged by H. ::ea in Bt versus 

non -Bt ears, even in the Bt hyblids that expressed the 

prote in throughout the plants. Incide nce of ears with 

sap beetle damage was significantl y higher on th e 

Pioneer (P = 0.001 , 1= 11.083) and ciba (P = 0.004. 

1= 8.189) Bt compared to non-Bt hybrids in 1997. In 

1997, at milk stage, sap beetles we re freque ntly found 

feeding on caterpillar damaged kern els (which oc­

curred at a high rate) in the non-Bt ears. In the milk 

stage Bt e ars, wh ich had much lower caterpi llar dam­

age, it was more common to see sap beetle adults and 

larvae causing the initial damage of the kern e ls. This 

tre nd was apparen tly re fl ected at harvest. as well. 

There was a highe r incidence of stink bug (He miptera: 

Pentatomidae) damage for some Bt h ybrids comp,lred 

with non-Bt hybrids in 199. but not 1998. However, 

st ink bug incidence of damage varied as much be­

tween diffe rent non-Bt h ybrids as for Bt / non-Bt hy­

brid pairs. Ears with "popped" ke rn els (kerne ls with 

split peri carps and vis ible expanded endospe rms) 

were more commo n for all hybrids in 1997 than 1998, 

but incidence and degree of damage betwee n differ­

e nt Btl non-Bt hybrid pairs was not significantly dif­

fe re nt for any year / hybrid pair combination. 

At harvest, significant reductions in incide nce of 

visibly molded ke rne ls clamaged by caterpi llars was 

noted for C iba ~lax -t.5-t \ e rSlIs -t-t9c l e ars in all :3 \'1' 'It 

Kilbourne, but fUll1 0ni sill le\e ls we re only reduCt'd 

significantl\' for Bt \'e rsus non-Bt hybrids in 1998 (P '" 

0.028: df = 1. 11 : F = 6.:2:28 ) (T,lble 6). Signifi cant 

reductio ns in molel incidence and fUll10nisin le\ e l, 

were noted for Bt \'e rsus non- Bt P:3:394 (P = 0.00l: df =0 

1. 14: F = 20.4.58) and NK6800 ( p = 0.000; df = 1, 11. 

F = 40.090) p;lirs in 1997. but differences \\ 'ere Ihl 

dramatic in 1998. and fumoni sin leve ls were n o~ , i\:. 

nifi cantly different be twee n Bt and non-Bt h\brid 

pairs. \ Vhe n all three fum on isins we re detected. tot,d 

fumonisin s were gene rally co mprised of = 7.5% fu nlO· 

nisin B1. :20% fum onisin B2. and ,5% fumoni sin B:, 

\Vhe n present , cate rp ill ars were the major contribu· 

tors of visibly molded ke rn e ls. but when H. :ea \\ 'ere 

absent in 1997. sap beetle-damaged kernels 'Ill el 

popped kernels could contribute the major amount of 

visibly molded kern els for th e Bt h ~·brids. No aflato\ilh 

were d e tected fro m th e Kilbourne samples in di ll 

\ ·ears. 
Both incidence of \'isibly molded kerne ls and fu· 

monisin were tvpicallv significantl y corre lated \\ ith 

numbe rs of insect-damaged kerne ls in all years. al· 

though highe r corre lations were typicall y noted be· 

tween numbe rs of visib ly molded and insect-damaged 

ke rnels. (Table 7). Correi<1tions betwee n insect dam· 

age and fumoni sins were typi call y not significant for 

small plot studies (data not shown) . 

Hybl'id Studies in Small Plots, The same trend ill 

fUlllonisin levels noted at Kilbourn e for the Ciba Ill· 

brid pairs was see n in small plot studies in Peoria. [ II 

1996. total fumonisin levels for non-Bt versus Bt h, brid 

ears were 8.8 :!:: 6.0 ppm (two pooled samples ) \'ersu, 

2.0 ppm (single pooled sample) for ears inocubted 

with caterpillars and s[lore suspensions (as for ill' 

breds ), ,md < 0.:3.5 ppm fumon isin for either type \lh el! 

uninoculated . In 1997. total fumonis in le \'e ls 1'01 

non-Bt \ 'e rsus Bt ears were 4.8 :!: 1.9 versus 2.8 ::': /..; 

ppm, respectively (P = 0 .. 55,5). Fumonisin levels \1m 

not de te rmin ed ill 1998 because of low incide nct' oi 

insect damage for both h ybrids. Results for small pltl' 

trials in Peori ,l with th e NK and Pioneer hybrid pair· 

gene rally refl ected the trends noted for the larger aWl 

trials in Kilbourne. Total fumoni sins we re eightfolr1 

higher in the non-Bt versus Bt NK6800 hybrid pair' jr. 

1997 (1. :3 :!:: 0.3 and 0.16 :!:: 0.1:3 ppm, respectiveh . P = 

0.012; df = 1. 6; F = 12.699 ) , and a similar effect \I .l' 

noted in 1998 (0. 22 :!:: 0.08 and 0.03 :!:: 0.0:2 ppm 

respective ly, P = 0.001 ; df = 1, 14; F = 17.0:24 ). Th, 

Pioneer pair was not planted at Peoria in 1997. and 1(1[ 

1998 fUlllonisin levels were 0.05.5 :!:: 0.025 and 0.:256: 

O.1H (P = 0.50:3) for the non -Btl Bt hybrid pili I" 

respectively. For the 1998 Pioneer samples, H. :t' /I \I .t: 

more common on the 33V0 8 that 3394, and a fe\l ' r,lr: 

of th e 33V08 additionall y had symptomatic infect": 

kerne ls not associated with insect damage. Total hi' 

monisins were typica lly composed of the same prf' 

centage of the three fumonisins as found for s,unp!.-' 

from the Kilbourn e site. Aflatoxin was rarelv encoun­

tered , and only occurred for a few ear group~ at Pt'o!'·· 

in 1998. The re were no significant differences ill .II' 
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38: . (P = 0.000; elf = 1, ll : 

but differe nces were less 
;onisin levels were not sig­
'e Bt and non-Bt hybrid 
)11 ns were de tected , total 
I comp ri sed of = 7.5% fumo ­
B2. and 5% fum onisin B1 
s ' re the major contribu-
nl but when H. ;;ea were 
et'le-'ctamageel kernels and 
tribute the major amount of 
tr Bt hvbriels. No aflatoxins 

I< _ .)ou~ne samples in an\ 

blv molded kernels and flt­
ig' 1c,lI1tl v correlated with 
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Tallie 6. llis trilmtiol1 of insel'l fhlllla~t" l11ul.1 and mycotuxills fur ha.·\· ~~ t suml' lt" s at Kilhour nt' UII BI alill nun-HI h y l.rid pairs 

Pioneer Cioa :\K 
Or~alli s ll l 

:}:3~)..l Bt ~ ·):3\"01> Bt + ~~9~ Bt- ~I.l.' H~ Bt T 6bOO BI - 6·~()()Bt BI T 

1996 

'k earl v CAT kd ~ . I :\0 50 .. ';" 26Ab !\O :\0 
~i- > 10 kd / .. ar 1.7 ~O ·1 l.8a 9.:]b NO ~O 

No. kd /ear IU.6:::U ~O 1.5.:]:!: 1.1 a 9,.5 :: LOb NO "0 
',{ Iat .. CAT kd ~0. 7 :\0 6·1 .. 5:t 6l.7a NO :\0 

Il> 10 kd /ear 29.1 NO ~1.2a 19.70 :'-10 "0 
'\0. kd / ear 19.6 :!: 1.6 :'-10 17 . ~ ::: L.:!a 'l.5:!: 0.71> :'-10 :'>0 

'k cat + 1I10 ld 0.6 :'-10 37.001 I.;ob NO :\0 
No. kd / e ar TO :'-10 8. ~ :!: l.Oa :3.2::: o.~b :'-10 :\0 

% 5B kd 0.0 :\0 7.:2a 6.2a :\0 :\0 
No. kd i t'a r 1.0 NO 1.1 ::!:: O .. 5a I. ~ ::: OAa NO :\0 

% 5B + 11I0 id 0.0 NO ,3,:2.1 2.601 NO :\0 
'10. kd l ear :\0 2.::; ::: 0.·51.\ lA::: 0.9a NO NO 

\1 5TB kd 1.2 \,'0 l.Ga -L2a NO 'JD 
No. kd / "ar 19.'i :!: 8 .. ; NO .5.:J ::!::.'3. -b n:!: 1.6a NO NO 

" pop kd .J .. ") \,'0 O.Oa 0.1);, NO NO 
No. pop kel i ear :3.7 :!: 1.2 \,'0 NO NO 

(i pop + Uloid 0.6 :-':0 '40 NO 
No. kd / ea r 1.0 NO :-10 NO 

% mold kd l.2 1'1:0 :]7.0a 10.2b NO :-10 
No. kd / ear 2.0 :!: 1.0 NO 8A ::: l.Oa .11 :!: O. ~o NO NO 
%> 10 kd / ea r 0.0 NO 8.901 0 .. ';1, :-10 NO 

rumo llis in . ppm NO NO 0.89 :!: 0.28a 0 .. ;2 ::: 0.20a 1\0 :-10 

1997 

'{ earlv CAT kd 81l0a o.nl> 90.501 .; IL50 6~ . l)a O.Ob 
No. 'kd / ear 13.7 :!: n.6 1.;.0 :!: 0.701 • . 9 :!: 0 .. 50 7.1 = OA 

It late CAT kd j .J .• ")<l 7.sb 92 .. 5a 78.'io 66.9a 1.nb 
'40. kd / ear lin:!: l.Oa 10.0 = L~b 25.8 :!: Ua t:3.1 :!: OBo 9 .. ;:!: 0.7 

% total CAT kd 9 LOa 7 . .5b fl6 .. ;a 84.01, 84.0a 2,7b 
~ I CAT + mold I.Ra O.Ola ~17a O.Sa 1.7a O.Oa 

No. kd /ear :U = 0.2 1.0 5A ::: O . ~a 1.6:!: O. :JI> ~ .: J ::: 0.3 
% 5B kd 1~ .Oa 27 .. ';b 1-I..5a 16.00 1O.9a 18.0a 

No. kd / ear 1.6 :!: O.la 2.·5 = O.la 1A:!: l.Oa 1.7 ::!:: O.2a l.7 :!: 0 .. 1a 2.2 :!: 0. :3a 
%5B + mold TOOl 8 .. ;a .;.0" :3.';01 ~ .Oa 6.0a 

No. kd / ear U:!: 0.2a l.8::: O.Lt ::1.0 :!: 1.7a 1.7::: O.h 1.7 :!: 0.:3.. IA :::O.:]a 
%5TB kd 2~ .Oa -16.00 1~ .Oa 2;.sb ~6.9a ~O.la 

No. kd / ear 8. 1 = 0.9a 6 . .5 :!: 0.6" 6. 1 ::: Ua ,) .8 ::!:: 0.7a 7.2 :!: 0.6<\ .5.8::: O.la 
I( pop kd 22.0" n.o" I :L5il l:lOa 3J la :]3.la 

No. kd / ear 3 . .5::!:: O.;)a :2.7 ::!:: O.3~l 1.0 ::: O.:3a 1.1 :!: O. :la :3..; :!: O.~a :3.0 :!: 0.301 
'k pop + 1110ld 2 . .1i.t Z . .ja I ..';a 1.5a :lOa :].501 

No. ke ll ear U :!: 0.2.1 1.0 = 0.001 1.:3 ::: O.:]a 1.0 ::: 0.0" 1 .. 5::: O.3a :2.-1 ::!:: l.Oa 
'k inseet hi 97 .. 1a '~.Ob 91i .. ;a 92 .. ;01 9.;Aa 68.0b 
'k mold kd ·58.001 B.';o '2.0a 38 .. ;[, ~1 .3a I t.:lo 
rumonisin . ppm U :!: 0.3a 0.018 :!: 0.01~b 1.6 :!: O..5a :3..5 :: O.7a l..J :!:O. h 0 .0~9 :!: 0.02.50 

1998 

%.arly CAT kd ~3.7a :H .Bo 
%ECB kd 17.0a O.Ob 7-1 .7a .56.:3b ::!O}5a 0.00 
'k CAT kd :J1..';a 12 .. ;b 7~ .Ba .56.:3b ~.iOa 6.00 

1\0. kd /e"r 8.0 :!: I.:Ja 8.9:!: :2Aa 12A :!: I.la 9.9 :!: 2.la 6.1::: 0.601 6.8 ::: 1.6a 
Type kd early and late earlr onl y .. arly and 1.1Ie 

% CAT + mold 2 .. =),\ O.Ob IB.';a 7.3b 10 .. ;a 2.0b 
No. kd / e"r lA:!: 0.8 4.0 :!: 0.601 3.1 :!: LOa ~ . O:!: 0.601 .3.2 ::: l.Oa 

% SB kd B.5a 6.501 1:3.9a 7 . ~t\ Il.Oa 4 .. 5b 
No. kd / e"r l..J = 0.1" l.3 :!: O.la 1.6:!: O.~a 2 .... :t 0.7a l.B:!: 0.5a :2.2:!: OAa 

% SB + mold l.Oa 0 .. 3a 6.0a 2.0a 3.0a 2.001 
No. kd / ear !..; = 0.5a 1..5 = 0.5a l.0:!: 0.001 1.1 :!: l.la 1.0 1.2 ::: 0.6 

%5TB kd 18 .. 5a aOa 4.';a t.:la 7.0<1 ~ .Oa 

No. kd /ear 4.4 :!: O . .5a 4 .• :!: 0.601 9.0 = l.Oa ~.8 :!: 1..3" 4.:2 = LOa c::: 1.001 
% pop kd 12.0a 11..5a ~.Oa 1.:3a l..5a 4.0a 

No. kd / ear 2.B:!: OAa 2.9 = 0.501 l )j ::!: O.5a 2.0::: 0.8a l.l :!: 0.101 1.3:!: 0.301 
't insect kd 6.5.'ia 38.50 82.Sa 61.10 .5~ .5a 1.5.0b 
'>b mold kd 3..5a LOa IB . .5a 7.30 12.0a 3.0b 
Fumonisin , ppm 0.02 ::: 0.0:301 0.01 :!: 0.0:301 l..J:!: O. ~b OA:!: 0.101 0.1:!: O.la om :!:0.10 

In 1998. essent ially a ll dama)(e was late for }l;K6800 series and P:339~ ,eries. bUI "dlles for ~~9~ / lI1ax 4.';~ earl ) alld d,,,,,,,.;,, ar~ ~;l . 1 \ e rs"s 
11.B. and 44A versus :3.5.1. res [l~cti ve l v. with on ly earl y damage significan tl " diffe rent at P < 0.0.5. kd . kerne l dan,age: CAT. caterpillar: ECf 
~ O. ,,,,bi/a/is; SB. sap oee tle: STB. slin k bllg ( Pe lltatomiciae ); pop, popped kerne ls; 1I101d. FlISa,-i"",. NO. not determined . Val lies in rows of 
like column pairs followed by different lette rs are stat is ticall y different at P< 0.05 oy ANOYA (kern el numbe rs) or chi -s'luare ,,,,,,,,"sis (percent 
incidence ) . 
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Table 7 . Currelat iolls of l1ulJlhe r s (If ill ~C ( : 1 damugt'tl ke rnels in sal1lplt':!O. visihly Illuldt!d ke l'ne b" a lHI fUJ1l0lli s ill level ~ at Kilho UI'IH' 
on Bl anti nUI1-BI hyhrifl pairs 

Parameters 

In sect (t\ll1a~ed kerne l, 
Vi sibly molded kern e ls 

In spct d"ma~ed 
ke rlle ls 

Visibly 1I \OIded 
kernels 

0.5.5" 

Total fUll10ni sillS 
le\·pls. PL)!n 

0 . .50 
O.H 

L996-P:):)94 

Insect damal(ed kernels 
Visibly mo lded ke rne ls 

In sect dalll.lgpd ke rne ls 

Visibl v mo lded kerne ls 

1'<0 

0.82* 

NO 
1'< 0 

Both 4494 \lax r i4 
0.10 0.8,* O. , S' 

-0.:34 

199,-P3:394113V08 
Insect damaged ke rn e ls 
Visib ly mold"d kernels 

0.96* 0.81" 
0.i5* 

1997 - :'<K6800 / 6ROOBt 

Insect dalllaged kernels 
Visibly molded ke rn e ls 

0.9:)* 071 ' 
0.69' 

1998-·14941 Ma,,4.54 

Insect d;\Inaged h ' rn els 
Visibly mo lded ke rn e ls 

0.61* 0.60' 
0 .6l" 

1998-P3.1941 :):3V08 
Insect damaged ke rne ls 
Visibl y molded kern e ls 

0.86* 0 .54' 
0.50' 

1998-N K68001 6800Bt 

Insect damaged kerne ls 
Visibly molded ke rnels 

0.,:)* 0.66' 
0.89' 

1'<0. not de te rmined. Co rre lation values followed by an • are signi6 cant at P < 0.05. 

latoxin levels between Bt and non-Bt ears for these 
hybrids. 

Discussion 

Associations Between Reduction of Insect Damage 
and Mycotoxigenic Molds. The re was a consistent re ­
duction in both 0. nttbilalis incidence and damage, 
and associated ear mold incidence and kernel infes­
tation rates for the Bt inbred compared with the 
non-Bt inbred in both years. Because the seed used in 
1996 had only one Bt alle le in maternal tissue, polli­
nation with pollen from the non-Bt line would theo­
re tically result in several different tissues that would 
contain lower amounts of Bt crystal protein than in 
1995. This may he lp explain the more limited efficacy 
of the Bt inbred for 0. I1l/bilalis in 1996 compared with 
the 1995 study. 

The commercially avai lable Bt hybrid that ex­
pressed only limited amounts of Bt crystal protein in 
the kernel (Max 454) was not very effective in pre­
ven ting 0. Ill/bilalis infestation of ears compared with 
the Bt hybrids that expressed th e protein at high levels 
in ears and silks, although numbers of kernels damaged 
pe r ear by 0. nubilalis and the incidence of symptom­
atic ear mold was still significantly less than for the 
corresponding non-Bt hybrid (Dowd et al. 1996, 
1997a, and current data). Corn hybrids with othe r Bt 
genes grown in Puerto Rico and Hawaii had lower 
rates of insect damage (predominatel y H. zeal and ear 

: . ' .... .... 
' . 

mold compar~d with corresponding non -Bt hybrids 
(Dowd et a l. 1997a) . Thus, significant reductions of 
insect damage and associated ear molds appears con­
sistent regardless of the source gene or location (al­
though the degree varies), but re lative reductions in 
fumonisins were variable ancl depended on the degree 
of insect infestation (and associated mold) and ex­
pression pattern of the gene. Similar trends for plants 
expressing the Bt protein throughout the plant versus 
mainly in green tissue have been noted for fumoni sill 
in small plot studies in Iowa, although in several cases 
hand inoculation with F. mOl1iliforme and O. nuhilalis 
e ither produced or accentuated differences in fumo­
nisin levels for Bt versus non-Bt hybrids compared 
with natural conditions (Munkvold et al. 1999 ). Fu­
monisin reductions in Bt versus non-Bt corn have also 
been mentioned in North Carolina (van Duyn 1998). 
However, aflatoxin in a Bt hybrid was not greatly 
reduced compared with the non-Bt hybrid in Missis­
sippi for all treatments, although significant insect 
damage of Bt ears did occur (Windham et al. 1999) 
(perhaps because of H. zea presence). Although of 
limited occurrence in the current study, signs of :\. 
jla lJus and aflatoxin also were more similar between Bt 
and non-Bt plants compared with fumonisin. Overall. 
it appears that for effective reduction in mycotoxins in 
corn ears, the ears need to be essentiall y free of insect 
damage. A single damaged kernel, if molded, can po­
tentially serve as a continuing source of mold to the 
rest of the undamaged kernels. 

.. .. - . ' . 
.. .. -;.. . .. " 

.;." .. .. . 
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" - : . 

December 20uu 

Environm( . 
Control in In ' 
mental conditio 
also apparenthl 
tance in indi: 1 
using in sectiq 
related with fun 
years but not pi 
in the strengl 
(Dowd et al. 1, ,f 
reducing fumon 
large numbers () 
evaluated in 1 I 
dence and nun ' 
le\'els onl y reduc 
et al. 1998a, 19Q . 
high and signi : ; 
in sect-damaga .J 
curred (Dowd el 
d'lta). Damag . I 
also appeared 
Illonisin in the , 
against H. ;:;ea w, 
ducing ear clap~ '~l 
brids expressi I 

as MON81O 0 

co mple te control 
and Pilche r 190 

pOliecl in othe l 
variat ions in s . .A 

has been reporte 
tions (Stone a ~' 

differe nces in 
H. ;:;ea. 

Comparison of 
sociated Redu .: 
of mycotoxige\ 
for several difL. l 
involve several di! 
All insects ass 
study have pre 
{Dowel 1998. 1 .. 
(Pentatomidae) 
fungi in some c; ! 

was no obvious -
Although se ~ ; 

secticiele treat men 
sect damage <Il'.! 

(Smeltzer 1959 
1976, Smith an 
exception to this tr 
of mycotoxins "11 
TIght husks wi . I 
cantlv reduce i ,~k 
aflat;xin in corn (fl 
aI.1986). Howe T. 

Were de rived I t 
1947). Slower d, id 
of FlISariulI1 molds 
areas (Trenhol rr r 
nisin as wel l. 

.J 

:·f. ~, 



n 

Vol. 9:3, no. 6 

mOlli~ il1 levels at Kilhollrll~ 

Total fUlIlonisins 
leve ls. pPIll 

0 .. 50 
O.H 

NO 
NO 

Bot h 4494 MadS-I 
0.10 0.87* 0.78* 

- 0 :3-1 

0.81 ' 
0.7.5* 

0.71* 
0.69* 

0.6U· 
0.61 * 

0.5-1* 
0.50* 

0 .66* 
0.89" 
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Environmental Influences on Ellicacy of Insect 
Control in Indirectly Reducing Mycotoxins. Environ­
mental conditions, interacting with hybrid type, can 
also apparently mitigate the efficacy of the Bt resis­
tance in indirectly reducing mycotoxins. In studies 
using insecticides, insect damage was significantly cor­
related \vith fumonisins for the same hybrid in some 
years but not others, and two different hvbrids v,lri ed 
in the strength of the correlation in the same year 
(Dowd et al. 1999 ). Efficacy ofBt hybrids in indirectl y 
reducing fumonisins was also severely affected by 
large numbers of H. ::,ea pr<:'sent in commercial fi e lds 
evaluated in 1998 and 1999, with little effect on inci­
dence and numbers of damaged kernels and fumoni sin 
levels only reduced by approximately twofold (Dowd 
et al. 1998a, 1999; P.F.D., unpublished data). However, 
high and significant correlations between numbers of 
insect-damaged kernels and fumonisin levels still oc­
curred (Dowd et al. 1998a, 1999; P.F.D. , unpublished 
data). Damage by H. ::,ell and CllrpophilllS sap beetles 
also appeared to contribute some kerne ls high in fu­
monisin in the current study. Event 176 hybrids tested 
against H. :ea were not effective in significantly re­
ducing ear damage (Pilcher et al. 1997b) . Those hy­
brids expressing the gene throughout the plant, such 
as MON810 or Bt 11 events, have provided nearly 
complete control of H. zea in ears in some cases (Rice 
and Pilcher 1998) , but <90% control has been re­
ported in other cases (Gould 1998). More than 10-fold 
variations in susceptibility of H. ::,ea to B. tlwrillgiensis 
has been reported for different geographic popula-', 
tions (Stone and Sims 1993), which lllay explain the 
differences in reported efficacy of Bt hyblids against 
H. :ea. 

Comparison of ~Iethods of Insect Control and As­
sociated Reductions of Mycotoxins. Insect facilitation 
of mycotoxigenic fungal invasion is well established 
for several different crops, including corn , and can 
involve several different insect species (Dowd 1998 ). 
All insects associated with ear mold in the current 
study have previously been reported in the same role 
(Dowd 1998. There have been reports of stink bug 
(Pentatomidae) associations with mycotoxigenic 
fungi in some cases in the past (Dowd 1998) , but there 
was no obvious association in the current study. 

Although several applications may be needed, in­
secticide treatments have generally reduced both in­
sect damage and associations of mycotoxigenic fungi 
(Smeltzer 19.59, Anderson et al. 1975, Lillehoj et al. 
1976, Smith and Riley 1992, Dowd et al. 1995) . An 
exception to this trend occurred when very low levels 
of mycotoxins were present (Widstrolll et al. 1976). 
Tight husks with long silk channels can also signifi­
cantly reduce insect damage, Aspergillus flaulIS , and 
aflatoxin in corn (McMillian et al. 1985, 1987, Barry et 
al. 1986). However, germ plasm from which these lines 
were derived is typically lower yielding (Jenkins 
1947). Slower drydown rates can promote incidence 
of Ft~writlln molds in more northerly corn growing 
areas (Trenholm et al. 1989) , and presumably fumo­
nisin as well. 

,. , "': . - -" 

, . . " 

Bacillm' thllringiensis corn is repOlieclly more effec­
tive in controlling 0. Il/Ibi/Illis than are conventional 
insect sprays (,'vlycoge n Plant Sciences 1996 ). and also 
has higher yields (because of yield protection) than 
corresponding non-Bt lines (Ciba 199.5). Yields ("yield 
protection") can surpass the highest yielding unre­
lated non-Bt lines (Mycoge n Piant Sciences 1996). Bt 
corn seed costs from S.5 to 81:2 more per acre, but 
economic benefits can be seen if there are one or more 
corn borers per plant (Rice and Pilcher 1998 ). Al­
though the re are concerns for insect resistance de­
velopment (Roush 1997, Gould 1998 ) adoption of Bt 
corn , while not a cure-all for mycotoxigenic ear molds , 
should at least not increase, and is likely to signifi­
cantly decrease. the incidence of mycotoxins in corn. 
Although nontarget effects on other insects in labo­
ratory studies have generated some concern (Loseyet 
aI.1999), results of past (Pilcher et al. 1997a) and the 
current study indicate limited effects of Ht corn on 
beneficial insects. Relative levels of efficacy of Bt corn 
in indirectly reducing mycotoxins will, however, de­
pend on the composition of ear damaging insect spe­
cies present, and other hybrid-environment interac­
tions that may undermine potential advantages 
achieved by reduction of insect damage in Bt hybrids. 
Although some hybrids that express the Ht crystal 
protein throughout the plant have thus far had signif­
icant correlations be tween numbers of insect-dam­
aged kernels and fumonisin levels, others have not 
(P.F.D., unpublished data). Where colonization by 
mycotoxigenic fungi is primarily insect dependent, 
similar decreases in mycotoxin levels would be ex­
pected for other crops, such as cotton seed, peanuts, 
and tree nuts (Dowd 1998). Reductions of aflatoxin 
levels in cotton seed from Bt versus non-Ht cotton 
have already been demonstrated (Kishore 1995, Cotty 
et al. 1997). Further development of crops that are 
highly insect resistant because of other mechanisms 
would also be expected to significantly reduce asso­
ciated mycotoxin problems when fungal invasion is 
primarily dependent on insect damage, and the envi­
ronment favors plant health over fungal inoculum. 
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