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B Introduction: Helicoverpa zea

Highly polyphagous (>100 plant spp.)
Migratory

Larvae are important pest of cotton
(bollworm), corn (earworm), and grain
sorghum (headworm)

Multivoltine species (5-7 generations per
year in Texas)

Feeds on uncultivated hosts
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Economic Impact: only in 2009 second
to hemipterans in damage to cotton

e Estimated annual damage of H.
virescens and Helicoverpa zea on all
US crops was $1 billion (Fitt, 1989)

— After $250 million on insecticide control

o Currently majority of heliothine complex
IS represented by Helicoverpa zea
iIndividuals

HEEN EE EEZE

e 125,000 to 520,000 bales lost per year
(Williams, 2005-2009) i RESEARC
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Challenge: The suitable area for corn earworm is
expected to expand with climate change

Current and future temperature envelope for a migratory,
cosmopolitan taxon.

Color contours show the number of years that are suitable
(out of a maximum of 24)
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. N.S. Diffenbaugh et al., Environ. Res. Lett 3 (2008) @LI} RESEARCH



. Pyrethroids: effective and economical to
control H. zea

* Pyrethroid resistance had been reported In
Arkansas, Texas 1988, lllinois 1991,

Cypermethrin 3-18 fold (Abd-Elghafar et al., 1993; Kanga et
al., 1996).

* Resistance to cyhalothrin and cypermethrin in

South Carolina in 1996 (Brown et al., 1998, Crop protection
17:441-445; Walker et al., 1998).

« Wide adoption of Bt cotton after 1996 controlled
budworm (H. virescens) populations but H. zea
required 1-2 insecticide applications in Bt cotton
(CrylAc).

e |In Texas, re-initiated pyrethroid monitoring Iin
1997. e RESEARCH




. The story:

How pyrethroid resistance research was adapted to address
Evolution of Resistance on a Variable Landscape and

with a Migratory Pest
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Outline

- Cypermethrin resistance monitoring with Adult Vial Test began in 1997
in Burleson Co.

- Dosage validation 2 concentrations 3 pg/vial (LCy) and
10 pgl/vial (used previously for H. virescens)

- Statewide since 2003 using probit analysis (many concentrations):
level and frequency of resistance

- Observed spatial patterns of resistance in Texas

.- - Identify continuous source populations

.. - Investigated wind trajectories in relationship
. to patterns of resistance

- Expanded surveys to Oklahoma and MX

- Validated the AVT for H. zea

@IF\E RESEARCH
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- Elucidated mechanisms of resistance present



B Method: Adult vial test

; 1 larva or moth per vial: initially

2 dosages; evolved up to 9
] dosages

B  Mortality counts at 24 h of
exposure

B - Data analysis with PoloPlus

 Likelihood ratio tests of
equality and parallelism

= * Probit graphs in SigmaPlot o eseare

Texas A&M Sy. stem



. Dosage validation: Resistance to A-cyhalothrin in adult
H. zea is incompletely dominant
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Figure 1. Susceptibility of adult HelWcoverpa zea sirains and
hybrids exposed to cyhalothrin for 24 h. Open sguares: H. rea-5;
cross: Hybrd progeny of Estill®6 and H. zea-S; filled circles:
Estill96. Please refer to Tabie 3 for statistical data.

e Estill96 Resistant

X Susc. x Estill96

First demonstration

of cyhalothrin resistance
In H. zea

First record of pyrethroid
resistance in S. Carolina

T. Brown et al., 1998. Crop
Protection 17: 441-445
Clemson Univ.

@ RESEARCH
Texas A&M System



. Bollworm (Helicoverpa zea) survival to 3 or 10 pg/vial
cypermethrin, Burleson County, 1997 and 1998

MALE MOTHS VIAL TEST
Helicoverpa zea

-suw | | INITIAL DATA
~nw | ON SURVIVAL

Survival

% Corrected

X
0 x x — e X x s
627 7M1 T3 1T TM1 TH4  TAT 7123 T/29 8112

Date H zea 1998 % survival to cypermethrin

25

N 1998

15 4

al

Maximum of ~ 20% resistant
males through July-August in
both years |

10 4

% Corrected surviv

712 716 7113 7119 8/14
Date

@ RESEARCH
Texas A&M System

e
A
=N
A




Te@mporal- Spatial Analysis: Highest LCs0 Resistance Ratio

Mexico Sy

significantly different @ RESEARCH
from 1 (2X, 3X, 4X) *Compared to susceptible population



Presenter
Presentation Notes
Nueces County (N) is our major source of resistant individuals as monitored since 2003, has always exhibited the highest resistance ratios. Notice that Williamson Co (W) and Burleson County (B) are about 100 miles apart. The LC50 switches between these two counties being high in Williamson in 2004, 2005, 2007 and 2008 (red), while the LC50 was higher in Burleson county for 2003, 2006. Both were high in 2004 and 2007.  Uvalde county in South-West Texas has had the higher LC50 ratios more recently in 2007 and 2008. See wind trajectories in next map.
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2005 Wind trajectories from Nueces Co.
ended more frequently in Williamson Co.
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4 out of 6 years
Williamson Co.
populations have
had resistance ratios
above 5, similar to
Nueces County

Star represents wind destination (WiIIiamson)/-\
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2005 Wind trajectories towards Burleson are less
frequent from Nueces County, which has high
resistance levels
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more variable perhaps

. Burleson: Resistance is

depending on migration

from known source

Burleson Co. 2000 - 2010
Adult Male Helicoverpa zea
Cypermethrin, 24h

August 2003
n

Probit

I
1

w

May 2045 - guly 2003

Concentration Cypermethrin (pg/vial)

LC;, 2010
1.13 pglvial

4 - July 2967 Y

Nueces: Constant source of
resistant insects from system

sorghum-cotton

Nueces Co. 2003 - 2010
Adult Male Helicoverpa zea

Cypermethrin, 24h

o Jun

n
| |
. May 2009
n

= |

n
€ 2008 54 5 equal to 2008, 2006, 2005, 2003; |
andeis parallel togall but 2007

June 2005 T 99

June 2004 gq

% Mortality

o NG L S

T
S &

Concentration Cypermethrin (ug/vial)

LC,, 2010
1.31 pglvial
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Predicted increased resistance level in Uvalde based
on wind trajectories originating in Nueces and Rio
Bravo in Mexico: did happen!

| NuecesCo. oo Pietrantonio et al.
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Presenter
Presentation Notes
See wind trajectories going from Rio Bravo in Mexico towards Uvalde but also from Nueces co towards Uvalde and mainly Williamson but not Burleson.

This year Burleson co has had the LOWEST resistance ratio since 2000!  
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B 3 Pitfalls addressed

1. Pyrethroid applications are targeted to early larval
stages but we used the AVT for resistance monitoring

v

2. Metabolism of pyrethroids can differ greatly
depending upon insect growth stage and pyrethroid
structure

Pitfall: Use one pyrethroid, cypermethrin, to conclude
about the pyrethroid class

3. Use adults from pheromone traps of unknown
geographic origin to estimate local resistance

@ RESEARCH
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1. Validated AVT for H. zea males

e Determined the adult vial test Is In fact
diagnostic of larval resistance.

« Established baseline sensitivity of susceptible
larvae and adults to structurally distinct
pyrethroids.

o Used resistant field population from Uvalde,
TX, to establish resistance ratios and compare
the different pyrethroids.

HE-SYEE NN
N B CEERE |

« Failed to maintain a cypermethrin-resistance
laboratory colony (fithess cost?)

.- Hopkins & Pietrantonio Pest Manag Sci 2010; 66: 147-154 @ RESEARC
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. ASSAY VALIDATED FOR 3 DIFFERENT PYRETHROIDS

Research Article

Received: 3 March 2009 Revised: 2 July 2009 Accepted: 3 July 2009 Fublished online in Wiley Interscience: 15 September 2009

(www.interscience.wiley.com) DOl 10.1002/ps. 1847

Differential efficacy of three commonly used
pyrethroids against laboratory and
field-collected larvae and adults of Helicoverpa
zea (Lepidoptera: Noctuidae) and significance
for pyrethroid resistance management?

Bradley W Hopkins and Patricia V Pietrantonio*

Pest Manag Sci 2010; 66: 147-154




._2. Not all Pyrethroids are Equal
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Insecticide

Growth
stage n

(95% CI)

. Susceptible larvae and adults respond similarly in vial tests

(95% CI)

Slope (XSE) »2 (df)

Cypermethrin | Third 862 | 0.37 1.22 2.45 (£0.17) | 25.03 (13)
Instar (0.37-0.44) | (0.97-1.67)
Adult 693 | 0.70 1.86 2.99 (x0.21) | 17.84 (10)
(0.60-0.81) | (1.50-2.54)
Esfenvalerate | Third 861 | 0.40 1.45 2.31 (£0.16) | 55.28 (13)
Instar (0.29-0.54) J{ (1.02-2.55)
Adult 598 | 0.49 1.35 2.93 (x£0.23) | 29.58 (9)
(0.39-0.65) | (0.95-2.47)
Bifenthrin Third 854 | 0.13 0.38 2.80 (x0.20) | 38.02 (13)
Instar (0.10-0.16) H (0.29-0.57)
Adult 798 | 0.17 0.51 2.62 (x0.18) | 118.44
(0.11-0.26) {| (0.31-1.62) (13)

e ot ]

7 A - 98

Rssay Comparisons » Individual insecticides have
similar performance for larvae
. and adults, except
» Cypermethrin more effective
on larvae.

% Mortality

Concentration (uglfvial)



. Third Instar: Resistant (Uvalde) vs. Susceptible

RR LC,, RR LC,, Equal x2 (df), Parallel 2 (df),
Insecticide n (95% CI) (95% CI) tail prob. tail prob.
Cypermethrin | 1083 | 4.68 6.28 Reject | 117.(2), | Donot | 2.26 (1),
(3.37-6.48) | (3.89-10.14) 0.000 reject 0.133
Esfenvalerate | 1051 | 3.75 3.17 Reject | 86.04 (2), | Donot | 0.73 (1),
(2.89-4.87) | (2.05-4.92) 0.000 reject 0.394
Bifenthrin 1019 | 9.41 ummmml5.22 Reject | 215.(2), | Donot | 3.82 (1),
(6.65-13.31) | (6.83-33.90) 0.000 reject 0.051

UndldeNoislist' g8~ g Resistance ratios of
larvae are similar

to resistance ratios
of adults

for individual
Insecticides =

~ 4 (Cyp and Esf)

9 for bifenthrin

Probit
% Mortality

T T T T T T T T T T
o¥ o? o™ N e [ Wi N

Concentration (ug/vial)



. Adult, Resistant (Uvalde) vs Susceptible

RRLC,, RRLC,,  Equal yx2(df), Parallel »2(df),

Insecticide (95% CI) (95% CI) tail prob. tail prob.

Cypermethrin | 848 | 4.16 3.82 Reject | 104.(2), | Donot | 0.28 (1),
(3.21-5.38) | (2.63-5.55) 0.000 reject 0.597
Esfenvalerate | 739 | 4.67 4.37 Reject | 97.90 (2), | Donot | 0.11 (1),
(3.48-6.27) | (2.63-7.26) 0.000 reject 0.744
Bifenthrin 934 |9.28 <mmmmm5.90 Reject | 169. (2), | Reject | 5.91 (1),
(7.32-11.76) | (4.02-8.64) 0.000 0.015
T S
T e Resistance ratios of
£ to resistance ratios
(1]
t of adults
| = for individual
insecticides =
& ~ 4 (Cyp and Esf)
9 for bifenthrin
3

& O \ IR
QT O © AgriLIFE RESEARCH
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Concentration (pg/vial)
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3. Crops vs. Traps. Percentage of males
surviving the discriminatory dosage of 5 uyg/vial
varies among crops and traps: are we
underestimating resistance?

Adults from larval collections were from pesticide
untreated fields vs. adults from traps

1. Corn and sorghum could

Burleson Co., 2010 act as a source of resistant
100% 1 adults.
64% -
- 0 .
< | — 2, There_may be differences
> Resistant Aduu In resistance among
? 8% populations associated
* o | ‘ ‘ ‘ ‘ — with different host-plant
CORN  SORGHUM species.
' ' TRAPS
Larvae from
A eseagcy

(X2= 13.85; d.f.= 2; P < 0.01)Collaborator Raul Medina)


Presenter
Presentation Notes
These resistance levels are disproportionately high when compared with the frequency of 8% resistant males collected from pheromone traps (X2= 13.85; d.f.= 2; P < 0.01). These preliminary results suggest that corn and sorghum could act as a source of resistant H. zea adults. Together, our preliminary results suggest that there may be differences in insecticide resistance among H. zea populations associated with different host-plant species. 




— Resistance mechanisms
Metabolism: Cytochrome P450 (CYP)
y

Lo

cypermethrin

/%(O \/©\ q cytochrome P450
Cl ICI © CN ’

Inactive metabolite; hydroxylated phenoxybenzyl

alcohol
‘*Less active ingredient reaches sodium channel

@LI} RESEARCH
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B Most Resistant Field Insects for Analysis

. Specimen Date Location [C] survived
b R1 6/21/2005 Nueces 60 pg/vial
AR R2 6/18/2006 Nueces 30 pg/vial
ii R3 7/05/2006 NUeces 30 pgivial
.- R4 7/01/2003 Burleson 30 ug/vial
R5 7/10/2003 Burleson 30 ug/vial
R6 7/14/2004 Burleson 30 ug/vial
. R7 8/19/2004 Burleson 30 ug/vial
.- R8 6/22/2004 Nueces 60 ug/vial
.. R9 7/13/2007 Uvalde 30 pg/vial
. R10 7/08/2008 Williamson 60 pg/vial
R11 7/07/2006 Nueces 30 pg/vial
R27 6/30/2009 Uvalde 60 ug/vial

IR !nsects surviving 3 pg/vial are considered resistant




Synthesis of templates for analyses of
mechanism of resistance from single moths

Head — mRNA,
cDNA synthesis,
Sodium Channel cloning

/L

multiple  alternative RNA
alleles?  splicing?  editing?

N

confirmation

Abdomen — total RNA,
cDNA, RT-PCR, gPCR

for Cytochrome P450s Thorax — /

genomic DNA

Brad Hopkins dissertation researc
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Metabolism: Background

Known CYP sequences from H. zea

Gene Reference Genebank
Accession #
CYP321A1 Sasabe et al. 2004 AY113689
CYP4M6 Sasabe et al. 2004 AY 113687
CYP4AM7T Sasabe et al. 2004 AY 113688
CYP6B8 ¢ Li et al. 2000 AF102263
CYP6B27 Li et al. 2002 AF285829
CYP6B28 Li et al. 2002 AF285186
CYP6B9 Pimprale and Brown 1999 AF140278
CYP9A12 Chen and Li 2007 DQ788839
CYP9A14 Chen and Li 2007 DQ788840




Increased CYP450 Metabolism in H. zea survivors

Relative Transcript Expression

B
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Bl Susceptible
[ Resistant

CYP6BS8

CYP6B9

Survivors

(resistant males)
have higher
transcript levels (by
a factor of ~11-15)
than susceptible
males

One-way ANOVA: CYP6B8 — P = 0.008; CYP6B9 — P=0.004

(Hopkins et al. In press; Pest Manag. Sci.)



B Metabolism Results and Significance

Pooled resistant group had significantly higher
transcriptional expression of CYP6B8 and
CYP6B9 than susceptible

Individual expression varied for both cDNASs
— CYP6BS8 from 3.7 to 33.3
— CYP6B9 from 5.6 to 39.6

Resistance was completely abolished with PBO
addition in Uvalde 2009 field experiments

Likely due to mutation in common transcriptional
regulatory mechanism



Voltage-gated sodium channel

I_Target Site Mutations

| I ] v

. H. virescens kit L1014sS | M1524]
L1014H F153!I
V41DM ; H (- -vu-uuu un-lq-q-- —
o |11 11 L ik W!\!
D1549V : 0 BN e m.w
L832F mnw ‘ E15536
E1553G i S
H. zea 0536
V421M  V421A* o cikei e iR
. L1029H V421G* B cang sy

1951V*

. -Modified from Soderlund and Knipple, 2003.

H. armigera

D1549V
E1553G



Sodium channel mutations in resistant H. zea males
may also reveal geographic differences

Survivors were heterozygotes even at high dosages.
Mutations associated with location in red and blue.

Mlthh County Survived (pg/vial) SOd:#lﬂaiE;nnel Genotype

R3 Nueces 30 V421A SR

R8 Nueces 60 L1029H (kdr) SR Either

R19 Nueces 10 V421M SR mutation

R26 Nueces 10 V421M SR Na channel

R22 Nueces 10 V421G SR Or

R6 Burleson 30 1951V SR Increased
Cyp450

R37 Burleson 10 V421A SR Never both

R39 Burleson 10 V421M SR

@ RESEARCH
Texas A&M System

2.5ug/vial killed all susceptible individuals.



g Target Site Findings Significance

» Allows further research on lepidopteran sodium
B channels through modeling and expression

- Only heterozygotes found: fitness cost for rr?

B . First description of target site mutations in H. zea
— L1029H and V421M

* Novel mutations at the V421 (to Ala and Gly)

e First description of 1951V mutation in field-
collected resistant insect

— Within mutually exclusive exon region
— Likely due to RNA-editing




B Summary

o Adult vial tests predicted larval resistance, validating
method for current monitoring programs over the range of
geographic distribution of H. zea

Resistance ratios with one pyrethroid may not be predictive
of resistance ratios for others (not all pyrethroids are
equally effective)

Cypermethrin is a good, practical choice for resistance
monitoring (does not underestimate larval resistance; adults
are harder to kill)

Understanding molecular mechanisms responsible for
resistance may aid in finding other environmental or
temporal associations such as crop-host or uncultivated
host, location, month of the year, wind patterns, barriers,
etc.




B Summary (cont.)

* |n susceptible populations, both larvae and
. adults were most sensitive to bifenthrin and
. adults more sensitive to esfenvalerate than
B cypermethrin

e Both growth stages gave similar resistance
ratios for each of the three pyrethroids

* In both growth stages, LC., resistance ratios
were double for bifenthrin compared to
esfenvalerate or cypermethrin




m Summary - Significance

e Both target site and metabolic resistance have been found
In Texas H. zea

— Never found in same individual

— Sometimes found at same date and location: different
hosts?

Temporal analysis: Most recent years metabolic resistance
most frequent

Current resistance monitoring strategy is effective, but
future will allow for more specific, high-throughput
molecular-based assays

— Melting temperature shift g°PCR
— ELISA-based CYP assays




Thank you!

Brad Hopkins, Ph.D.,
currently with Dow

AgroSciences
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Bl Metabolism Results

> e |99
7 - g
6
=
o 5 = N
4 -
3 UVALDE
Concentration Cypermethrin (pg/vial)
Concentration CYP6B38 CYP6B9
Individual County Survived Date Collected Relative Relative
Specimen (ng/vial) Expression Expression
Susceptible — — — 1.00 1.00
R2 Nueces 30 June 18, 2006 372 5.56
R4 Burleson 30 July 1, 2003 33.33 39.65
R5 Burleson 30 July 10,2003 5.80 638
R9 Uvalde 30 July 13, 2007 12.38 23.64
R10 Williamson 60 July 8, 2008 6.68 178

R27 Uvalde 60 June 30, 2009 34.92 37.43




J Results: Adult, Uvalde vs Susc

RR LCq, RR LC,, Equal x2 (df), Parallel 2 (df),
Insecticide (95% CI) (95% CI) tail prob. tail prob.
Cypermethrin | 848 | 4.16 3.82 Reject | 104.(2), | Donot | 0.28 (1),
(3.21-5.38) | (2.63-5.55) 0.000 reject 0.597
Esfenvalerate | 739 | 4.67 4.37 Reject | 97.90 (2), | Donot | 0.11 (1),
(3.48-6.27) | (2.63-7.26) 0.000 reject 0.744
Bifenthrin 934 |9.28 5.90 Reject | 169. (2), | Reject | 5.91 (1),
(7.32-11.76) | (4.02-8.64) 0.000 0.015
Adult Vial
“Uvalde ve Stise o S
& >
a 59 =
=S
4 "
& 055

Concentration (pg/vial)
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Insecticide

Growth

(95% CI)

(95% CI)

| Results: Susceptible Vial Assays

Slope (+SE)

Cypermethrin | Third 862 | 0.37 1.22 2.45 (£0.17) | 25.03 (13)
Instar (0.37-0.44) | (0.97-1.67)
Adult 693 | 0.70 1.86 2.99 (x0.21) | 17.84 (10)
(0.60-0.81) | (1.50-2.54)
Esfenvalerate | Third 861 | 0.40 1.45 2.31 (£0.16) | 55.28 (13)
Instar (0.29-0.54) | (1.02-2.55)
Adult 598 | 0.49 1.35 2.93 (x£0.23) | 29.58 (9)
(0.39-0.65) | (0.95-2.47)
Bifenthrin Third 854 | 0.13 0.38 2.80 (x0.20) | 38.02 (13)
Instar (0.10-0.16) | (0.29-0.57)
Adult 798 | 0.17 0.51 2.62 (x0.18) | 118.44
(0.11-0.26) | (0.31-1.62) (13)

| Susceptible Vial
Assay Comparisons

Concentration (uglvial)

% Mortality
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_ Results: Susceptible Vial Assays

Susceptible Vial _

Probit

Concentration (ug/vial)

% Mortality



Probit Lines: used for H. virescens and confirmed
for H. zea data from South Carolina 1998 (

.............................................................. Heterozngtes e — 99
7 R R EEEEEEEERE, Suerve 3 ug/V|a| ...................... - 98
______________________________________________________________ but die at 10 ug/vial ._~........| g5

Probit
% Mortality

Concentration Cypermethrin (pg/vial)



o Mutually Exclusive Exons c and d -
54 Amino Acids in Length

*

Helze c¢ LRVFKLAKSWPALNLIISIMGRTVGALGNLTFVLCIIIFIFAVMGMQLFGKNYT

III Helze d ........... T...L....... Mo e e e e e e e e e e e e e e e V
HEBZE RO C oot e e e e e e e e e e e e e e e e e e ececceccecce e e e aceaaaaa
Helze R6 d ........... T...L.o..... M. e e e e e a o Ve Vv
III i [SY 1LY /2 T 2N
Helvi d ........... T...Looo.... M e e e e e e e e e e e e e e e V

. ] 11 = L /Z28
BnNav d............ T...Lo...... M e e e e e e e e e e e e e eeeaa—aa V

para C ........... T

para d ........... T...L....... Mo e e e e e e e e e e H

.Alignment of mutually exclusive exons ¢ and d from Helicoverpa zea (Helze) with
Heliothis virescens (hscp), Bombyx mori (BmNav) and Drosophila melanogaster

(para) (GenBank accession nos. GU574730, AF072493, EU822499 and M32078,

respectively) (Park et al. 1999; Shao et al. 2009; Loughney et al. 1989). Helze R6
represents a cDNA identified from a resistant specimen that contained a mutation
homologous to 1951V (*) of para, potentially an RNA-editing event associated with
. resistance to pyrethroid insecticides.




Helicoverpa zea novel sodium channel
cDNA and P450 enzymes probes

Target site insensitivity Confidential
3183 nt' 1061 amino acids sequenced; ~ 62.5% of sequence

P450s cloned, sequenced

CYP6BS8

96.70% nucleotide and 98.96% cyoons.

Aa similarity with budworm
. (Heliothis virescens) channel CYP9A14

(6) CYP6BO; (7) CYP9A12; (8) CYPOA14. Bands were
cut from Lanes 5, 7, and 8. March 6, 2008.
.- B. Hopkins et al. UNPLUBLISHED @RESEARCH

eeeeeeeeeeeeeeee




H. virescens Sodium Channel Gene Organization

Extra-cellular

Predicted secondary structure MW TV T 1V T TET T TV TTTT m
Intra-cellular
Homology domains
. / / . \\ \
Primary structure
RT3 RT312 RT5.1 RTI RT4 RTS5.2
. 1kb ,
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see Fig. 7

Organization

of hscp v_ e 1o mide. 13 14 20 2
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Park et al., 1999



B Spatial diversity: Evolution of resistance
B has a strong local component

2003 Texas Counties LC50 (ug/vial) with resistance ratios
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