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Abstract

BACKGROUND: The soybean looper (SBL), Chrysodeixis includens (Walker), is one of the most important soybean pests in Brazil.
MON 87701 x MON 89788 soybean expressing Cry1Ac has been recently deployed in Brazil, providing high levels of control
against the primary lepidopteran pests. To supportinsect resistance management (IRM) programmes, the baseline susceptibility
of SBL to Cry1Ac was assessed, and the resistance allele frequency was estimated on the basis of an F, screen.

RESULTS: The toxicity (LCs,) of Cry1Ac ranged from 0.39 to 2.01 pg mL~' diet among all SBL field populations collected from
crop seasons 2008/09 to 2012/13, which indicated approximately fivefold variation. Cry1Ac diagnostic concentrations of 5.6 and
18 pg mL~" diet were established for monitoring purposes, and no shift in mortality was observed. A total of 626 F, family lines
derived from SBL collected from locations across Brazil during crop season 2014/15 were screened for the presence of Cry1Ac
resistance alleles. None of the 626 families survived on MON 87701 x MON 89788 soybean leaf tissue (joint frequency 0.0004).

CONCLUSIONS: SBL showed high susceptibility and low resistance allele frequency to CrylAc across the main
soybean-producing regions in Brazil. These findings meet important criteria for effective IRM strategy.
© 2015 Society of Chemical Industry
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1 INTRODUCTION adjacent plant rows overlap, and prefers lower plant parts,® which
Soybean [Glycine max (L.) Merr.] fields in Brazil have been con- weakens th.e efficacy of cherT\icaI. contrp!. . .
sistently damaged by several insect species, requiring control Transgenic crops expressing insecticidal proteins from Bacil-

tactics such as biological and chemical products." The current  [us thuringiensis (Bt) have been used worldwide with relative
no-tillage cultivation system has affected integrated pest manage- success.'* The first commercial Bt soybean (MON 87701 x MON
ment (IPM) owing to the use of cover crops (e.g. millet, grasses) ~ 89788), expressing CrylAc protein, was recently approved for
during the intercropping season and the presence of crop residues, cultivation in Brazil'' and launched in crop season 2013/14 as a
both of which provide a favourable environment for insect pests.2 ~ Promising alternative for control of the main lepidopteran pests
Moreover, the overuse of non-selective insecticides, often asso-
ciated with herbicides and fungicides, has contributed to the |
challenges faced by IPM programmes in Brazil. For instance, the * Correspondence to: Daniel R Sosa-Gémez, Cx.P. 231, Entomology Department,
increasing use of fungicides to control soybean rust after the Embrapa Soja, Londrina, PR, CEP 86001-970, Brazil.
first occurrence in Brazil in 2001 has reduced the prevalence E-mail: daniel.sosa-gomez@embrapa.br
of naturally occurring entomopathogenic fungi that are major a Universidade Federal do Parand, Parand, Brazil
mortality factors of soybean looper (SBL), Chrysodeixis includens
(Walker)ﬂ -3 b Embrapa Cerrados, Brasilia, Brazil

All of these factors have changed the status of SBL to a
primary soybean pest widely distributed across the main
soybean-producing areas in Brazil.*~¢ SBL management based on ~ d Monsanto do Brasil Ltda, Sao Paulo, Brazil
chemical insecticides raises concerns owing to the history of SBL
resistance to different compounds.”® Additionally, SBL typically
infests the soybean plants at early reproductive stages, when

¢ In memoriam,

e Monsanto Company, St Louis, MO, USA

-

Embrapa Soybean, Londrina, Parand, Brazil
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Table 1. Populations of Chrysodeixis includens field collected in soybean
Season State? Location/code Latitude Longitude Date
2008/09 BA Luis Eduardo Magalhaes (LemBA) 11° 37" 23.0” 45° 35/ 66.1" Jan. 14,2009
MT Rondonopolis (RonMT) 16° 28’ 15" 54° 38’ 15" Dec. 10, 2008
GO Santa Helena (ShGO) 17°51717.0" 50° 51’ 74.8" Jan. 26,2009
PR Londrina (LonPR) 23° 14" 101" 51° 08’ 43.5"” Feb. 12,2009
2009/10 BA Luis Eduardo Magalhées (LemBA) 11° 28 41.1” 45° 34/ 99.7" Jan. 15,2010
MT Campo Verde (CvMT) 15° 24’ 50.1” 55° 06’ 54.8" Dec.18, 2009
GO Santa Helena (ShGO) 17° 51" 17.0" 50° 51’ 74.8" Jan. 22,2010
SP Santa Cruz das Palmeiras (ScpSP) 21° 49’ 04.8” 47° 16’ 11.1” Jan. 11,2010
2010/11 BA Roda Velha (RvBA) 12° 48’ 10.7” 46° 07' 49.52" Jan. 13,2011
MT Campo Verde (CvMT) 15° 38 19,7" 55° 13/ 36.11” Dec. 28,2010
GO Rio Verde (RvGO) 17°47' 27.1" 50° 57’ 33.7" Jan. 16,2011
PR Cambé (CamPR) 21° 07’ 52.0” 51° 23’ 26.2" Dec. 29,2010
RS Selbach (SelRS) 28° 61’/ 52" 52° 95’ 33" Jan. 15,2011
2011/12 BA Luis Eduardo Magalhées (LemBA12) 12° 05’ 35" 45° 50’ 42" Feb. 12,2012
MT Sinop (SinMT12) 11° 26’ 30.7” 55° 31/ 23.93” Dec. 20,2011
GO Rio Verde (RvGO) 17° 47" 18.2" 52°00' 16.4" Jan. 05,2012
PR Maué da Serra (MauPR) 23° 52/ 55.4" 51°17/19.2" Jan. 06,2012
RS Pontao (PonRS) 28° 3/ 36.96"” 52° 35’ 13.85"” Mar. 05, 2012
2012/13 MT Sinop (SinMT13) 11° 39’ 58" 55° 47’ 53.93" Dec. 18,2012
BA Barreiras (BarBA13) 12°01’ 37.38"” 46° 16’ 38.7" Dec. 30,2012
MT Rondonopolis (RonMT13) 16° 37’ 38.63" 54° 41’ 58.04" Jan. 11,2013
GO Montividiu (MonGO13) 16° 54’ 04.5" 51°03’ 17.0” Dec. 12,2012
GO Inaciolandia (InaGO13) 18° 30’ 33.3” 49° 57’ 50.6" Jan. 25,2013
MS Chapadao do Sul (ChaMS13) 18° 48’ 28.59" 52° 30’ 49.07" Jan. 18,2013
SP Jaboticabal (JabSP13) 21° 16’ 46.7" 48° 16/ 42" Jan. 25,2013
PR Rolandia (RolPR13) 23° 16’ 57.6” 51° 20’ 56.7"” Jan. 25,2013
RS Ciriaco (CirRS13) 28°17' 21.41" 51° 58" 56.61" Mar. 13,2013
RS Rio Pardo (RioRS13) 29° 61’ 3.33” 52° 46’ 7.5" Mar. 15,2013
2013/14 BA Luis Eduardo Magalhées (LemBA14) 11°57' 27.89" 46° 05’ 26,64" Jan. 16,2014
MT Sorriso (SorrisoMT14) 12° 31’ 56" 55°37' 33" Dec. 16,2013
GO Montividiu (MontivGO14) 17° 22’ 35.9” 51° 23’ 39.4"” Dec. 30,2013
GO Inaciolandia (InaciolGO14) 18° 29’ 25.5" 49° 57’ 28.3" Jan.8,2014
MS Chapadéo do Sul (ChapadMS14) 18° 51’ 06.43" 52°29' 09.01” Jan. 16,2014
MG Uberlandia (UberIMG14) 19° 02/ 33.4” 48° 11/ 44.5" Jan. 16,2014
PR Castro (CastroPR14) 24° 46’ 44" 50° 03’ 23" Mar.7,2014
2014/15 BA Barreiras (BarBA15) 11° 31/ 27.5" 45° 23 26.2" Jan. 29,2015
BA Formosa do Rio Preto (FRPBA15) 11°20" 11" 45° 40’ 0.1” Jan. 29,2015
MT Campo Verde (CVMT15) 15° 7' 48" 55° 1’/ 55.6"” Jan. 21,2015
MG Araguari (AraMG15) 18° 43’ 28.55"” 47° 41" 19.68" Jan.9,2015
MS Rio Brilhante (RiBMS15) 21° 45 22" 54° 31 15.6" Jan. 21,2015
PR Londrina (LonPR15) 23° 17 30.5” 51°12' 31" Feb. 11,2015
PR Campo Mouréo (CaMPR15) 24° 57 38.8" 52° 11/ 352" Jan. 12,2015
RS Nao me Toque (NmtRS15) 28° 18’ 47.5” 52° 26’ 8.8 Feb. 25,2015
2 BA = Bahia; GO = Goias; MS = Mato Grosso do Sul; MG = Minas Gerais; MT = Mato Grosso; PR = Parand; RS = Rio Grande do Sul; SP = S&o Paulo.

of soybean. MON 87701 x MON 89788 soybean has been rapidly
adopted by growers'? owing to the high levels of control provided
against the main lepidopteran pests, especially SBL, velvetbean
caterpillar (Anticarsia gemmatalis Hubner), tobacco budworm
[Heliothis virescens (F.)] and old-world bollworm [Helicoverpa
armigera (Hiibner)].'371¢

As with other Bt crops, the primary threat to the continued suc-
cess of Bt soybean is the evolution of resistance by target pests.'”
Proactive insect resistance management (IRM) programmes for
Bt traits must be designed and implemented to delay resistance
evolution.’” The most effective IRM strategy for Bt crops, the
high-dose/refuge strategy, is based on the assumptions that Bt

proteins have high toxicity against the target pest, resistance is
functionally recessive, resistant alleles are rare and refuge areas
with non-Bt plants are cultivated to provide a source of suscep-
tible insects.”:'® A previous study reported high toxicity of MON
87701 x MON 89788 soybean against SBL and assessed it as near
high dose against this species.’® To refine the proactive IRM pro-
gramme for SBL in MON 87701 x MON 89788 soybean in Brazil,
we describe in this paper the baseline susceptibility of several
field SBL populations to Cry1Ac and the implementation of a resis-
tance monitoring programme. Moreover, we estimate the resis-
tance allele frequency to MON 87701 x MON 89788 soybean by
screening F, isoline families on Bt plant tissue.
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in soybean fields across Brazil

Table2. Toxicity (LCs) of Cry1Ac protein and effective concentration (ECs,) causing growth inhibition to Chrysodeixis includens populations sampled

Location n? LCsoP(FL 95%) Slope + (SE) 72 ECs09(FL 95%)
Crop season 2008/09

Sus 640 1.34(1.13-1.55) 2.88+0.28 5.34 -

LonPR 1152 1.12(0.61-1.58) 2.08+0.19 12.29 0.596 (0.532-0.667)
LemBA 1472 0.82(0.47-1.12) 2.34+0.19 13.54 0.742 (0.542-11.042)
RonMT 1712 0.88(0.47-1.23) 2.27+0.18 13.42 0.500 (0.297-0.835)
Crop season 2009/10

ShGO 768 1.39(0.57-1.92) 2.75+0.31 15.24 0.615 (0.402-1.002)
BvpPR 1008 1.24(0.95-1.53) 227 +£0.16 7.77 0.711 (0.556-0.929)
ScpSP 1728 0.81 (0.65-0.96) 4.23+0.26 4.98 0.687 (0.546-0.892)
CvMT 1232 1.53(0.92-2.08) 2.05+0.19 13.67 0.932 (0.466-1.843)
Crop season 2010/11

CamPR 1152 2.01(1.65-2.37) 1.93+0.18 4.44 0.924 (0.458-1.689)
RvGO 1152 1.62(1.18-2.02) 257 +0.24 7.56 0.856 (0.524-1.363)
RvBA 1152 0.99 (0.53-1.41) 2.22+0.22 8.80 -

CvMT 1280 1.64 (0.65-2.38) 2.36+0.25 16.48 0.919(0.719-1.169)
SelRS 1024 1.53(1.31-1.73) 2.78+0.25 1.80 0.830(0.630-1.117)
Crop season 2012/13

JabSP13 896 0.74 (0.59-0.91) 2.56+0.18 4.26 0.335(0.262-0.437)
SinMT13 1008 0.71(0.52-0.91) 1.75+0.12 4.25 0.224(0.132-0.395)
RonMT13 768 0.39(0.32-0.47) 1.60+0.12 2.98 0.216 (0.175-0.270)
RolPR13 896 0.96 (0.62-1.28) 231+0.21 6.53 0.784 (0.406-1.918)
ChaMS13 1120 0.52(0.41-0.65) 2.36+0.14 571 0.413(0.303-0.591)
MonGO13 1008 0.78 (0.65-0.92) 217 +0.16 261 0.278 (0.140-0.607)
BarBA13 896 0.99(0.81-1.17) 2.06+0.17 3.95 0.252(0.114-0.603)
InaGO13 768 0.70 (0.36-1.03) 2.22+0.23 5.83 0.154 (0.147-0.161)
CirRS13 1008 0.92 (0.55-1.29) 2.17+0.18 9.89 0.638 (0.474-0.859)
RioRS13 864 0.72 (0.60-0.84) 2.12+0.17 1.57 0.447 (0.239-0.990)

@ n=number of insects tested.
b Lethal concentration (CL); fiducial limits (FL) in pg Cry1Ac mL~" diet.
¢ SE = standard error.

d Effective concentrations (ECs,) required to cause 50% growth inhibition after 1 week and fiducial limits (FL) expressed in pg Cry1Ac mL~" diet.

2 MATERIALS AND METHODS

2.1 Insect collection

Forty-three SBL field populations were sampled from soybean-
growing seasons 2008/09 to 2014/15 from multiple regions across
Brazil to establish Cry1Ac baseline susceptibility, validate a diag-
nostic concentration for a resistance monitoring programme and
estimate the frequency of Cry1Ac resistance allele through an F,
screen (Table 1). Approximately 800-2000 larvae were collected
in each sampling area. Adults obtained from these larvae were
maintained in oviposition cages. The final number of adults per
population ranged from 400 to 900. Insects were reared on the arti-
ficial diet used by Greene et al.?® in a climatic chamber at 26 + 2 °C
and 70+ 10% relative humidity (RH) with a 14 h photoperiod. A
susceptible SBL colony (Sus) maintained at Embrapa Soybean was
used as a reference in bioassays. Most of the bioassays were con-
ducted using larvae (neonates) derived from the first generation
(F,) of field collections in the lab, which minimised any impact that
inbreeding and genetic drift might have on the susceptibility of
the tested colony. Owing to limited insect availability, there were
instances when it was necessary to carry out bioassays until collec-
tions reached the third generation in the lab.

2.2 Invitro bioassays with Cry1Ac
A synthetic Cry1Ac protein formulated product (MVP I, Pseu-
domonas encapsulated Cry1Ac from Dow Chemicals, San Diego,

CA, containing 11.14% of active Cry1Ac protein) was incorpo-
rated into the artificial diet, without formalin and antibiotics, when
the diet temperature reached 56 °C. To establish the baseline
curves, a total of eight concentrations were used: 0, 0.056, 0.18,
0.56, 1.8, 3.14, 5.6 and 18 ug active protein mL~" diet. A TmL
aliquot of diet containing the protein was poured into each cell
of a 16-cell division square of a bioassay tray (128 cells). The
trays were sealed with self-adhesive plastic sheets (BIO-CV-16;
CD International Inc., Pitman, NJ) that allowed gas exchange
with the external environment, and then placed in a climatic
chamber (temperature 26 +2 °C, 70 + 10% RH, 14 h photoperiod).
The experimental design was completely randomised, with 6-16
replicates per concentration and 16 larvae per replicate at each
concentration.

Mortality and the weight of the surviving larvae?' were recorded
after 7 days. The mean weight of survivors was subjected to
non-linear regression analysis to estimate the EC;, and ECy,
effective concentrations and the respective confidence intervals
[fiducial limit (FL) 95%] using JMP v.8.0.2.2 The LCy, and LGy,
lethal concentrations and the respective confidence intervals
(FL 95%) were estimated using POLO-PC statistical software.?®
Resistance monitoring bioassays were conducted as described
above, using diagnostic concentrations of 5.6 and 18 pg protein
mL-" diet. At least 100 insects per replicate were used in each
concentration.
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2.3 F, screen for CrylAcresistance alleles

The F, screen was conducted according to Huang et al.?* Pupae
of SBL derived from non-Bt soybean plants were sexed and indi-
vidually placed in cylindrical plastic cages (24 cm height X 14.5 cm
diameter) until emergence. Adults were matched in smaller plastic
cages (24 cm height x 10 cm diameter) and allowed to mate and
oviposit. Each single-pair mating represented an insect family line.
Sixty-four F, progeny larvae of each single-pair mating were then
reared on artificial diet to the pupal stage, as described above. F,
adults (20 couples) from each single-pair mating were sib-mated
in plastic cages (24 cm height X 14.5 cm diameter) to produce F,
offspring. Offspring produced from a single-pair mating were con-
sidered as a two-parent family line. The F, screen was conducted in
128-well trays (BIO-BA-128; CD International Inc.). Leaf tissue was
excised from leaves of MON 87701 x MON 89788 soybean plants at
V4-V6 stages and placed in each well. The leaf tissue was placed
on a non-gelled mixture of agar—water at 2% in 128-well trays
and then placed in a climatic chamber (temperature 26 +2°C,
70 + 10% RH, 14 h photoperiod). The soybean leaf tissue was sep-
arated from the agar—water layer by a filter paper disc. For each
insect family line, 128 F, neonates were screened. The number of
surviving larvae was recorded at 4 days after larval inoculation. The
joint frequency (P) and its corresponding 95% credibility interval
were estimated as described by Andow and Alstad.?>26

3 RESULTS

3.1 Baseline susceptibility and resistance monitoring

The toxicity of CryTAc protein (LC;,) to SBL ranged from 0.39 to
2.01 pgmL~" diet across all populations tested from crop seasons
2008/09 to 2012/13, a range of approximately fivefold (Table 2).
Comparisons between field populations and the susceptible refer-
ence (Sus) showed no statistical difference. Because growth inhi-
bition is also considered to be a valuable parameter for evalu-
ating the response of lepidopteran larvae to Bt proteins,? the
median effective concentration causing growth inhibition (ECs)
was calculated. EC,, values estimated for the SBL field populations
ranged from 0.154 to 0.932 pg mL~', a range of approximately six-
fold (Table 2).

Based on the baseline susceptibility curves, two diagnostic con-
centrations, 5.6 and 18 ug Cry1Ac mL~" diet, have been used to
monitor SBL susceptibility to Cry1Ac protein since crop season
2009/10. With the exception of BvpPR and CvMT, across all SBL
field populations tested, the mortality in the control treatment was
consistently below 10% (data not presented). The concentration of
5.6 ug Cry1Ac mL™" diet caused high mortality of the SBL neonates
tested. Mortality at this concentration ranged from 88.2 to 99.89%
throughout the years of testing (Table 3). Therefore, any shift in
susceptibility might be indicative of initial resistance evolution.
The second concentration used (18 ug Cry1Ac mL~" diet) caused
near-complete mortality of the insects tested. Both concentrations
have proved to be useful for monitoring purposes and have been
used since the commercial launch of Bt soybean in Brazil in crop
season 2013/14. SBL field populations across different geographi-
cal regions and years did not show noticeable differencesin Cry1Ac
susceptibility (Table 3).

3.2 Frequency of Cry1Acresistance alleles

A total of 626F, two-parent lines (originating from 1252 feral
individuals) of SBL were established from larvae collected from
seven locations in Brazilian soybean fields in crop season 2014/15
(Table 4). These F, lines were screened for resistance to MON
87701 x MON 89788 soybean leaf tissue expressing CrylAc.

Table 3. Chrysodeixis includens protein monitoring using diagnostic
concentrations of Cry1Ac protein

% Mortality?
Insect
population 5.6ug CrylAcmL™! diet  18ug CryTAcmL™! diet
Season 2009/10
BvpPR 97.30 (512) 100 (496)
CvMT 93.70 (448) 99.50 448)
ScpSP 95.40 (448) 99.80 (448)
ShGO 88.20 (448) 100 (448)
Season 2010/11
RvBA 99.78 (448) 99.78 (448)
RvGO 98.19 (496) 100 (496)
SelRS 96.96 (560) 100 (560)
CvMT 97.92 (480) 99.58 (480)
CamPR 94.76 (496) 99.40 (496)
Season 2011/12
LemBA12 - 100 (912)
SinMT12 - 100 (912)
RvGO - 100 (912)
MauPR - 100 (952)
PonRS - 100 (952)
Season 2012/13
SinMT13 95.80 (160) 100 (160)
BarBA13 96.90 (160) 100 (160)
RonMT13 100 (160) 100 (160)
MonGO13 97.90 (144) 100 (144)
InaGO13 100 (160) 100 (160)
ChaMS13 99.37 (144) 100 (144)
RolPR13 99.22 (144) 100 (144)
Season 2013/14
LemBA14 99.67 (896) 100 (896)
SorrisoMT14 99.67 (896) 100 (896)
MontivGO14 99.40 (891) 99.89 (891)
InaciolGO14 99.78 (896) 100 (896)
ChapadMS14 99.30 (896) 100 (896)
UberIMG14 99.22 (896) 100 (896)
CastroPR14 99.89 (896) 100 (896)
Season 2014/15
BarBA15 98.50 (560) 99.80 (560)
FRPBA15 95.80 (448) 99.80 (448)
CvMT15 95.75 (896) 99.80 (896)
AraMG15 97.10 (448) 100 (448)
RiBMS15 98.70 (896) 100 (896)
LonPR15 99.10 (672) 99.90 (672)
CaMPR15 97.20 (896) 99.70 (896)
NmtRS15 96.40 (896) 99.90 (896)
2 In parentheses, the number of insects tested.

Among these lines, no surviving larvae were found after 4 days,
indicating that none of the 626 families possessed resistance alle-
les to MON 87701 x MON 89788 soybean. The joint frequency of
the resistance allele was 0.0004 (95% credibility interval 0-0.0014)
(Table 4).

4 DISCUSSION

The SBL field populations investigated in this work were highly
susceptible to Cry1Ac protein, and very low natural variation was

Pest Manag Sci 2016; 72: 1578-1584

© 2015 Society of Chemical Industry

wileyonlinelibrary.com/journal/ps

84} Aq pausenob ake S9pol1e YO 9SN JO S8|NJ o} A%1q1 T 8UIUO A8]IA UO (SUOIPUD-pU-SWSILID" A3 | 1M ATl jul[U0//SANY) SUORIPUOD pue SwLB | 8U1 89S *[5202/T0/L2] uo Akeiqiauliuo A|IM 'S3d VD Ad T6TH'S/200T 0T/10p/od"A8|Im Alelq [pul[UO'S eUINO 195 //:SdNY WOy pepeo|umod ‘8 '9T0Z ‘866v92ST




@)
SCI

WWW.SOCi.org

SAC Yano et al.

Table 4. F, screen for detecting resistance alleles to Cry1Ac in Brazilian populations of Chrysodeixis includens

F, parental isoline families

Insect population Single pairs (Fy) F, parental isoline families Screened Positive Estimated R frequency
Araguari, MG 270 120 100 0 0.0024 (0.0000-0.0091)
Correntina, BA 240 130 100 0 0.0024 (0.0000- 0.0091)
Campo Grande, MS 103 99 29 0 0.0024 (0.0000-0.0091)
Campo Verde, MT 100 85 85 0 0.0029 (0.0000-0.0106)
Casa Branca, SP 184 100 100 0 0.0024 (0.0000-0.0091)
Londrina, PR 250 138 100 0 0.0024 (0.0000-0.0091)
Pitanga, PR 60 42 42 0 0.0057 (0.0001-0.0209)
Total 1207 714 626 0 0.0004 (0.0000-0.0014)

found across seasons and geographic populations. The diagnostic
concentration of 5.6 ug Cry1Ac mL™" diet caused near-complete
mortality of SBL neonates. The high susceptibility of SBL to Cry1Ac
was previously reported through protein assays'>?® and plant
assays using soybean expressing Cry1Ac protein.’>' A similar
range of variation in susceptibility to Cry1Ac was observed in
populations of H. virescens and H. armigera in Brazil and India
respectively.?®3° Using a reference susceptible strain or setting
up a tiered approach to test putative resistance-carrying insects
is a best practice that should be incorporated in the monitor-
ing programme for Cry1Ac in SBL. Results of the F, screen test-
ing SBL on MON 87701 x MON 89788 soybean leaf tissue showed
that no Cry1Ac resistance alleles were detected in 626 two-parent
family lines of seven SBL field populations during crop season
2014/15. The joint allele frequency for this product in the com-
bined populations was estimated to be 0.0004, similar to the
Cry1A resistance allele frequency observed in 545 two-parent
family lines of Helicoverpa punctigera (Wallengren) and 826 lines
of H. armigera in Australia.3"32 The Cry1Ac resistance allele fre-
quency obtained for SBL (0.0004) was lower than 1073, the fre-
quency found in Diatraea saccharalis (F.) to Cry1Ab and in Ostrinia
nubilalis (Hibner) to Cry1F in the United States and in H. armigera
to Cry1Acin China 3373¢

The high toxicity of Bt soybean against SBL and the low resis-
tance allele frequency found in SBL meet important requirements
for a successful IRM strategy, as the high-dose/refuge strategy is
expected to be more effective if resistance is conferred by rare
recessive alleles, nearly all the heterozygous insects are controlled
and most of the resistant adults emerging from Bt crops mate
with susceptible adults from refuge areas.'”-*” Dominant resistance
to Cry1Ac has not been detected in SBL, and recessive inheri-
tance of resistance to Cry1Ac was previously observed for the
cabbage looper Trichoplusia ni (Hiibner).3® Additionally, a key fac-
tor to the success of the high-dose/refuge strategy is having RR
individuals that mate almost exclusively with common SS indi-
viduals; therefore, non-random mating would compromise the
strategy.>® Several research initiatives have aimed to understand
more about the movement of the major target pests of Bt crops in
Brazil. Vilarinho et al.*® used mark-release-recapture techniques
to evaluate the dispersal capacity of fall armyworm [Spodoptera
frugiperda (J. E. Smith)] adults and found maximum recapture dis-
tances of 806 m for males and 608 m for females. Caixeta,*' using
the same techniques to evaluate velvetbean caterpillar (A. gem-
matalis), noted that more than 10% of moths were recaptured
between 800 and 900 m from the release point. Both study cases
supported the 800 m maximum distance currently recommended
between refuge areas and Bt crops in Brazil.

Although the attributes of MON 87701 x MON 89788 soybean
and SBL, such as high toxicity and low resistance allele frequency,
respectively, contribute to minimising the risk of resistance evo-
lution, it is worth mentioning that the level of risk is intrinsically
related to the exposure of the insect to the Bt trait."” The poten-
tial for SBL exposure to crops expressing Cry1Ac is significant in
Brazil, given the extensive acreage cultivated with soybean and
cotton (30 million and 1 million ha respectively).’? In addition,
SBL will be exposed to the recently deployed MON 87701 x MON
89788 soybean and to Bt cotton fields expressing Cry1Ac singly
or stacked with other Bt traits. It is worth mentioning, however,
that Bt cotton has been commercialised in Brazil since crop season
2006/07, and no shiftin Cry1Ac susceptibility has been observed in
this study from populations collected since crop season 2008/09.
Moreover, SBL has a wide range of plant hosts distributed in almost
30 families,*? which could work as alternative hosts during the
intercropping season, with unknown impacts on the evolution of
resistance to Bt crops.

All things considered, three key factors favour success of a
refuge strategy: recessive inheritance of resistance, low resistance
allele frequency and abundant refuges of non-Bt host plants
near Bt crops.'”** Reports on field-evolved resistance to Bt crops
indicate that in each case at least one of these criteria was not
met: examples include Busseola fusca (Fller) resistance to Cry1Ab
maize,** S. frugiperda resistance to Cry1F maize,***¢ Pectinophora
gossypiella (Saunders) resistance to Cry1Ac cotton*” and Diabrotica
virgifera virgifera LeConte resistance to Cry3Bb1 maize.*® Because
the product attributes of MON 87701 x MON 89788 soybean and
the main target pest (SBL) are likely to meet the first two of
these three criteria, the refuge implementation is the last key
component of a successful IRM strategy. Low compliance with
non-Bt refuge recommendations has been observed for maize in
Brazil, the first Bt crop widely adopted by Brazilian growers.*® Based
on this previous experience, joint efforts of growers, consultants,
industry, academic researchers and government will be necessary
to implement an effective IRM strategy for Bt soybean in Brazil,
including the planting of refuge areas of at least 20% non-Bt
soybean.
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