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Global Herbicide Resistance Challenge 2017 Opening Session

"State of the Global Herbicide Resistance Challenge" - #S Powles, University of Western
Australia (1)

Conference Welcome "Challenge Accepted" - T Gaines, Colorado State University, GHRC
2017 Scientific Program Chair (2)

Overview of herbicide resistance issues in South America - #RFL Ovejero, Monsanto (3)

Overview of herbicide resistance issues in Europe - #A Collavo, Bayer CropScience (4)

Overview of herbicide resistance issues in North America - #AS Culpepper, University of
Georgia (5)

Summary of US National Academy of Science National Summits and regional Herbicide
Resistance listening sessions - #J Schroeder, USDA Office of Pest Management Policy (6)

Overview of herbicide resistance issues in Asia - #V Shivrain, Syngenta (7)

Overview of herbicide resistance issues in Australia - #M Walsh, University of Sydney (8)

Developing effective communication strategies for herbicide resistance - #M Curtin, G&S
Business Communications (9)

Industry perspective of how to meet the herbicide resistance challenge - #M Peterson, Global 
Herbicide Resistance Action Committee Chair and R&D Director, Dow AgroSciences (10)

Auxin Resistance Symposium (Sponsored by Global HRAC)

History of auxin herbicide resistance - *I Heap, International Survey of Herbicide-Resistant
Weeds (11)

Evolution of resistance to auxin herbicides: History, spread and mechanisms of resistance - *M
Jugulam, Kansas State University (12)

Discovering and developing new synthetic auxin herbicides - *N Satchivi, Dow AgroSciences
(13)

Auxin herbicide perception and metabolism - *R Napier, University of Warwick (14)

Case study of weed species resistance to auxin herbicides - Kochia scoparia - *P Westra, 
    Colorado State University (15)

Resistance mechanisms to 2,4-D in multiple herbicide-resistant wild radish and management
options - *R Busi, University of Western Australia (16)

Resistance mechanisms to synthetic auxins in Spanish Papaver rhoeas populations - *J Torra,
University of Lleida (17)
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2,4-D resistance in prickly lettuce (Lactuca serriola L.) - *D Riar, Dow AgroSciences (18) 

Managing resistance in auxin tolerant crops - *M Horak, Monsanto and Chair of US HRAC (19) 

Dicamba resistant crops: How dicamba resistance gene technology was developed and how it

works - DP Weeks (20)

Inheritance of 2,4-D resistance in Amaranthus tuberculatus - PJ Tranel (21)

Cytochrome P450 modulates 2,4-D metabolic resistance in waterhemp (Amaranthus

tuberculatus) - ^MRA Figueiredo (22)

Investigation of a role of â-Cyanoalanine Synthase in quinclorac resistance in multiple-herbicide
    resistant Echinochloa phyllopogon - ^P Chayapakdee (23)

Distinct mechanisms contribute to dicamba resistance in Kochia scoparia from Kansas and
    Colorado - ^J Ou (24)

Interactive Workshops

Bridging the gap between weed geomics and herbicide resistance management - Organizer &
Rapporteur: #P Neve, Rothamsted Research (25)

Communication is critical to solve our herbicide resistance problems - Organizer & Rapporteur:
#P Newman, University of Western Australia (26)

Socioeconomics and human dimensions of herbicide resistance - Organizer & Rapporteur: #G
Frisvold, University of Arizona (27)

Linking big data and resistance testing for precision herbicide resistance management -
Organizer & Rapporteur: #I Burke, Washington State University (28)

Genomics Session

Polyploidy and herbicide resistance evolution - #Q Yu (29)

Progress and perspectives in transcriptomics-based herbicide resistance research - #D
Giacomini (30)

Palmer amaranth genome assembly - #C Saski (31)

First case of glyphosate resistance in Tridax procumben endowed by a novel EPSPS
Thr-102-Ser mutation - J Li (32)

Transcriptomics and population genetics of glyphosate resistant Conyza bonariensis (fleabane)
populations in Australia - JP Hereward (33)
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Genomics Session

EPSPS gene duplication is not sufficient for glyphosate resistance in Palmer amaranth - RD
Sammons (34)

Double amino acid substitutions in EPSPS endows high level glyphosate resistance in Eleusine
indica - A Jalaludin (35)

The EPSPS replicon: A massive vehicle for gene copy number proliferation in Amaranthus
palmeri - WT Molin (36)

Education & Regulatory Session

Educational lessons from the Take Action: Herbicide Resistance Management project - *CL
Sprague (37)

European and Spanish legislation that increases agricultural diversity and its relationship with
the management of herbicide resistance - *A Taberner (38)

The US EPA's herbicide resistance management approach - B Chism (39)

Herbicide discovery in light of fast spreading resistance and ever increasing regulatory hurdles -
B Peters (40)

New tax on pesticides triggers increased monitoring - SK Mathiassen (41)

Diagnostic Session

Weed herbicide resistance diagnostics from field to new molecular biology technology. A review
- R Beffa (42)

Derived Polymorphic Amplified Cleaved Sequence (dPACS) assay: a novel PCR-RFLP
procedure for detecting known Single Nucleotide Polymorphisms - SS Kaundun (43)

Rapid detection of resistance to post-emergence herbicides in Amaranthus spp. with the
Syngenta Resistance In-Season Quick (RISQ) test - L Jackson (44)

Lessons from Other Disciplines

Lessons from insecticide resistance - #B Siegfried, Professor and Department Chair, University
of Florida (45)

Lessons from fungicide resistance - #MT McGrath, Associate Professor, Cornell University (46)

Lessons from antimicrobial resistance - #SJ Janelle, MPH, CIC; Medical Epidemiologist,
Colorado Department of Public Health and Environment (47)
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An ecologist's perspective on herbicide resistance - #M Bagavathiannan (48)

Farmer's awareness of resistant weeds and perception of resistant management strategies:
Results from a German survey - #D Rissel (49)

Herbicide resistance surveys - a case study of Western Australia - #MJ Owen (50)

"International Weed Genomics Consortium (IWGC)": an initiative to coordinate and enable
research in weed genomics.- #K Ravet (51)

Modeling & Population Genetics 

Evolution in ecological timescales: a threat to food production and security - SR Coutts (52)

Modeling the evolution of metabolic resistance - O Richter (53)

Molecular evolution and population dynamics of herbicide resistance in genus Amaranthus:
rapid proliferation of a highly conserved gene modulated by population history - A
Lawton-Rauh (54)

The population genomics of multiple herbicide resistant Alopecurus myosuroides in the UK - A
Dixon (55)

A generalized population model for predicting the evolution of herbicide resistance in arable
weed populations - C Liu (56)

The Diversity model: A multi-species, multi-herbicide tool for strategy development in Australian
cotton cropping - D Thornby (57)

The herbicide dose conundrum regarding the evolution and delaying of weed resistance - J
Gressel (58)

Could herbicide resistance be eradicated? - M Renton (59)

Transcriptomics / Genomics Session

RNA-seq transcriptome analysis of multiple herbicide resistance in Avena fatua L. - BK Keith
(60)

Evaluation of epigenetic modifications in herbicide treated Arabidopsis thaliana mutants - A
Merotto (61)

Decreased dicamba transport due to increased flavonoid biosynthesis: a candidate dicamba
resistance mechanism - T Gaines (62)

Genome sequencing and assembly for Kochia scoparia - ^E Patterson (63)
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Genetic diversity and resistance of 15 Echinochloa crus-galli biotypes to quinclorac in Mekong
delta of Vietnam and Arkansas of US - L Duy (64)

Independent selection in glyphosate-resistant populations of Digitaria insularis from Brazil - ^HK
Takano (65)

Non-Target Site Resistance Session

Investigation of the resistance mechanisms to several ACCase inhibitors in a multiple-herbicide
resistant line of Echinochloa phyllopogon - #S Iwakami (66)

Herbicide metabolic resistance gene discovery in Lolium rigidum using RNA-sequencing - H
Han (67)

The detection and underpinning mechanisms of non-target site based herbicide resistance in
black-grass - R Edwards (68)

New insights in development and mechanism of non-target-site herbicide resistance in
Alopecurus myosuroides - J Petersen (69)

Evolution of non-target-site resistance to ALS inhibitors in the allergenic dicotyledonous weed
Ambrosia artemisiifolia - L Meyer (70)

Next generation sequencing validation requested to reveal non-target-site herbicide resistance
mechanisms in Lolium rigidum - S González Fernández-Niño (71)

Molecular, proteome, and biochemical characterization of multiple herbicide resistant Avena
fatua accessions - WE Dyer (72)

Climate changes increase the risk for evolution of herbicide resistance weeds - M Matzrafi (73)

Herbicide Resistance in Crops Session

Kochia: biology, gene flow and management of a herbicide-resistant tumbleweed - #LM Hall
(74)

A decade of weed surveys across south-eastern Australia- changes in herbicide resistance
levels and identification of new cases of resistance - P Boutsalis (75)

Herbicide-resistant Kochia scoparia in the US Great Plains: What we know and path forward -
 VK Kumar (76)

Adaptive value of single and double spontaneous EPSPS glyphosate resistance mutations in

the agroecosystem - MM Vila-Aiub (77)

Blackgrass (Alopecurus myosuroides Huds.) resistance to ALS-inhibitors: A case study

approach to study causes of weed resistance to herbicides - R Beffa  (78)
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Rising CO2 and temperature levels impact on herbicide efficacy and physiology of
herbicide-resistant C3 and C4 weeds - NR Burgos (79)

Management Session

Herbicide resistance in California orchard and vineyard cropping systems - #B Hanson (80)

Controlling herbicide resistant annual bluegrass (Poa annua L.) phenotypes with methiozolin -
#JT Brosnan (81)

Control of glyphosate-resistant waterhemp (Amaranthus tuberculatus var. rudis) in Roundup
Ready, Liberty Link, Enlist and HPPD Soybean (Glycine max) in Ontario - PH Sikkema (82)

Biology aspects, differential susceptibility and efficacy of alternative herbicides to glyphosate in

the management of goosegrass resistant populations to glyphosate (Eleusine indica L. 
Gaertn.) - PJ Christoffoleti (83)

Market reactions to weed resistance:  Mode of action changes in herbicides used in soybeans
and corn in the USA, Brazil and Argentina from 1996 to 2015 - HJ Strek  (84)

Resistance Fighter: A platform to help retailers and growers manage herbicide resistant weeds
- D Bowers (85)

State of weed resistance in western Canada, economic impact, and grower adoption of
proactive and reactive management practices - HJ Beckie (86)

HPPD Workshop (Sponsored by Global HRAC)

*J Norsworthy - Overview of HPPD Activity and Resistance Management (87)

Metabolic resistance to the HPPD-inhibitor tembotrione in Palmer amaranth (Amaranthus
palmeri) - ^A Küpper (88)

An RNA-seq based genomic analysis of 4-hydroxyphenylpyruvate dioxygenase inhibitor
herbicide resistance in Amaranthus tuberculatus - ^DR Kohlhase (89)

Mechanism of resistance to mesotrione in an Amaranthus tuberculatus population from
Nebraska, USA - S-J Hutchings (90)

Biochemical mechanisms and genes conferring metabolic resistance to multiple herbicides in
Amaranthus tuberculatus - DE Riechers (91)

Physiological, biochemical and molecular characterization of multiple herbicide resistance in
Palmer amaranth (Amaranthus palmeri) - S Nakka (92)
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GHRC 2017 Closing Session

Looking ahead from the Private Sector perspective towards meeting the herbicide resistance
challenge - #A Percy, Bayer CropScience Global R&D Director (93)

Diagnostics Poster Session

Multiple resistance to glyphosate and ALS inhibitors in Palmer amaranth (Amaranthus palmeri)
identified in Brazil - A Küpper (D1)

Early detection of herbicide resistance using spectral image analysis - DS Kim (D2)

Quick method for resistance detection in Bidens pilosa biotypes - F Gava (D3)

Glyphosate resistance in Eleusine indica populations from Brazil: detection, mechanism and
monitoring - ^HK Takano (D4)

The effect of Tri-allate folllowing a pre-emergence application on the formation of the wax leaf
cuticle and comparison to field performance of grass-weeds in Europe - J Edmonds (D5)

Double herbicide resistant biotypes of wild oat (Avena fatua) display characteristic metabolic
fingerprints before and after applying ACCase- and ALS-inhibitors - JR Torres-García (D6)

 Education and Regulatory Poster Session

A classroom and extension activity for teaching practical limitations to proactive herbicide
resistance management - AR Kniss (ER1)

Experimental methods for confirming resistance to glyphosate and dicamba - ^C Coburn (ER2)

Bringing the challenge home to farmers: How interactive mapping of local resistance data may
promote faster and more effective action - C White (ER3)

WeedSmart - changing the way we communicate in Australian agriculture - L Mayer (ER4)

Influence drives practice change, not information - P Newman (ER5)

Genomics Poster Session

The role of the mitochondrial PPO gene (PPX2) in resistance to PPO herbicides - ^A Barker
(G1)

Enhanced CYP-450 herbicide metabolism and ALS Pro-197-Gln mutation endow different
resistance levels to sulfonylureas herbicides in Lolium rigidum - ^AD Ponce (G2)

Investigating the 2,4-D resistance mechanism in Indian hedge mustard (Sisymbrium orientale)
from Australia using RNA-Seq - ^A Küpper (G3)
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Withdrawn (G4)

Target-site mutations in ALS gene copies vary according to Echinochloa species - E
Mascanzoni (G5)

Novel target-site α-tubulin mutations conferring trifluralin herbicide resistance in Lolium rigidum -
^J Chen (G6)

Glyphosate and paraquat stress in Conyza bonariensis and Conyza canadensis: Transcription
of putative tonoplast transporters and selection of reference genes for qRT-PCR - ML
Moretti (G7)

Underlying mechanisms in glyphosate-resistant Eleusine indica from Mexico - ^PT

Fernandez-Moreno (G8)

Mechanisms and EPSPS gene characteristics of plants naturally tolerant to glyphosate - S

Qiang (G9)

Mechanism of glyphosate resistance of Lolium multiflorum in Japan - T Tominaga (G10)

Glyphosate resistance mechanisms in Chloris species - JM Malone (G11)

Allelic contribution to target site mediated glyphosate resistance in Echinochloa colona - S
 Morran (G12)

Herbicide Resistance in Crops Poster Session

Coexistence of ALS-inhibitors resistant Amaranthus species in North-Eastern Italy - ^A Milani
(HR1)

Distribution of glyphosate-resistant Palmer amaranth (Amaranthus palmeri) and common
waterhemp (Amaranthus rudis) in Nebraska - ^BC Viera (HR2)

Trends in green foxtail resistance to Group 1 and Group 2 herbicides - BM Jenks (HR3)

Characterization of a multiple-resistant population of Italian ryegrass from California - ^C
Brunharo (HR4)

New cases of herbicide-resistant Echinochloa crus-galli detected in Uruguayan rice fields - C
Marchesi (HR5)

Which mechanism drives imazapyr + imazapic resistance in Echinochloa crus-galli biotype
E3CL from eastern Uruguay? - C Marchesi (HR6)

Geographical distribution of herbicide resistant Echinochloa species in Californian rice fields -
DS Kim (HR7)

Mechanism of Acetolactate synthase (ALS) inhibitor resistance in Echinochloa oryzicola - DS
Kim (HR8)

Global Herbicide Resistance Challenge 2017 Proceedings page 9



ALS resistant Cyperus difformis L. biotypes in rice - H Mennan (HR9)

Ile-2041-Asp mutation endowing high-level resistance to clodinafop-propargyl in Avena
ludoviciana populations - H Sasanfar (HR10)

Spatial distribution of ALS inhibitor and ACCase inhibitor resistant Echinochloa oryzicola in rice

fields in Korea - J Lee (HR11)

Withdrawn (HR12)

Glyphosate-resistant Conyza canadensis in Korea - KW Park (HR13)

Widespread multiple herbicide resistance in UK populations of Alopecurus myosuroides - L

Crook (HR14)

Characterization of multiple-resistant Italian ryegrass populations from western Oregon - ^LK

Bobadilla (HR15)

Characterization of herbicide resistance in a multiple-resistant Amaranthus rudis population

from Missouri, USA - LS Shergill (HR16)

Withdrawn (HR17)

Chemical, biochemical an physiological interactions between the herbicides glyphosate and

2,4-D - ^MRA Figueiredo (HR18)

Resistance of Apera spica-venti in Lithuania - O Auskalnine (HR19)

Evolution of glyphosate-resistant Salsola tragus L. (Russian-thistle) in Montana and Pacific

Northwest, USA - P Jha (HR20)

Multiple herbicide resistance of Eleusine indica to glyphosate and ACCase inhibitor herbicides in

Brazil - PJ Christoffoleti (HR21)

Evolution of resistance to ACCase-inhibiting and cross-resistance to non-selective herbicides in

Eleusine indica - ^PT Fernandez-Moreno (HR22)

Initial case of cross resistance to PPO-inhibiting herbicides for a Lolium rigidum biotype

resistant to glyphosate in Spain - ^PT Fernandez-Moreno (HR23)

Weed control, crop tolerance and potential tank contamination in dicamba resistant soybeans -

S Knezevic (HR24)

Eco-evolutionary dynamics on the invasion front allows both target site and non-target site

resistance to establish in the same population - SR Coutts (HR25)

Survey of weed resistance in Serbia - S Vrbnicanin (HR26)

Weedy sunflower (Helianthus annuus L.) response to herbicide ALS inhibitors - S Vrbnicanin
 (HR27)
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Lolium perenne spp. multiflorum (Iredell County, NC) resistance to ACCase inhibitors, ALS
inhibitors, and glufosinate - VK Nandula (HR28)

Resistance to ALS inhibitors in Amaranthus tuberculatus and A. retroflexus from Mississippi -
VK Nandula (HR29)

Modeling & Population Genetics Poster Session

Glyphosate resistance in the UK? An epidemiological assessment of glyphosate sensitivity in
UK populations of Alopecurus myosuroides - D Comont (MP1)

Impacts of environmental and biological stressors on the population dynamics of multiple
herbicide resistant Avena fatua (L.) - EA Burns (MP2)

Herbicide resistance in rice in Italy: is its evolution associated with agronomic and
environmental conditions? - ^E Mascanzoni (MP3)

Exploiting the phenology of herbicide-resistant Ambrosia trifida to manage the weed seed bank
- ^J Goplen (MP4)

How well will stacked transgenic herbicide resistances delay weeds from evolving resistance? -
J Gressel (MP5)

How to integrate the management of resistant weed biotypes in a DSS? The case of the
Spanish version of CPOWeeds - JM Montull (MP6)

Target and non-target site mechanisms confer resistance to glyphosate in Canadian
populations of Conyza canadensis - ER Page (MP7)

Non-Target Site Resistance Poster Session

Scouting for metabolic resistance in weeds - A Collavo (NT1)

Exploring genotype-phenotype relations in non-target site resistant Alopecurus
myosuroides populations - ^C Lowe (NT2)

Limited induction of ethylene and cyanide biosynthesis appears to be involved in resistance to
quinclorac in Echinochloa crus-galli biotype found in Uruguay - C Marchesi (NT3)

Non-target-site resistance evolution in Apera spica-venti - D Rissel (NT4)

Detection of Bidens pilosa with multiple resistance to atrazine and imazethapyr in Brazil - GBP
Braz (NT5)

Non-target site resistance in the HPPD-resistant waterhemp from Nebraska - ^MC Oliveira
(NT6)
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Glyphosate-resistant Ambrosia trifida: Non-target site resistance mechanisms and physiology of

rapid tissue death response - ML Moretti (NT7)

A novel mechanism that confers reduced glyphosate sensitivity in Kochia scoparia - ^N Soni
 (NT8)

Characterizing the phenotypic response to fluroxypyr in Kochia scoparia - ^OE Todd (NT9)

Evidence for multiple herbicide-resistant Italian ryegrass (Lolium multiflorum) populations in

northern California - P Tehranchian (NT10)

Withdrawn (NT11)

HPPD Resistance Poster Session

Investigating a putative HPPD (4-hydroxyphenylpyruvate dioxygenase) inhibiting herbicide

resistant Ambrosia trifida population - ^EAL Jones (HPPD1)

Waterhemp resistance to post emergent application of HPPD herbicides - SZ Knezevic 
(HPPD2)

Management Poster Session

Current status of herbicide resistant weeds in wet seeded rice in Sri Lanka - ASK Abeysekara

(M1)

Pre-launch activities and stewardship for the new ALS tolerant sugar beet system Conviso - A

Collavo (M2)

Crop safety and winter annual grass weed control in mutagenesis-derived ACCase-resistant

winter wheat lines - ^CM Hildebrandt (M3)

Evaluating the relative contribution of crop rotation, tillage, and herbicide diversity for proactive

herbicide resistant weed management - ^EG Mosqueda (M4)

Status of herbicide weed resistance in Brazil - F Adegas (M5)

Withdrawn (M6)

Distribution and management of Sorghum halepense and Amaranthus retroflexus resistant to

ALS inhibitors in Serbia - G Malidza (M7)

Triallate tank mixes and sequential applications with pyroxasulfone for improved control of wild

oat (Avena fatua) - G Newberry (M8)

Withdrawn (M9)

Withdrawn (M10)
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An overview of the University of Tennessee Weed Diagnostics Center - JT Brosnan (M11)

Evolution of herbicide resistance in monocotyledonous weeds in Central Europe - J Petersen
(M12)

Herbicide resistance in Apera spica-venti in the Czech Republic is spreading due to
simplification of farming practices - J Soukup (M13)

Using herbicide layering for managing herbicide resistance in Avena fatua in wheat in western
Canada - K Holmes (M14)

Might artificial pollination be used as an herbicide-resistant weed management tool? - M
Christoffers (M15)

Florpyrauxifen-benzyl (RinskorTM Active): A new arylpicolinate herbicide for weed control and
herbicide resistance management in rice - M Morell (M16)

Control of glyphosate-resistant Conyza canadensis in a corn/soybean/winter wheat rotation - N
Soltani (M17)

Glyphosate-resistant Amaranthus palmeri biotypes in Argentina: 2,4-D choline vs. dicamba
DMA dose response in postemergence applications - R Frene (M18)

Weed control programs for Conyza sumatrensis glyphosate-resistant biotypes in Enlist E3TM
soybeans in Argentina - R Frene (M19)

Is the switch to residual herbicides for Alopercurus myosuroides control in the UK building up
resistance problems for the future? - R Hull (M20)

Monitoring multiple resistance to glyphosate and chlorimuron in Conyza populations from
grain-producing areas of Paraná (Brazil) - ^RR Mendes (M21)

Giant ragweed resistance to glyphosate in Nebraska - SZ Knezevic (M22)

Resistance management of Amaranthus tuberculatus in 2,4-D and dicamba tolerant soybean
using tank-mixtures - SV Stepanovic (M23)

Recent developments of herbicide resistance in New Zealand - TK James (M24)

Current status and management strategies for herbicide-resistant weeds in India, Sri Lanka,
and the Philippines - V Kumar (M25)

Evolution and management of glyphosate-resistant weeds in wheat-fallow in Montana, USA -
VK Kumar (M26)

Withdrawn (M27)

Improving winter crop yield through no-till agronomy and summer weed management in the
scenario of herbicide resistance in Western Australia - M Amjad (M28)
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Influence of long-term herbicide use on weed shifts in permanent corn and in rotation with
soybean under different methods of soil tillage in Ukraine - V Zadorozhnyi (M29)

# Invited speaker.

* Speaker sponsored by Global HRAC
^ Presenting as a student.
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Future food in a world with herbicide resistant weeds 

S Powles  
University of Western Australia, Perth, WA Australia 

Massive increases in food production have matched the massive increase in the global 
human population. Globally, food security is underpinned by the food grains, especially 
rice, wheat, corn and soybean, with major grain exporting regions delivering the food 
needs for other regions. Modern herbicides, by controlling crop-infesting weeds, make 
major contributions to boosting crop yields, especially in global field grain crops. 
Herbicides have helped grain production boosts in many parts of the world, providing 
the global food needs of the ever-increasing global human population. Herbicides have 
been so effective, especially in large area field crops, that there is an over-reliance on 
herbicides and insufficient diversity in agro-ecosystems. Herbicide over-reliance without 
diversity is the evolutionary scenario for herbicide resistant weed populations. In recent 
decades there has been several waves of herbicide resistant weeds, with glyphosate 
resistance being the current wave of resistance evolution. New herbicide discoveries, 
able to control resistant weeds, are very rare. Therefore, collectively, the world needs to 
do a much better job of sustaining herbicide technology, as well as develop alternative 
weed control technologies. For herbicides and any alternative good weed control 
technology there needs to be much greater recognition of the powerful forces of 
evolution that enable weeds to overcome any good control tool used persistently without 
diversity. It is emphasised that herbicides, and any alternative weed control 
technologies, can be sustainable if used wisely within diverse agro-ecosystems. 
Widespread herbicide resistant weed populations are telling us that we need to do much 
better at sustaining vital weed control technologies for future generations. This can be 
achieved through creativity, technology and diversity in agro-ecosystems. 
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GHRC: Challenge Accepted 

T Gaines 
Colorado State University 

The challenge from the Perth 2013 conference is to make herbicides sustainable by 
smarter herbicide usage and by development of alternative tools to help herbicides. This 
challenge is accepted for the Denver 2017 conference. GHRC 2017 will cover the 
current breadth of research, education, and policy from around the world to deal with 
the herbicide resistance challenge. In many countries with intensive agriculture, 
herbicides are used to the exclusion of all other weed control tactics, a phenomenon 
termed Herbicide Only Syndrome (HOS). During GHRC 2017 we will explore how to 
change HOS to Herbicides and Diversity (HAD). Differences are apparent within the 
scientific community in how to frame the resistance challenge, and GHRC 2017 will 
explore and debate these difference. Solutions are being explored, including options 
that are deployable in the short term (such as Harvest Weed Seed Control) and others 
that are longer term and more speculative (such as gene drives and RNAi). We have 
learned that herbicides are useful technology but the only way that they will continue to 
be the foundation of weed control in field crops is if we employ a range of other tools 
(such as HWSC and others) to help them be sustainable. Effective education and 
communication are especially critical because of the virulent HOS and the pressing 
need to change this to HAD. 
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Overview of herbicide resistance issues in South America 
RFL Ovejero, Monsanto, São Paulo, SP, Brazil 

Glyphosate has been commercially used in South America for decades in conservation 
no-till systems, as well as for non-selective weed control in perennial and semi-
perennial crops (sugarcane, fruit production and forestry). After the launching of 
genetically modified crops resistant to glyphosate, this technology (Roundup Ready) 
was widely adopted in South America, mainly in soybean, for improved weed control 
and consequent yield protection. Although this technology has been used successfully 
over the last twenty years in Argentina, Brazil, Paraguay and Uruguay, the use of 
glyphosate without implementation of resistance management programs has led to the 
evolution of glyphosate-resistant weed populations across the main cultivated row crops 
regions. To date, several cases of weed resistance to herbicides have been reported in 
South America mainly in the last 10 years, such as Sorghum halepense, Conyza spp., 
Digitaria insularis and Amaranthus palmeri.  Also, growers are facing increased 
management complexity due to the presence of weed populations with multiple 
resistance to herbicides or mixed glyphosate resistant populations (grasses + 
broadleaves) in the field. Additionally, growers do not have extensive experience in 
weed management and the use of alternative herbicides. Therefore, resistance 
management to prevent or slow weed resistance evolution remains challenging. The 
implementation of comprehensive stewardship programs in South America has been 
critical to the long-term sustainability and viability of glyphosate-based weed control 
systems by reducing selection pressure through the use of alterative herbicides. This 
includes developing diversified weed control recommendations tailored to each growing 
region, education programs targeting farm consultants and farmers explaining the need 
and benefits of proactive weed management, implementation of regulations by 
government facilitating the development and communication of best management 
practices, and commercial programs consistent with science-based weed management 
recommendations. 
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Overview of herbicide resistance in Europe 

A Collavo 
Bayer Crop Science, Frankfurt, Germany 

Herbicide resistance in EU is spread widely among different cropping systems and the 
major species concerned are well documented in an official database 
(www.weedscience.org). Many universities, national research centres as well as 
agrochemical companies are involved in the investigation and documentation of 
herbicide resistance in weeds. As expected, the crops most affected by weed 
resistance in the EU are winter cereals. Since grass weeds were historically the main 
problem in cereals, they were primarily treated with ACCase inhibitors, and later when 
resistance to this class of herbicides developed, with ALS inhibitors. This resulted in an 
increased occurrence of biotypes resistant to one or both modes of action. The 
standard practice in the past was to use mainly one single application of one product, 
but nowadays the trend is to use two herbicide applications and in some cases 
preceded by the use of a burn-down treatment before planting. The major resistant 
weeds are grasses like Alopecurus myosuroides, Apera spica-venti and Lolium spp. 
Their distribution among countries depends mainly on soil and climatic characteristics. 
Corn cropping systems are increasing within multi-year crop rotations and moving north 
due to the introduction of new adapted varieties. In the past, ALS herbicide resistance 
was less common than nowadays. New cases of resistance in Sorghum and 
Echinochloa species have been reported in the last years. Compared to the major 
commodity producing countries worldwide, the EU agricultural landscape is 
characterised by a greater diversity of cropping systems, locally adopted cultivation 
practices and a lesser adoption of minimum tillage. This is reflected in a generally more 
complex weed flora observed in Europe. Additionally, resistant biotypes often occur only 
locally (e.g. Papaver, Matricaria and Chenopodium species) and in areas where 
different or specialized crops are grown (oil seed rape, sugar beet, rice, perennials). In 
the absence of proactive measures (e.g., machinery hygiene) and integrated weed 
management measures, future resistance problems could come from the occurrence of 
volunteer crops, especially in herbicide tolerant oil seed rape. The predicted trend of a 
warmer climate in the future will also contribute to a change in local weed populations, 
especially in the northern EU. The increasing adoption of minimum tillage, partly in 
response to a desire for greater water conservation, is another factor that will affect the 
distribution and management of weeds. Local, tailor made solutions and the adoption of 
IWM strategies are decisive to manage herbicide resistance and to proactively cope 
with weeds. 
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Overview of Herbicide-Resistant Weeds in the United States 

AS Culpepper1; L Sosnoskie2; A York3; L Steckel4; P Dotray5 
1University of Georgia, Tifton, GA, USA; 2University of California, Davis, CA, USA; 
3North Carolina State University, Raleigh, NC, USA; 4University of Tennessee, Jackson, 
TN, USA; 5Texas Tech University, Lubbock, TX, USA 

Herbicide-resistant weeds are certainly not new but the impact from these weedy pests 
during the last 15 years has changed agriculture forever. The United States leads the 
world with respect to the number of reported herbicide-resistant weed biotypes (156 weed 
species by site-of-action combinations). Weeds resistant to the acetolactate synthase 
(ALS), photosystem II (PSII), acetyl CoA carboxylase (ACCase), and enolpyruvyl 
shikimate-3-phosphate synthase (EPSPS) inhibitors are the most common. Palmer 
amaranth (Amaranthus palmeri), waterhemp (Amaranthus tuberculatus (= A. rudis)), and 
ryegrass species (Lolium spp.) are having the greatest impact on agronomic crops 
although the effects of resistant weedy pests vary by region. 

In the Southeast, glyphosate (EPSPS inhibitor)-resistant Palmer amaranth, horseweed 
(Conyza canadensis), and common ragweed (Ambrosia artemisiifolia), as well as annual 
ryegrass resistant to ALS- and ACCase-inhibiting herbicides are the most significant 
concerns to agronomic crop growers.  Populations of Palmer amaranth have also been 
documented with resistance to atrazine (PSII inhibitor), dinitroanilines (mitosis inhibitor), 
and/or ALS-inhibiting herbicides and are currently being tested for resistance to 
protoporphyrinogen oxidase (PPO) inhibiting herbicides. Populations with resistance to 
multiple modes of action are enhancing the overall impact of the pest. 
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Two U.S. national summits on herbicide resistance and seven regional herbicide 
resistance listening sessions: what have we achieved and learned? 

J Schroeder1; D Shaw2; M Barrett3; D Ervin4; A Asmus5; Rd Jussaume6

1USDA-Office of Pest Management Policy, Washington, DC, USA; 2Mississippi State 
University, Mississippi State, MS, USA; 3University of Kentucky, Lexington, KY, USA; 
4Portland State University. Portland, OR, USA; 5Asmus Farm Supply, Inc., Rake, IA, 
USA; 6Michigan State University, East Lansing, MI, USA 

The Weed Science Society of America (WSSA) partnered with the National Academy of 
Science (NAS) in 2012 to hold the first Herbicide Resistance Summit in Washington, 
DC. The goal was to inform policy makers and others about the resistance situation
through presentations on best farm-level management practices for addressing
herbicide resistance, obstacles to their implementation, and the recommendations from
the United States Department of Agriculture Animal Plant Health Inspection Service
(USDA-APHIS) commissioned report. A second Herbicide Resistance Summit in
September 2014 was hosted by the NAS and organized by WSSA.  Presenters
discussed the socio-ecological dimensions of the problem and issued a call to action.
The presentations emphasized the need for interdisciplinary approaches combining
agricultural sciences with social sciences to understand the context of farmer decision-
making and the value of hearing and using farmer experiential knowledge. The need for
community-based approaches was emphasized in the Summit because weeds are
mobile and actions by individual farmers impact their neighbors. Everyone within the
community affected by resistance needs to consider a new ontology for coming together
to address agro-ecological problems like herbicide resistance.  However, because
herbicide resistance is complex and contradictory in nature, results of the Summits and
the many other educational efforts to encourage diversification of weed control practices
in the U.S. have been mixed.  We do not sufficiently understand the totality of the
grassroots obstacles, concerns, challenges, and specific solutions needed for the varied
crop production systems across the U.S.  Therefore, to help the weed science
community better understand the needs and ideas of those directly dealing with
herbicide resistance, seven, half-day regional listening sessions were held between
December 2016 and April 2017 with groups of diverse stakeholders on the issues and
potential solutions for herbicide resistance management.  The major goal of the
sessions was to have the participants help determine the next steps needed to address
resistance and to communicate within and among regions and nationally what we have
learned.
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Overview of herbicide resistance and way forward in Asia 

Vinod K Shivrain*1, Vasquez Florinda2, Xiaolong Jiang3, Ajit Kumar4, Gaylene Marsden1, 
Sugiyama Minoru5

1Syngenta Asia Pacific Pte. Ltd., Singapore; 2Syngenta Philippines Inc., Manila, 
Philippines; 3Syngenta (China) Investment Co., Ltd, Beijing, China; 4Syngenta India Ltd., 
Karnal, India; 5Syngenta Japan, Tokyo, Japan   

Asia is one of the most diverse regions in terms of crops grown, farm size, weed 
species, and the rate of farming technology adoption. Among broad-acre crops, rice has 
the highest cultivation area, followed by cereals, corn, cotton, sugarcane, oil-palm and 
rubber plantations. Due to intensive farming, reduced availability of labour, and aging 
demographic of growers, herbicide usage has increased significantly across crops in a 
majority of the Asian countries over last two decades, which has resulted in high 
selection pressure for resistant weed biotypes. Within Asia, Japan, South Korea & 
Taiwan are facing the tough challenge of weeds in rice with resistance to multiple 
herbicides. The most serious problem is posed by the increasing frequency of non-
target-site mutations to ALS inhibitors and the occurrence of Echinochloa spp. that are 
resistant to “new generation” ALS inhibitors. In India and Pakistan, Phalaris minor in 
wheat has evolved multiple resistance across two different modes of actions. Some of 
these populations have low levels of resistance to ALS inhibitors but high levels of 
resistance to ACCase inhibitors. In China, region-specific multiple herbicide resistance 
has been documented in Echinochloa crus-galli and Beckmannia syzigachne, 
Alopecurus aequalis, Galium aparine in rice and wheat production systems, 
respectively. In Southeast Asia (Thailand, Vietnam, Indonesia, Malaysia), resistance 
has been documented in key rice weed species across different mode of actions. 
Additionally, Eleusine indica from oil palm and rubber plantations in Indonesia and 
Malaysia has developed multiple resistance to ACCase, PSI, EPSPS, and glutamine 
synthase inhibitors. Currently, many surveys and screening programs are being 
conducted across many Asian countries to get more accurate information on herbicide 
resistance in key weeds species across various cropping systems, which will help to 
guide farmers in their choice of weed management strategy. 
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Herbicide resistance issues in Australia 

Michael Walsh 
University of Sydney, Narrabri, NSW Australia 

Australia once led the world in herbicide resistance with high frequencies of multi-
resistant populations evolving on a grand-scale throughout all cropping regions. But 
now it seems that this evolution has slowed and may have even halted. The Australian 
production system drove rapid herbicide resistance evolution more so than any other of 
the world’s production systems. Similar to many other cropping regions Australian 
producers universally adopted conservation cropping systems resulting in herbicide 
reliance for the control of genetically-diverse resistance-prone weed species. A key 
difference in Australia is that this resistance prone species, annual ryegrass (Lolium

rigidum), was established and adapted as a pasture species throughout the production 
region. By the 1970s, when herbicide reliance and cropping intensification began, 
annual ryegrass was present at high densities throughout the cropping regions. Now, 
three decades later, herbicide susceptibility is rare and very high frequencies of 
herbicide resistant annual ryegrass populations occur throughout Western Australia 
(97%), South Australia (70%), Victoria (71%) and New South Wales (64%). However, 
despite these dramatic levels of herbicide resistance and consequential loss of 
herbicide efficacy, annual ryegrass densities remain low and may even be declining in 
some areas. This apparent increased control is likely in response to awareness of 
resistance issues combined with the use of new and existing alternate weed control 
technologies, e.g., harvest weed seed control and strategic tillage. Additionally, recent 
herbicide resistance surveys indicate that evolution has slowed and potentially even 
halted albeit at very high levels. Although resistance frequencies will remain high, lower 
weed densities mean that these populations have a much reduced impact on crop 
production. It now seems clear that Australia no longer leads the world in herbicide 
resistance, but instead is now the global leader in herbicide resistance management. 
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Developing effective communication strategies for herbicide resistance 

M Curtin 
G&S Business Communications, USA 

According to Miriam-Webster the word expertise means expert skill or knowledge in a 
particular field.  No doubt, the world-leading experts on herbicide resistance have spent 
countless hours studying, exploring, researching, analyzing and sharing their scientific 
findings.  Yet, there remains a gap between scientific findings and real-life application of 
said findings in on-farm settings.  Despite countless scientific papers, conferences, 
meetings, etc. adoption of best management practices seems to be sporadic at best.  
Each year new reports of herbicide-resistant species surface and new modes of action 
get added to the growing list of less effective or, in some instances, completely useless 
chemistries.  And, time and time again stories surface where new “disaster fields” catch 

farmers by surprise because they didn’t think it would happen to them.  This begs the 

question, “Does it matter how loud or often you yell if it’s in the wrong language?”  A 

message given by an expert in the wrong language will lack necessary impact and fall 
short of its goal.  Experts who understand their audience and adjust their message 
accordingly will create effective communications and have a greater chance of driving 
behavioral change.  During this session we will explore the importance of defining your 
message, knowing your target audience and tailoring your message and delivery to 
maximize engagement. 
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Industry perspective of how to meet the herbicide resistance challenge

M Peterson 
Dow AgroSciences 

The long term viability of weed management technologies has increasingly become an 
area of concern among farmers, researchers, industry, regulators, and the public in 
general.  The Global Herbicide Resistance Action Committee (GHRAC), an organization 
comprised of major companies associated with CropLife International, works to combat 
herbicide resistance and protect crop yields and quality worldwide.  The GHRAC 
companies bring unique knowledge and perspectives to the herbicide resistance 
discussion.  These companies have a long history of research and technical 
understanding of their herbicides along with extensive investment in development of 
new weed control technologies.  They also have in-depth knowledge of crop protection 
markets and farmer preferences along with working relationships with retailers who 
have influence on farmer decisions.  Companies work individually and through 
organizations such as CropLife to implement stewardship programs that ensure 
responsible use and long-term sustainability of crop protection tools.  Local and regional 
HRACs are active in various countries around the world and network with other 
stakeholders to help implement strategies and policies that result in effective, science-
based resistance management strategies.  GHRAC works to aggregate, evaluate, and 
communicate herbicide resistance information to a range of stakeholders in support of 
local initiatives, often partnering with professional organizations to gain technical 
consensus.  GHRAC has recently launched a new website that contains information on 
site of action classification, guidelines for resistance testing, perspectives on monitoring, 
and other topics.  Additionally, GHRAC supports the International Survey of Herbicide 
Resistant Weeds (www.weedscience.org), a widely cited source of information on 
herbicide resistance.  GHRAC also sponsors working groups that assemble technical 
experts centered on specific sites of action or mechanisms of resistance.  These groups 
provide technical reviews and resistance management recommendations that help 
sustain the weed management tools which are critical to global food production. 
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History of auxin herbicide resistance 

I Heap 
International Survey of Herbicide-Resistant Weeds, Corvallis, Oregon, USA 

The revolution of modern herbicides started in 1944 with commercialization of the 
synthetic auxins, 2,4-D and MCPA. There are now 24 commercial synthetic auxin 
herbicides and they belong to six chemical classes.  Despite being used on a very wide 
area, for a longer time than any other herbicide site of action, there are few 
economically important cases of synthetic auxin-resistant weeds.  The first cases 
appeared in 1957 (2,4-D-resistant Commelina diffusa in Hawaii and Dacus carota in 
Canada) and there are now 32 synthetic auxin-resistant weed species (5 grasses and 
27 broadleaves).  The 5 grasses Digitaria ischaemum and four Echinochloa sp. (E.
crus-galli, E. crus-pavonis, E. zelayensis, and E. colona), have evolved resistance to 
quinclorac that has a novel mechanism of action on grasses, and they should be 
considered differently to the 24 broadleaf weed species resistant to synthetic 
auxins.  Outside of the USA the most important synthetic auxin-resistant weeds are 2,4-
D-resistant Raphanus raphanistrum from Australia, Carduus sp. in New Zealand, 2,4-D-
resistant Papaver rhoeas in Europe, and Kochia scoparia, Sinapis arvensis, and
Gallium sp. in Canada.  In the USA Kochia scoparia with resistance to dicamba and
fluroxypyr in cereal crops is a major problem, and to a much lesser extent, 2,4-D
resistant Daucus carota along roadsides, and Lactuca serriola in cereals with resistance
to 2,4-D, dicamba, and MCPA.  2,4-D resistant Amaranthus tuberculatus from Nebraska
and Illinois (with multiple resistance to synthetic auxins, ALS inhibitors, PSII inhibitors,
PPO inhibitors, and 4-HPPD inhibitors) is not yet of economic importance but is poised
to become the worst synthetic auxin-resistant weed in the USA because this
widespread weed has already evolved resistance to many sites of action, and it will now
be exposed to an increase in synthetic auxins being used in the new synthetic auxin-
resistant crops recently released.
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Evolution of Resistance to Auxin Herbicides: History, Spread and Mechanisms of 
Resistance  

M Jugulam  
Kansas State University, Manhattan, Kansas, USA 

Auxinic herbicides are the first selective herbicides discovered and are widely used for 
control of broadleaf weeds in cereal crops.  When used at low concentrations, these 
herbicides mimic several physiological and biochemical responses of the natural plant 
hormone auxin.  Intense research over several decades led to discovery of the receptor 
for auxin binding and resultant biochemical and physiological responses in plants. 
However, despite their extensive use in agriculture for over seven decades, the 
mechanism of action of auxinic herbicides remains elusive. Importantly, considering the 
extent of selection imposed by the use of these herbicides, the incidence of resistance 
to auxinics is low compared to other herbicide families, with only 32 auxinic herbicide 
resistant (AHR) weed species discovered to date worldwide. The AHR weed species 
generally exhibit low level of resistance. Also, the AHR weed biotypes offer excellent 
model species for uncovering the mechanism of action as well as resistance to these 
compounds. The low incidence of resistance to auxinic herbicides has been attributed to 
the presence of rare alleles imparting resistance or due to a complex mechanism of 
action of these herbicides. In view of the new AHR crop technology commercialization in 
the horizon, understanding the state of the evolution, spread and mechanisms of auxinic 
herbicide resistance in weeds is exceedingly important. This paper discusses the 
history, spread and recent advances in understanding the mechanism of auxinic 
herbicide resistance in weed species. Furthermore, case studies examining the 
mechanism of resistance in AHR biotypes will also be discussed.  In conclusion, 
agronomic implications of the evolution of resistance to these compounds are also 
examined.    
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The 6-Aryl-picolinates: A novel chemical family of auxin herbicides 

N Satchivi; A Alexander; T Balko; J Bell; W Brewster; K Bryan; A Buysse; J Daueble; J 
Epp; S Fields; R Gast; R Green; N Irvine; J Kister; W Lo; C Lowe; J Renga; J Richburg; 
J Ruiz; P Schmitzer; T Siddal; J Webster; G Whiteker; M Weimer; C Yerkes 
Dow AgroSciences LLC, Indianapolis, Indiana, USA 

The introduction of the phenoxyacetic acid herbicides 2,4-D (2,4-dichloro-phenoxyacetic 
acid) and MCPA (4-chloro-2-methyl-phenoxyacetic acid) in the 1940s revolutionized 
weed control in modern agriculture. Since these discoveries, numerous classes of 
synthetic auxin herbicides have been commercialized including the aryloxyacetates 
(mecoprop, dichlorprop, fluroxypyr), the pyridinecarboxylates (aminopyralid, clopyralid, 
picloram, triclopyr), the benzoates (dicamba), the quinoline-2-carboxylates (quinclorac, 
quinmerac), and the pyrimidine-4-carboxylates (aminocyclopyrachlor). Building on the 
discovery of aminopyralid in the late 1990s, research at Dow AgroSciences led to the 
discovery of a novel chemical family of auxin herbicides, the 6-aryl-picolinates. This 
presentation will describe the structure activity relationship study that led to the 
discovery of ArylexTM active and RinskorTM active the first two members of this new 
chemical family, and will also describe their utility in cereal and rice crops.  
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Auxin Herbicide Perception, Transport and Metabolism 

R Napier*1; M Quareshy1: J Prusinska1; V Uzunova1; J Li2; C del Genio1; K Hoyerova2; 
P Hosek2; P Schmitzer; J Bell  
1University of Warwick, Coventry, UK; 2Nanjing Agricultural University, Jiangsu 
Province, P.R.China; 3Institute for Experimental Botany, Prague, Czech Republic; 4Dow 
AgroSciences LLC, Indianapolis, Indiana, USA 

There have been many studies into the mechanisms of resistance to auxinic herbicides 
and all target points along the pathway of auxin action have been implicated, as well as 
non-target site mechanisms.  This presentation will review current knowledge of each 
potential target site as a background to discussions on the contributions each may 
make to herbicidal activity and resistance.  We have been examining auxin receptor 
proteins and auxin transport proteins in detail, compiling accurate pharmacophoric 
maps for each.  We now work with isolated protein activities and purified proteins giving 
us more detailed information about what it takes to be an auxin.  We will explain how 
our new pharmacophoric maps differ from past composite auxin models, in particular 
how advances in cheminformatics now offers 3-dimensional maps.  We will introduce 
the assays we use and how we compile the data to create the maps, highlighting new 
insights into auxin perception such as the differences between receptor subtypes TIR1 
vs. AFB5.  We will discuss how diverse receptors and specificities for auxin herbicides 
could influence the development of resistance; indicate where we still have gaps in our 
knowledge, and how the work may help us manage the auxin herbicide family to 
maintain their utility.  
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Kochia scoparia Resistance to Auxin Herbicides 

P Westra*1; T Gaines1; D Pettinga1; M Juglam2; P Stahlman2

1Colorado State University, Fort Collins, Colorado, USA; 2Kansas State University, 
Manhattan, Kansas, USA

Kochia scoparia in the Central Great Plains of North America has evolved resistance to 
multiple herbicides including dicamba, which was widely used to control kochia resistant 
to ALS, triazine herbicides, and glyphosate.  Dicamba resistance in kochia was first 
noticed in the 1990’s in Colorado and Nebraska as Lack of Control Complaints from 

wheat and corn producers.  By 2016, herbicide resistant biotypes have become more 
common, especially in wheat-fallow fields in Colorado and Kansas.  Glyphosate failure 
to control kochia threatens no-till productions systems as documented through 6 years 
of annual surveys.  To date, no cross resistance to fluroxypyr has been observed in 
dicamba-resistant kochia samples.  Using advanced selection techniques over a 20-
year period, a dicamba-resistant kochia accession (9425) was developed that exhibited 
a 30-fold increase in dicamba tolerance compared to a sensitive accession (7710).  The 
9425 accession showed reduced translocation compared to susceptible accessions.  
Recent graduate student research at Colorado State University using RNAseq revealed 
a unique set of genes related to auxin transport that were up regulated in 9425 that may 
explain reduced dicamba translocation in resistant plants.  Recent research may shed 
light on kochia response to other auxin herbicides including 2,4-D, picloram, and 
fluroxypyr. 
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Resistance mechanisms to 2,4-D in multiple herbicide-resistant wild radish and 
the options for its management 

R Busi*; D Goggin; M Owen; S Powles 
Australian Herbicide Resistance Initiative, The University of Western Australia, Perth, 
WA 6009, Australia  

Evolution of resistance to 2,4-D in Australian populations of Raphanus raphanistrum 
(wild radish) has been relatively slow, but has increased in recent years due to greater 
reliance on 2,4-D. Several R. raphanistrum populations that we have studied exhibit 
almost no translocation of 14C-labelled 2,4-D away from its site of application on the 
leaf, and biochemical and pharmacological experiments on two of these biotypes show 
that reduced 2,4-D translocation is likely to be conferred by a loss of function of an 
ABCB-type long-distance auxin efflux transporter. An additional transcriptomic study 
has uncovered a possible gene candidate responsible for resistance in the 2,4-D-
translocating populations. It is likely that some of the non-translocating 2,4-D resistant 
populations also possess this second mechanism, based on their ability to maintain 
seedling root elongation in the presence of 2,4-D. Mendelian segregation patterns of F2 
families in a non-translocating population reveal consistency with the biochemical and 
molecular evidence reported thus far. 2,4-D resistance in R. raphanistrum appears 
mostly to be conferred by nuclear-inherited highly dominant trait(s) segregating at a 
single locus with interference from other loci. Thus, monogenic and highly dominant 2,4-
D resistance mechanisms with simple nuclear inheritance have predominantly evolved 
in R. raphanistrum, despite the complexities associated with the mode of action of 2,4-
D. As there is increased pressure on auxinic herbicides due to the rapid adoption of 2,4-
D- and dicamba-resistant transgenic crops, our research can contribute at reducing the
impact of auxinic herbicide resistance in weeds by unravelling the genetic basis of 2,4-D
resistance, studying pleiotropic effects of 2,4-D resistance traits and discovering novel
effective herbicidal and non-herbicidal solutions that maximise the heterogeneity of
selective pressure.
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Resistance mechanisms to synthetic auxins in Spanish Papaver rhoeas 
populations 

J Torra*1; J Rey-Caballero2; R De Prado2; A Rojano2; M Salas3 
1Universitat de Lleida, Lleida, Spain; 2Universidad de Córdoba, Córdoba, Spain; 
3DuPont de Nemours France SAS, Nambsheim, France 

Papaver rhoeas L. (corn poppy) is the most common dicotyledonous weed in winter 
cereals in southern Europe. It is a competitive species and its presence within the crop 
results in significant yield reduction. In Spain multiple resistance (2,4-D and tribenuron-
methyl) P. rhoeas populations have been reported in the last decades. With regard to 
2,4-D, the resistance mechanisms and genes involved remain undiscovered. This 
research aims to elucidate which resistance mechanisms to synthetic auxins are 
involved in this species. Cross-resistance patterns between chemical families in 
synthetic auxins, absorption, translocation (both with 14C-2,4-D), ethylene production 
and metabolism (HPLC and with malathion) studies were performed with susceptible, 
only 2,4-D resistant and multiple resistant P. rhoeas populations from Spain. Resistant 
populations showed cross resistance to dicamba and aminopyralid. Lack of 
translocation in those resistant populations could be involved in the resistant response 
of insensitive plants. There was between four and eight-fold greater ethylene production 
in susceptible plants treated with 2,4-D, than in resistant plants. Overall, these results 
suggest that reduced 2,4-D translocation is the resistance mechanism in synthetic 
auxins resistant P. rhoeas populations and this likely leads to less ethylene production 
and greater survival in resistant plants. Metabolism experiments are under way aiming 
to discover if this non-target site resistant mechanism (mediated by cytochrome P450) 
is also present. A population already resistant to ALS inhibiting herbicides and synthetic 
auxins could also be resistant to nitriles. It will be discussed if those resistant 
mechanisms for each mode of action are related to some extent and the implications for 
integrated weed management.
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2,4-D Resistance in Prickly Lettuce (Lactuca serriola L.) 

D Riar *1; I Burke2; J Yenish1  
1Dow AgroSciences LLC, Indianapolis, Indiana, USA; 2Washington State University, 
Pullman, Washington, USA 

Lactuca serriola is a problematic and well-adapted facultative winter or spring annual 
weed of the inland Pacific Northwest (PNW) production region of the USA. A 2,4-D-
resistant L. serriola biotype was identified in the inland PNW in 2007. The 2,4-D-
resistant biotype has evolved cross resistance to other phenoxy-carboxylic acids 
(MCPA) and benzoic acids (Dicamba), but not to the pyridine-carboxylic acids 
(aminopyralid and fluroxypyr).  Experiments were conducted to determine the 
inheritance and physiological basis of resistance in 2,4-D-resistant L. serriola biotype. 
Inheritance of 2,4-D resistance in prickly lettuce is governed by a single co-dominant 
gene. Absorption, translocation, and metabolism studies were conducted using 14C-2,4-
D applied to 2, 4-D-resistant and -susceptible biotypes. At 96 h after treatment (HAT), 
the resistant biotype absorbed less 2,4-D and retained more radioactivity in the treated 
leaf compared to the susceptible biotype. The resistant biotype translocated less 
applied radioactivity to the leaves above the treated leaf and crown at 96 HAT 
compared to the susceptible biotype. Differential metabolism was not the mechanism of 
resistance. 2,4-D resistance because of lower translocation of 2,4-D in the resistant 
compared to the susceptible L. serriola biotype appears to be originated from a reduced 
growth deregulatory and overstimulation response. 
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Managing resistance in auxin tolerant crops:  regulatory and stewardship 
considerations 

M Horak*1; M Peterson1; R Rector2; L Braxton1; G Elmore2; D Simpson1; A Perez-
Jones2; R Masters1 
1Monsanto Company, St. Louis, Missouri, USA; 2Dow AgroSciences, LLC, Indianapolis, 
Indiana, USA 

With the recent development of auxin tolerant crops, there has been widespread 
interest and discussion among developers and stakeholders about how herbicide 
resistance management will be approached from regulatory and stewardship 
perspectives.  These technologies are significant new tools that can aid in weed 
management and the control of some species of herbicide-resistant weeds.  Best 
management practices that are widely accepted to delay the selection for herbicide 
resistance in weed populations and to manage populations of existing resistant weeds 
form a basis for stewardship of these technologies globally and are also a specific focus 
of conditions of registration in the United States.  This presentation will provide an 
overview of regulatory guidelines and requirements around herbicide resistance 
management for these technologies.  Furthermore, examples of company stewardship 
programs and activities to help address the challenge of herbicide resistance 
management in these crops will be discussed. 
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Dicamba resistant crops:  How dicamba resistance gene technology was 
developed and how it works

DP Weeks*; MR Behrens; N Mutlu; S Chakraborty; R Dumitru; WZ Jiang; BJ LaVallee; 
PL Herman; TE Clemente
University of Nebraska, Lincoln, NE, USA 

The introduction and adoption of glyphosate resistant crops has had a major impact on 
the ease of crop management and profitability for farmers in several countries. 
However, the appearance of various weed species (primarily broadleaf species) tolerant 
or resistant to treatment with glyphosate over the course of the last few years has 
presented often significant obstacles to continued successful use of glyphosate for 
weed control. The recent introduction into the marketplace of soybean and cotton 
varieties resistant to treatment with dicamba offers one approach to addressing 
challenges posed by several glyphosate resistant weeds – and, in effect, extending the 
useful lifetime of weed management approaches allowed by the availability of 
glyphosate-resistant crops. The dicamba resistance gene technology underpinning 
presently available dicamba-resistant crops is dependent on the use of a single 
enzyme, dicamba monooxygenase (DMO), present in a soil bacterium, 
Stenotrophomonas (formerly Pseudomonas) maltophilia, strain DI-6 – a bacterium 
capable of completely degrading dicamba. The bacterial gene encoding DMO was 
cloned and engineered for expression in land plants. The engineered gene was 
modified with a transit peptide coding sequence to permit delivery to the chloroplast to 
allow utilization of reduced ferredoxin, an essential companion enzyme for DMO activity. 
The coding region of the DMO gene was also successfully incorporated into the 
chloroplast genome and provided exceptionally high levels of dicamba resistance. 
Testing of transgenic plants expressing the DMO gene both under greenhouse and field 
conditions provided evidence that the plants were resistant to treatments with dicamba 
well in excess of recommended field application rates. Introduction of the DMO gene 
into soybean, cotton and maize crops and their evaluation under a variety of field 
conditions has shown dependable and effective control of broadleaf weeds, including 
the most serious glyphosate-resistant weeds. Expansion of use of the dicamba-
resistance gene technology into other crop species is anticipated. 
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Inheritance of 2,4-D resistance in Amaranthus tuberculatus 

PJ Tranel*1; S Sabaté1; AG Hager1; ML Bernards2; GR Kruger3  
1University of Illinois, Urbana, IL, USA; 2Western Illinois University, Macomb, IL, USA; 
3University of Nebraska, North Platte, NE, USA 

Amaranthus tuberculatus has evolved resistance to herbicides from six different site-of-
action groups, with the most recently published being resistance to 2,4-D in a population 
from Nebraska (NE). Subsequently, an A. tuberculatus population from Illinois (IL) also 
was identified with 2,4-D resistance. Studies were conducted with both populations in 
parallel to investigate the genetics and inheritance of the resistance trait. Reciprocal 
crosses were made between plants of each resistant population and plants of a known 
2,4-D-sensitive population, and F1 plants were then used to make F2 and backcross 
populations. Parental populations and progenies were evaluated for herbicide 
responses under greenhouse conditions. For both the NE and IL populations, reciprocal 
F1 progenies were resistant to 2,4-D, relative to the sensitive parent, indicating that 
resistance is at least partially dominant and nuclear inherited. Segregation was 
observed in F1 progeny derived from the NE but not from the IL population, suggesting 
that the NE resistant parents were not homozygous for resistance. Among the resistant 
segregates of the NE F1 progeny, greater dominance of resistance was observed 
relative to that in the IL population. Segregation analysis of F2 and backcross progenies 
using a discriminating 2,4-D dose revealed further differences between the NE and IL 
populations. Whereas resistance appeared to be a single-gene trait in the NE 
population, it appeared to be multigenic in the IL population. Different inheritance 
patterns of 2,4-D resistance in the two geographically distinct populations suggest that 
resistance to 2,4-D has independently arisen via different evolutionary pathways. 
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Cytochrome P450 modulates 2,4-D metabolic resistance in waterhemp 
(Amaranthus tuberculatus) 

MRA Figueiredo1; DA Giacomini2; A Kuepper1; P Tranel2; G Kruger3; P Westra1; S 
Nissen1; F Dayan1; T Gaines1 
1Colorado State University, Fort Collins, CO, USA; 2University of Illinois, Urbana, IL, 
USA; 3University of Nebraska, North Platte, NE, USA

The mechanisms of resistance in weeds to synthetic auxin herbicides are poorly 
understood. About five years ago, a population of waterhemp was characterized as 
resistant to 2,4-D in the state of Nebraska, but the physiological, biochemical and 
genetic changes that cause the resistance are still unknown. To understand these 
mechanisms, we studied the physiological basis of 2,4-D resistance including herbicide 
translocation, absorption and metabolism. We did not find differences in absorption 
between the resistant (R) and susceptible (S) populations, however, we observed that 
the herbicide translocation in the R population was 1.5 times higher than in the S. In our 
metabolic analysis, we found that the herbicide was metabolized rapidly forming six 
different compounds in the R population, while just one main metabolite was found in 
the S population. To analyze the enzymatic machinery regulating the herbicide 
detoxification, we applied cytochrome P450 inhibitors, which restored sensitivity to 2,4-
D in the R population and reduced the rate of 2,4-D metabolite formation. For a better 
understanding of the specific P450 enzyme that was leading to herbicide resistance, we 
purified the 2,4-D metabolites in both populations to identify the metabolic steps in the 
degradation pathway. We also did RNA-seq to compare the changes in P450 
expression between R and S populations. An improved understanding of the molecular 
and biochemical bases of auxinic herbicide metabolism in plants is important for the 
sustainable use of these herbicides now and in the future when auxin-resistant crops 
will be introduced in the market. 
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Investigation of a role of β-cyanoalanine synthase in quinclorac resistance in 
multiple-herbicide resistant Echinochloa phyllopogon 

P Chayapakdee*1; S Iwakami1; Y Kamidate1; L Fan2; A Uchino3; Y Sunohara1; H 
Matsumoto1 
1University of Tsukuba, Tsukuba, Ibaraki, Japan; 2Zhejiang University, Hangzhou, 
China; 3Central Region Agricultural Research Center, NARO, Tsu, Mie, Japan 

Echinochloa phyllopogon populations in California have evolved multiple-herbicide 
resistance to herbicides with different modes of action including quinclorac. Quinclorac 
is an auxinic herbicide which induces production of the senescence hormone ethylene, 
resulting in the accumulation of toxic HCN. Yasuor et al. (2012) revealed enhanced 
activity of the HCN-detoxifying enzyme β-cyanoalanine synthase (β-CAS) in resistant E.

phyllopogon. Therefore, the enhanced activity was considered as one of the 
mechanisms of quinclorac resistance. In this study, we examined the involvement of β-
CAS to quinclorac resistance of E. phyllopogon at the molecular level. The resistance 
factor derived from the GR50 ratio of resistant (R) and susceptible (S) lines was three-
fold in root and six-fold in foliar application. We isolated full-length β-CAS genes from R 
and S plants. Two copies of the β-CAS gene, presumably homeologs, were found: β-
CAS1 and β-CAS2. Alternative splicing leading to aberrant transcripts (exon inclusion) 
was observed in β-CAS1 of the S line whereas only normal transcripts of β-CAS1 
existed in the R line. We infer that a single nucleotide polymorphism (SNP) on the 
border of an exon-intron junction explains the loss of alternative splicing in the R line. 
Accumulation of β-CAS1 mRNA in R plants was approximately 5-fold higher than in S 
plants, while no significant difference was observed in that of β-CAS2. To confirm the 
association of the SNP, existence of aberrant transcripts, and β-CAS transcript level, we 
conducted genotyping and qPCR of β-CAS1 in F6 crossed progenies of S and R plants. 
Complete correlation among the three characteristics was observed. The results 
suggest that higher β-CAS activity in the R line was likely to be caused by the loss of 
aberrant alternative splicing. β-CAS enzyme activity and quinclorac response of each 
F6 line are being investigated to analyze the possible involvement of β-CAS in 
quinclorac resistance in E. phyllopogon. 
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Distinct mechanisms contribute to dicamba resistance in Kochia scoparia from 
Kansas and Colorado 

J Ou1; D Pettinga2; PW Stahlman3; P Westra2; T Gaines2; M Jugulam1 
1Kansas State University, Manhattan, KS, USA; 2Colorado State University, Fort Collins, 
CO, USA; 3Kansas State University, Hays, KS, USA 

Kochia scoparia (L.) Schrad. is an economically important broadleaf weed in the US 
Great Plains. Evolution of resistance to glyphosate in K. scoparia is a major challenge 
for sustainability of glyphosate-tolerant crop technology. Dicamba offers a viable option 
to manage glyphosate-resistant K. scoparia. However, recent and rapid evolution of 
dicamba resistance (DR) in glyphosate-resistant K. scoparia populations in Kansas, 
Colorado, and many other states in the US is a serious threat to the management of this 
weed. In this study, we investigated the physiological basis of dicamba resistance in K.

scoparia populations collected from KS and CO. Using [14C] dicamba, uptake, 
translocation, and metabolism of dicamba was determined in DR K. scoparia and 
dicamba-susceptible (DS) populations. The results of this study suggest no difference in 
dicamba uptake, translocation, or metabolism between DR or DS K. scoparia from KS. 
Interestingly, 30% less dicamba was translocated in DR K. scoparia from CO than those 
from KS or the DS K. scoparia. The significantly lower translocation of dicamba was 
also revealed via phosphor imaging of DR and DS K. scoparia. Overall, these results 
suggest that reduced translocation of dicamba is the primarily contributor to resistance 
in DR K. scoparia from CO. On the other hand, alterations at potential target-site(s) of 
dicamba may be involved in resistance to dicamba in K. scoparia from KS. Experiments 
are in progress to uncover specific molecular mechanisms involved in dicamba 
resistance for both populations. 
. 
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Bridging the gap between weed genomics and herbicide resistance management 

P Neve 
Rothamsted Research; Harpenden; Great Britain 

Nearly all studies of weed genomics are predicated on the assumption that a better 
integration of molecular genetics, resistance mechanisms and the eco-evolutionary 
processes that drive selection for resistance can lead to better informed resistance 
management. As access to weed genomic data and resources improves, it is now 
timely to review how we may bring the power of weed genomics to bear on the 
herbicide resistance challenge; closing the gap between fundamental weed biology and 
practicable herbicide resistance and weed management. The objectives of this 
workshop are to identify 1) the information, tools and applications that growers, advisers 
and the applied weed research community would like to see weed genomics deliver; 2) 
the expectations of weeds genomics specialists for progress in the next 5-10 years 
towards providing tractable tools for application in weed management; and 3) to provide 
a roadmap for weed genomics research that enables meaningful collaboration between 
basic and applied weed research to realize the power and potential of weed genomics. 
We hope that this workshop will be attended by weed researchers and managers from 
across the basic to applied spectrum to generate a thoughtful discussion towards 
bridging the gap between weed genomics and weed management. No prior knowledge 
of weed genomics is required. 
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Communication is critical to solve our herbicide resistance problems 

P Newman 
University of Western Australia, Perth, WA Australia 

Australia is a global leader in weed control.  We had the world’s biggest herbicide 
resistance problem which compelled us to find solutions to manage resistant weeds and 
keep herbicides working. 

Our farmers have adopted diverse weed control systems that include herbicide and 
non-herbicide weed control tools, and it’s paying dividends.  Here is the kicker.  Very 
few of these tools were developed by researchers.  Almost every tool was developed by 
farmers. We use science to verify the efficacy of the tools, and we use extensive 
communication to promote the adoption of these tools with the farmer’s best interest at
heart.  Effective communication is critical to drive the practice change required to solve 
the monumental problem of herbicide resistance.  For communication to be successful 
there are two key elements; 

1. Communication must be resourced.  Professor Steve Powles is the director of
AHRI based at The University of Western Australia. He often comments, “Do you
know how hard it is, as a researcher, to spend a third of your budget on
communication?”  Researchers commonly spend the vast majority of their budget
on more research.

2. Communication must be done extremely well.  We are in a world of information
overload.  In this saturated world of information, how do we best communicate
with farmers to drive practice change in the right direction?  We need to think
influence, not information.  Do with, not for.

The AHRI communication program includes a newsletter (AHRI insight, written to a 
formula of layered information), Twitter, YouTube videos, an on-line learning site called 
Diversity era, champion growers as presenters, grower case studies, face to face 
presentations, webinars, podcasts, and an industry led initiative called Weedsmart that 
improves awareness and provides solutions to growers.  All of these activities are linked 
and have a purpose.  

In this workshop we will teach you the key elements of a successful communication 
program in the modern world to win the war against herbicide resistant weeds.  It is then 
up to program leaders to resource communication to encourage change in attitudes and 
practices. 
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Socioeconomics and Human Dimensions of Herbicide Resistance 

G Frisvold 
University of Arizona, Arizona, USA 

The workshop will be divided into two parts. Part One will provide an overview and 
update on recent research on the costs of herbicide resistant weeds and long-run 
benefits of resistance management. Presentations will then discuss economic and 
social barriers to farmer adoption of resistance management practices. Part Two of the 
workshop will involve an interactive resistance management game that participants will 
play. The game has been successfully applied in classroom settings and at professional 
meetings. Research has found that farmers often perceive that the success of their own 
resistance management may be thwarted if their neighbors are not adequately 
managing resistance as well. The game allows participants to explore ways to 
overcome this obstacle and illustrates the roles of economics and incomplete 
information in finding solutions. It also allows participants to experiment with "bottom-
up" voluntary approaches toward resistance management as an alternative to "top-
down" regulatory approaches. 
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Linking Big Data and Resistance Testing for Precision Herbicide Resistance 
Management 

I Burke 
Washington State University, Pullman, WA, USA 

The workshop will explore precision herbicide resistance management in a data 
intensive environment, including topics such as resistance testing; spatial distribution of 
resistance; management zones for variation in resistance; and incorporating resistance 
testing data for real-time variable rate/treatment applications.  Resistance testing will be 
explored from public and private sector perspectives, as well as the potential for spatial 
mapping using remote sensing and distribution of population density and resistance.  
Current capabilities of technology for computer controlled sprayer systems will be 
discussed. 
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Polyploidy and herbicide resistance evolution

Q Yu*; SB Powles
Australian Herbicide Resistance Initiative, University of Western Australia, Perth, WA, 
Australia 

We have comprehensive understanding of herbicide resistance/evolution in diploid 
weed species. However, less is known on resistance/evolution in polyploid weed 
species.  Many crop weed species are polyploids. Applying resistance principles and 
knowledge of diploid species to polyploid species often creates uncertainties and 
dilemmas in interpretation of resistance data. Using the global hexaploid Avena fatua 
crop weed we employed molecular, biochemical and genetic approaches to reveal that 
(1) polyploid individuals can possess multiple resistance mutations among
homoeologous genes, (2) however each individual resistance mutation confers only
low-level resistance in a hexaploid background, relative to a diploid species, partly due
to the dilution effect by additional homoeologous gene copies encoding for wild type
target enzyme. Therefore, a target-site resistance mutation that confers a significant
level of resistance in a diploid may not necessarily endow resistance in a polyploid.
Important variables are the degree of dominance, the expression and the number of
resistance alleles, together with specifics of the herbicide and rate. Generally one
resistance allele is not enough to endow resistance in polyploids.  In addition to
hexaploid A. fatua we have made similar observations in target-site EPSPS mutations
conferring glyphosate resistance in polyploid Echinochloa colona. Thus, herbicide
resistance evolution can occur much more rapidly in a diploid species because a
mutation on one allele can endow survival in the presence of the herbicide.  However, in
a polyploid such as A. fatua (genome AACCDD) the same mutation on one allele
means that only 1/6th of the gene copies carry this beneficial mutation and the
individual may not be resistant.  Hence, accumulation of multiple resistance mutations
or alleles will be required for the polyploid plant to be resistant.  This can occur but
requires many more cycles of selection. This, in part, explains why in the same
Australian crop fields infested with Lolium and Avena and selected with the same
herbicide, resistance evolution has been much more rapid in diploid Lolium than in
polyploid Avena.
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Progress and perspectives in transcriptomics-based herbicide resistance 
research 

D Giacomini 
University of Illinois, Urbana, IL USA 

Unlike target site resistance, the mechanisms behind non-target site based resistance 
(NTSR) are still largely unresolved. Fully understanding the processes that confer 
NTSR will likely involve a combination of genetic, transcriptomic, proteomic, and 
metabolomics methods. Transcriptomic profiling, or RNA-seq, is one of the more 
commonly used methods and a typical starting point for NTSR projects due to its high 
throughput capabilities and utility in organisms with little to no previous sequence 
information. Here, we cover the basic principles behind generating successful RNA-seq 
studies in weeds. A RNA-seq dataset that returns meaningful results relies on careful 
considerations during all stages of the study. Although sequencing has dropped 
significantly in cost over the past decade, RNA-seq studies can still quickly become 
expensive as more treatments and/or more replicates per treatment are added.  Finding 
the most powerful (and cost effective) balance between replicate number, sequencing 
depth, and treatment number will rely on good pre-study preparation. Unfortunately, the 
power of RNA-seq brings along with it the potential for biased results. Understanding 
the source of these biases and taking measures to limit them will help to ensure a 
successful experiment. Finally, once the data is generated, dozens of analysis options 
are available for all steps of the analytical pipeline and determining which package can 
be overwhelming. A summary of the best practices and current recommendations will 
be presented here to help weed scientists with their future RNA-seq projects. 
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The draft genome of Amaranthus palmeri

C Saski*1; W. Molin2, B. Scheffler2, D.G. Peterson3 
1Clemson University Genomics Institute, Clemson, SC, USA; 2USDA-ARS, Stoneville, 
MS, USA; 3Mississippi State University, Mississippi State, MS, USA 

Amaranthus palmeri (S. Wats.) is rapidly becoming one of the most difficult to manage 
weeds in agronomic crop production systems in the U.S. because of its ability to rapidly 
adapt to herbicides. A. palmeri has evolved resistance to glyphosate through massive 
amplification and insertion of the 5-enolpyruvylshikimate-3-phosphate synthase 
(EPSPS) gene across the genome. Increase in EPSPS gene copy numbers results in 
higher titers of EPSPS enzyme, the target of glyphosate, and confers resistance to 
glyphosate treatment. This resistance has spread to 25 states in 10 years. Previous 
genomic work in resistant biotypes has elucidated a putative mechanism underlying the 
gene copy amplification, which includes genomic shuffling and massive rearrangement. 
Here we present a high quality draft genome assembly of a glyphosate sensitive biotype 
which will serve as a solid genomic foundation for discovery and comparative genomics 
in weedy species. 
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First case of glyphosate resistance in Tridax procumbens endowed by a novel 
EPSPS Thr-102-Ser mutation

J Li*1,2; Q Peng1,3; H Han1; Q Yu1; SB Powles1

1Australian Herbicide Resistance Initiative, University of Western Australia, Perth, WA, 
Australia; 2Hunan University of Humanities, Science and Technology, Loudi, China; 
3Hunan Academy of Agricultural Sciences, Changsha, China 

The tropical Tridax procumbens is a global weed of 31 crops in 60 countries. In 
Australia, it is mostly found in Northern Australia, infesting vegetables, pasture, irrigated 
and rainfed crops. Glyphosate is often used for T. procumbens control. Recently, we 
suspected that a T. procumbens population from Kununurra, Western Australia had 
evolved glyphosate resistance. This population had been managed with repeated 
glyphosate treatments over several years with poor control only recently evident. 
Glyphosate dose response experiments confirmed this population with low-level (3-4 
fold) glyphosate resistance. Our mechanism studies found that resistance was not due 
to non-target-site reduced glyphosate uptake or translocation, nor due to target-site 
EPSPS overexpression. Instead, sequencing and cloning of a 998 bp EPSPS cDNA 
fragment covering potential mutation sites from resistant vs susceptible plants revealed 
a new point mutation at amino acid position 102 (ACC to TCC), resulting in Thr-102-Ser 
substitution. This novel mutation is very likely responsible for the low-level glyphosate 
resistance in this population. The Thr-102 is within the strictly conserved region in 
EPSPS, close to glyphosate binding site and crucial for EPSPS catalytic efficiency. 
Certain mutations at this Thr-102 site can endow high-level glyphosate resistance, but 
reduce EPSPS catalytic efficiency unless compensated by other concurrent mutation(s), 
such as the recently discovered double Thr-102-Ile/Pro-106-Ser (TIPS) mutation in 
Eleusine indica. Nevertheless, the substitution of Thr-102 by the Ser residue (smaller 
than Ile) would likely be sufficient for endowing glyphosate resistance with minimum 
reduction of catalytic efficiency. In addition, chromesome number counting determined 
the ploidy of the resistant and susceptible T. procumbens plants used in this study to be 
tetraploid. Further work underway involves cloning full EPSPS sequences and 
understanding the structural basis (3D) of glyphosate resistance endowed by this single 
Thr-102-Ser mutation. 
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Transcriptomics and population genetics of glyphosate-resistant Conyza

bonariensis (fleabane) populations in Australia 

JP Hereward*1; JA Werth2; DF Thornby3; M Keenan2; BS Chauhan4; GW Walter1 
 1The University of Queensland, St. Lucia, Queensland, Australia; 2Queensland Dept. of 
Agriculture and Fisheries, Toowoomba, Queensland, Australia; 3Innokas Intellectual 
Services, Coomera, Queensland, Australia; 4The University of Queensland, Gatton, 
Queensland Australia 

Glyphosate-resistant populations of Conyza bonariensis were first detected in 2005 in 
north-eastern cropping regions of Australia. The EPSPS gene is present in three copies 
in this species: EPSPS1 and EPSPS2 are the result of an ancient duplication, but 
EPSPS2 and EPSPS3 diverged more recently. Initial Sanger sequencing independently 
targeting EPSPS1 and EPSPS2 indicated no target-site mutations, and a 
transcriptomics approach was taken to investigate non-target-site resistance. Three 
individuals from each of five lines (two susceptible and three resistant) were sampled for 
RNAseq prior to, and 48 hours after, glyphosate treatment. Many genes were 
differentially expressed (DE) following glyphosate treatment (over 20,000 in all lines) but 
more genes were DE in susceptible lines than resistant lines. A list of all DE genes in 
susceptible lines was constructed, representing the differential expression of genes as 
part of the glyphosate-induced death process. When these genes were subtracted from 
the list of DE genes in resistant lines, under 200 DE genes remained. One of these (a 
member of the major facilitator superfamily of genes) is involved in cell transport and is 
a candidate for non-target-site resistance. There were no differences in EPSPS gene 
expression across susceptible and resistant lines. When the transcriptome reads were 
mapped to each of the three EPSPS genes independently, however, there was a low 
level of target-site mutation (approx. 15% of reads) in EPSPS3. Because C. bonariensis 
is an allopolyploid with three genome progenitors, each EPSPS gene is present in six 
copies, and the number of target-site resistant alleles detected is equivalent to one copy 
out of six for the EPSPS3 gene. This low level of target-site resistance (one in 18 
copies) does not play a major role in resistance because it is present both in very strong 
and very weak resistant lines. 
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EPSPS gene duplication is not sufficient for glyphosate resistance in Amaranthus

palmeri 

RD Sammons*1; B Xiang1; G Wang 1; C Wu1; E Ostrander2 

Monsanto, St. Louis, MO, USA1; Washington University, St Louis, MO, USA2 

Glyphosate resistance was demonstrated to be caused by duplication of the EPSPS 
gene in Amaranthus palmeri found in Macon, GA. A. palmeri plants with duplications 
greater than 100 genomic copies were found which correlated to EST levels and protein 
expression levels.  Since then, four other species have been found to have glyphosate 
resistance correlated to EPSPS gene duplication; Eleusine indica, Lolium multiflorum, 
Kochia scoparia, and Amaranthus rudis.  Vegetative clones of A. palmeri revealed that 
the resistance trait was not faithfully maintained in vegetative clones of lateral shoots.  
EPSPS copy number was not stable in these clones, yet most cuttings were resistant 
although generally less resistant.  However, glyphosate sensitive plants were found with 
very high levels of EPSPS copies (~60) and high levels of EPSPS protein although the 
correlation of copy number to protein was no longer linear. These plants did accumulate 
shikimate. Known mechanisms of glyphosate resistance were systematically eliminated 
by their biochemical characteristics (glyphosate uptake, translocation and point 
mutation).  Examining mRNA levels in glyphosate-treated dying plants by northern 
analysis, siRNA coding for EPSPS were observed to accumulate.  Hence, the 
hypothesis that a mechanism similar to “co-suppression” is occurring in sensitive plants.

Therefore, while gene duplication can provide the extra EPSPS required for glyphosate 
resistance, this is not sufficient.  Another ‘trait’ blocking the formation of siRNA must be 
present to realize glyphosate resistance when gene duplication is present. 
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Double amino acid substitutions in EPSPS endow high-level glyphosate 
resistance in Eleusine indica

A Jalaludin*1,2; Q Yu1; H Han1; M Chen2; RD Sammons3; SB Powles1

1Australian Herbicide Resistance Initiative, University of Western Australia, Perth, WA, 
Australia; 2Department of Agriculture and Fisheries, Toowoomba, Queensland, Australia
3Monsanto Company, St. Louis, MO, USA

Abstract  
Glyphosate is the most important and widely-used herbicide in world agriculture. 
Intensive glyphosate selection has resulted in the widespread evolution of glyphosate-
resistant weed populations, threatening the sustainability of this valuable once-in-a-
century agrochemical. Field-evolved glyphosate resistance due to known resistance 
mechanisms is generally low to modest. Here, working with a highly glyphosate-
resistant Eleusine indica population, we identified a double amino acid substitution 
(T102I + P106S [TIPS]) in the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) 
gene in glyphosate-resistant individuals. This TIPS mutation recreates the 
biotechnology-engineered commercial first-generation glyphosate-tolerant EPSPS in 
corn (Zea mays) and now in other crops. In E. indica, the naturally-evolved TIPS 
mutants are highly (more than 180-fold) resistant to glyphosate compared with the wild 
type and more resistant (more than 32-fold) than the previously known P106S mutants. 
The E. coli-expressed E. indica TIPS variant showed very high-level (2,647-fold) in vitro 
resistance to glyphosate relative to the wild type and is more resistant (600-fold) than 
the P106S variant. Notably, while incurring no significant changes in affinity for the 
substrate PEP, the TIPS variant displayed greatly reduced in vitro EPSPS specific 
activity, indicating a resistance cost at the EPSPS level. The evolution of the TIPS 
mutation endowing high-level glyphosate resistance is an important mechanism by 
which plants adapt to intense herbicide selection and a dramatic example of evolution in 
action. 
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The EPSPS replicon: A massive vehicle for gene copy number proliferation in 
Amaranthus palmeri

WT Molin*1; CA Saski2 
1USDA-ARS, Stoneville, Mississippi, USA; 2Clemson University, Clemson, SC, USA 

Amaranthus palmeri S. Wats rapidly evolved resistance to glyphosate through massive 
amplification and insertion of the 5-enolpyruvylshikimate-3-phosphate synthase 
(EPSPS) gene across the genome. Increased EPSPS gene copy numbers resulted in 
higher titers of EPSPS enzyme, the target of glyphosate, and conferred resistance to 
glyphosate treatment. This resistance has spread to 25 states in 10 years. To 
understand the genomic configuration and underlying mechanism of EPSPS gene copy 
number proliferation, a bacterial artificial chromosome (BAC) library from a highly 
resistant biotype was developed and used to sequence the local genomic landscape 
flanking the EPSPS gene. By sequencing overlapping BACs, a 399 kb sequence was 
generated, hereafter referred to as the “EPSPS replicon.”  The replicon includes: a 
single copy of EPSPS, several putative genes, dense clusters of tandem and inverted 
repeats, putative helitron sequences, and regulatory machinery. Overlapping BACs also 
indicated the possibility of circular configurations. In a comparison of genomic 
representation across the EPSPS replicon from resistant and sensitive biotypes, whole 
genome shotgun sequencing (WGS) and mapping of both biotypes (R and S) to the 
reference EPSPS replicon revealed no direct alignment to sequences from sensitive 
plants. WGS and mapping from resistant populations from across the country to the 
EPSPS replicon showed extremely high sequence conservation. EPSPS replicon copy 
numbers of 100 increased the genomic content by 6 % indicating that amplification of 
EPSPS appears to be a driver of evolution through genomic expansion and 
redistribution. The lack of homogeneity between the EPSPS replicon and the genome of 
sensitive plants may have resulted from repetitive transposon events that captured a 
diverse array of intervening sequences. The presence of putative helitron sequences 
and autonomous replication sites in the replicon suggests a possible adaptive, 
replicative mechanism underlying amplification and distribution.
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Educational lessons from the ‘Take Action: Herbicide Resistance Management 
project’

CL Sprague*1; WG Johnson2

1Michigan State University, East Lansing, MI, USA; 2Purdue University, West Lafayette, 
IN, USA

Herbicide-resistant, including glyphosate and multiple-resistant, weed species continue 
to be a challenge for farmers throughout the United States. Educational efforts on the 
development and risks associated with herbicide-resistant weeds have taken place by 
individual weed scientists since prior to the wide-spread occurrence of glyphosate-
resistant weeds. One of the problems that these weed scientists faced was that most 
farmers did not want to admit herbicide-resistant weeds could be a problem on their 
farm until it was too late. Additionally, university educational efforts were often met with 
contradictory messages from industry and other organizations. In 2012, extension weed 
scientists from 13 states in the North Central and two states in the Southern regions of 
the United States worked together and received funding from the United Soybean Board 
to: “Develop effective educational programs to manage and mitigate herbicide-resistant 
weeds.” The collaborations of this group led to the development of the ‘Take Action: 
Herbicide Resistance Management project’. Take Action soon expanded into an 
industry-wide partnership between university weed scientists, major herbicide providers, 
and the corn, cotton, sorghum, soybean and wheat organizations to: 1) improve the 
adoption of herbicide resistance management strategies, 2) train growers and key 
influencers on causes, effects, and management of herbicide-resistant weeds, and 3) 
foster collaboration of weed scientists in the United States on the development of 
herbicide-resistant weed management strategies, use and stewardship of new 
herbicide-resistance traits, and messaging to farmers and the crop protection industry. 
Take Action educational efforts have led to the development of the 
http://takeactiononweeds.com/ website, educational materials, webcasts, television and 
radio interviews, Youtube videos, popular press articles, field and demonstration days, 
workshops, and seminars throughout the participating states over the past four years of 
this project. 
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European and Spanish legislation aimed at increasing agricultural diversity and 
its relation with managing herbicide resistance

A Taberner*; JM Llenes; JM Montull 
University of Lleida, Lleida, Spain 

The key to weed control is diversity. However, whatever method is used, it cannot be 
used alone and repeatedly. As many different methods as possible should be used 
within well-integrated programmes. In the case of herbicides this is particularly 
important given their immediate action, high level of efficiency, and regular behaviour. 
Herbicides tend to be used by farmers on a massive scale, resulting in weed resistance 
and flora shift. They also leave important residues in soils and water. From this, the 
need arises to promote sustainable cropping systems and to avoid monocultures. Such 
is the need for these measures that they should be subject to official regulation. In this 
paper, we analyse the solution that has been adopted in Europe. As well as producing 
legislation governing the sustainable use of pesticides, the EU has also introduced such 
measures into its Common Agricultural Policy. After describing the current legislation, 
we conduct an analysis based on weed control with reference to various case studies. 
As weeds are more closely associated with fields than with specific crops, a number of 
issues arise relating to the integrated management of pests and diseases. Amongst 
other aspects, we highlight suggestions related to the design of seed bank rotations, the 
life cycles of weeds and the persistence of herbicides. We also use the same approach 
to analyse different styles of farming with reference to the intensity of the tillage 
required, the length of crop cycles, and their densities. After the application of this 
legislation in Europe for several years, it is now possible to draw a number of 
conclusions about weed control and to learn several lessons that could help to improve 
current and future legislation relating to these practices.  
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The U.S. EPA’s herbicide resistance management approach 

B Chism*; J Becker; A Jones
US Environmental Protection Agency, Office of Pesticide Programs, Washington DC, 
USA   

The EPA’s Office of Pesticide Programs in consultation with USDA, grower groups, 

Resistance Action Committees, and WSSA has released guidance for registrants 
concerning herbicide resistance management.  This will provide growers and other 
herbicide users with detailed information and recommendations to slow the 
development and spread of herbicide resistant weeds.  The Agency has created two 
pesticide registration notices one on guidance for herbicide resistance management 
labeling, education, training, and stewardship and a second on guidance for pesticide 
registrants on pesticide resistance management labeling.  During the registration review 
process and the registration of herbicides on herbicide resistant crops the Agency has 
started to recommend that registrants incorporate resistance management into their 
herbicide labels and educational materials.  The Agency expects that in the longer term, 
registrants will routinely incorporate resistance management elements on all herbicide 
labels. 
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Herbicide discovery in light of fast spreading resistance and ever increasing 
regulatory hurdles

B Peters*; H Strek
Bayer AG, Frankfurt, Germany 

According to the UN the global population is expected to grow to almost 10 billion 
people in 2050. This means that the demand for food, feed and fibre will double while at 
the same time agriculture is challenged by scarcity of water, global warming, less land 
available for farming, protection of natural habitats, biodiversity and others. In addition, 
existing technologies for farming like plant protection products are under pressure by 
fast spreading resistance and the expectation of the public that these products must not 
cause any adverse effects to humans or the environment. The latter goes in line with 
changes in the regulatory systems with a trend to move away from risk assessment to a 
more hazard based approach and at the same time increasing regulatory hurdles. This 
talk will try to explain why chemical crop protection compounds are still very attractive 
and needed, how industry is trying to find resistance breaking molecules that are highly 
biologically effective on target species while not acting on non-target species. It will 
describe how new, resistance breaking molecules are identified in the early research 
phase, how they are optimized and tested in the field, what is done in development to 
ensure human and environmental safety and how challenging it is to get them 
authorized. Finally, it will also touch on other technologies which may supplement 
chemical weed control and the management of resistant weeds in the future like cover 
crops, precision farming, digital farming and robotics. 
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New tax on pesticides triggers increased monitoring

SK Mathiassen; P Kudsk 
Aarhus University, Slagelse, Denmark 

The introduction of a new tax loading the pesticides according to their potential 
environmental and health hazards triggered the need to establish a status of herbicide 
resistance in Denmark. The tax affects prices on various herbicide sites of action 
differently; for example, taxes on sulfonylurea herbicides are low compared to residual 
herbicides like prosulfocarb and pendimethalin. Hence the tax most likely will result in 
less diversity in sites of action thus increasing the risk of resistance. For this reason, a 
‘pre-pesticide tax baseline’ of resistance was demanded.  

Seed sampling of 8 weed species was carried out in untreated plots in GEP- and 
national herbicide trials distributed all over Denmark. Each weed species was tested 
with a discriminating dose of two herbicides and putative resistant samples were further 
tested in dose-response experiments.  

More than 330 seed samples were tested over 3 years. Overall 8% of the samples were 
resistant. The highest frequency of resistance was found in Alopecurus myosuroides 
with 30% of the samples showing resistance to ACCase as well as ALS inhibitors. For 
Lolium perenne,19% of the samples were resistant to ALS inhibitors, while for Lolium

multiflorum and Stellaria media, 15% of the samples were resistant to ALS inhibitors. 
Resistance was low in Tripleurospermum inodorum (1%) and Papaver rhoeas (5%); no 
resistance was found in Centaurea cyanus. The high frequencies of resistance in A.

myosuroides and S. media were not surprising as the first cases of resistance were 
confirmed in 2001 and 1991, respectively. In contrast, we did not expect resistance in 
19% of the L. perenne samples as only one case of resistance has been reported in 
Europe until now. The fact that the new tax on ALS inhibitor herbicides is low, combined 
with the high initial frequency of ALS resistance found in this study, highlights the 
importance to follow up on future development of resistance.   
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Weed herbicide resistance diagnostics from field to new molecular biology 
technology: a review.

R Beffa 
Bayer AG, Division CropScience, Weed Control Biology, Weed Resistance Research, 
Frankfurt, Germany  

Sustainable weed control is a major factor protecting crops from yield losses. In an 
Integrated Weed Management approach (IWM), herbicides are a cornerstone 
technology to insure an efficient weed control at reasonable costs in modern agriculture. 
The use of chemistries representing few modes of actions during the past years as well 
as simplified cropping systems has led to the evolution of herbicide resistance in 
numerous weeds worldwide. Several criteria have been defined to assess the 
resistance of weed populations to herbicides, mainly based on the evaluation of their 
performance in fields and/or in greenhouse tests. These tests are often costly in terms 
of time (several months) and resources (e.g. human power, and greenhouse facilities). 
Today, new technologies in particular using molecular biology like SNP analyses are 
allowing the development of faster, more reliable tests including additional information 
on the mechanism(s) of resistance (e.g. Target Site Resistance, TSR). In addition, more 
knowledge is produced by genomic approaches which possibly will bring new molecular 
markers to analyze additional TSR mutations or non-target-site based resistance 
mechanisms like herbicide detoxification (Enhanced Metabolic Resistance, EMR). In 
addition, these new approaches might offer novel tools to develop quick field tests. 
Early, fast, and reliable diagnostics of herbicide resistance, including the nature of 
resistance mechanisms, together with predictive tools based on field history and 
modeling can offer the opportunity to recommend the best IWM strategy to mitigate the 
evolution of weed resistance. The goal of this presentation is to review the available 
technologies to assess herbicide weed resistance, discuss the possible improvement 
brought by new technologies and propose additional criteria to define resistant 
populations. 
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Derived Polymorphic Amplified Cleaved Sequence (dPACS) assay: a novel PCR-
RFLP procedure for detecting known single nucleotide polymorphisms

SS Kaundun*1; SJ Hutchings1; E Marchegiani1; K Baker2 
1Syngenta Ltd, Bracknell, UK; 2General Bioinformatics, Reading, UK 

Several methods have been developed to detect single nucleotide polymorphisms 
(SNPs). Often, they are dependent on the conservation of nucleotides around the SNP 
in question and are therefore not suitable for application to highly variable and 
heterogeneous organisms. Here we describe the novel three-step derived Polymorphic 
Amplified Cleaved Sequence (dPACS) procedure which involves PCR, restriction 
digestion and horizontal gel electrophoresis for genotyping individual samples. The 
peculiarity of the dPACS method is that it employs a pair of primers that cover the entire 
fragment to be amplified except for the 1-3 nucleotides around the SNP being 
investigated. As such it allows fixing or modifying nucleotides in both forward and 
reverse primers for creating a restriction site with a suitable enzyme that differentiates 
wild from mutant sequences. Selection of effective enzymes and primers is aided by a 
newly developed dPACS 1.0 software. The assay is exemplified here with the positive 
detection of wild type proline106 of 5-enolpyruvylshikimate-3-phosphate synthase 
(EPSPS) and its serine, threonine and alanine variants which confer resistance to 
glyphosate, and serine264 and isoleucine2041 which are key target-site determinants in 
weed sensitivities to photosystem II and acetyl CoA carboxylase (ACCase) inhibiting 
herbicides, respectively. The assay was initially validated using Amaranthus spp, 
Eleusine indica and Lolium rigidum populations for which relevant gene sequences 
were available. The data generated by the dPACS assay were completely correlated 
with sequencing results attesting the robustness of the method developed here. 
Additionally, the assays proved to be directly transferable to up to 24 other diverse 
weed species, further adding to the advantage provided by the dPACS methodology 
over existing PCR-RFLP procedures. The assays will be useful in both mechanism and 
monitoring of herbicide resistance studies. 
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Rapid detection of resistance to post-emergence herbicides in Amaranthus spp. 
with the Syngenta Resistance In-Season Quick (RISQ) test 

L Jackson*; S-J Hutchings; E McIndoe; SS Kaundun
Syngenta, Bracknell, UK  

Managing Amaranthus spp. has become particularly challenging in row crops due to its 
propensity to evolve resistance to all major herbicide modes of action that are 
commonly used to control the species. So far, herbicide resistance in Amaranthus spp. 
is routinely determined via the labour-intensive, time and space inefficient whole plant 
pot assay using seeds collected at the end of the growing season. Here we have 
investigated the usefulness of the Syngenta Resistance In-Season Quick (RISQ) test in 
Amaranthus spp. to rapidly detect herbicide resistance. 

The Syngenta RISQ test is a simple bioassay that involves transplanting suspected 
resistant seedlings alongside known sensitive and resistant standards into agar 
containing informative rates of herbicide and recording percentage survival 10-14 days 
after plating. The Syngenta RISQ methodology was validated using a range of 
Amaranth populations known to be either sensitive or resistant to photosystem II (PSII), 
acetolactate synthase (ALS), 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), 
p-hydroxyphenylpyruvate dioxygenase (HPPD) and protoporphyrinogen oxidase (PPO)
inhibitors. The resistance indices generated with the Syngenta RISQ and whole plant
pot tests were comparable irrespective of the herbicide modes of action, populations
and mechanisms involved, including target-site mutation/duplication, and enhanced
metabolic degradation. Preliminary tests using sensitive Amaranth populations have
shown that the RISQ test could also be applied to detect efficacy shifts to auxinic
inhibitors and herbicides that target photosystem I, glutamine synthase and phytoene
desaturase.

This study demonstrates that the Syngenta RISQ test can be effectively applied in 
Amaranthus spp. to detect resistance to a wide range of herbicides. As the resistance 
status of the populations can be determined prior to post-emergence herbicide 
application in the field, it can inform on the best product that will ensure effective weed 
control and optimum crop yield within the same growing season.    
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Lessons from Insecticide Resistance:  The insects don't always win! 

BD Siegfried 
University of Florida, Department of Entomology and Nematology, Gainesville, FL, USA 

Insecticide resistance among agricultural and medically important pest insect species 
poses an ever increasing challenge to agricultural production and human health.  
Resistance among insect pests was first reported early in the 20th century to inorganic 
compounds, but with the advent of synthetic chemical insecticides such as DDT and 
their widespread use, the number of confirmed resistant species now approaches nearly 
600. We have learned a great deal about the factors that contribute to resistance and
the biochemical and genetic mechanisms of resistance.  Mechanisms of resistance
generally involve genetic changes that affect the rate at which a toxic insecticide
reaches the target site such as reduced integumental penetration or enhanced
metabolic detoxification.  Alternatively, changes in target site sensitivity, especially
those associated with the central nervous system, also are frequently associated with
resistance.  Perhaps the most important recognition is that resistance evolution involves
a response to a selective pressure and that the stronger the selective, the greater the
risk of resistance. Such understanding of these selective pressures informs decisions
on the most appropriate tools to prevent or at least delay resistance evolution.  The
introduction of transgenic insecticidal crops and the regulatory requirements for
proactive resistance management have increased the intensity of research to deploy
these technologies in a sustainable manner.  While a number of significant successes
have been realized, there are an increasing number of examples where resistance has
impacted performance of transgenic plants and there is still much to learn.
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Lessons from Fungicide Resistance 

MT McGrath 
Cornell University, NY, USA 

Fungicides at risk for resistance developing are typically the primary fungicides used 
because of their inherent activity for the target disease.  Consequently managing 
resistance is an essential component of successful disease control programs. An 
important education point was the need to implement management before resistance 
developed.  General guidelines include reducing need for fungicides by implementing 
other management practices such as plant resistance, applying multiple at-risk 
fungicides in alternation and tank-mixed with low-risk protectant fungicides (e.g. 
chlorothalonil and copper), and limiting seasonal use. Later is enforced through label 
restrictions such as specifying maximum number and percent of applications, prohibiting 
greenhouse use, and allowing use only on roots or foliage. Proportion of resistant 
individuals in a population can increase substantially over a season with foliar 
pathogens that reproduce asexually as wind-dispersed spores and have short (one 
week) cycles.  Effectively managing resistance, especially in the past, has been 
hampered by lack of effective alternative management practices and fungicides. 
Multiple chemistries available now facilitate managing resistance; however, it is more 
difficult to detect resistance in crops as control failure is unlikely when resistance is 
present to one fungicide alternated with others in a program.  New products tend to be 
pre-mixes with other at-risk or protectant fungicides.  There is concern using IPM 
thresholds could promote resistance thus preventive application schedules are 
preferred.  Limited work is being done on surveying for resistance or testing resistance 
management strategies.  A plant bioassay has proven useful for surveying.  Risk 
generally has been predicted correctly, but occasionally resistance has developed 
unexpectedly to chemistry or in a pathogen.  Resistance tends to persist in pathogen 
populations as usually there is not a fitness cost to the trait and the fungicide may 
continue to be applied to the crop for other diseases.  Pathogen strains resistant to 
multiple, unrelated chemistry have been detected.  
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Carbapenem-resistant Enterobacteriaceae (CRE) in Colorado: Lessons learned 
from 4 years of surveillance

SJ Janelle*; W Bamberg; H Johnston; E Basiliere; M Estes
Colorado Department of Public Health and Environment, Denver, CO, USA 

Carbapenem-resistant Enterobacteriaceae (CRE) are considered an urgent threat in the 
United States because they are associated with high morbidity and mortality, limited 
treatment options, and potential for rapid spread between patients. To understand the 
epidemiology of CRE in Colorado, the Colorado Department of Public Health and 
Environment (CDPHE) initiated statewide laboratory-based surveillance of CRE in 2013. 
Surveillance and public health response includes tracking CRE throughout the 
population in Colorado, providing educational outreach and infection control 
recommendations to health care facilities and providers, investigating outbreaks of 
CRE, and performing resistance mechanism testing at the CDPHE laboratory. CDPHE’s

surveillance has improved the understanding of certain risk factors for acquiring CRE 
infections, has detected an increase of a rare resistance mechanism in CRE, and has 
identified a rise in community-acquired cases in Colorado. Understanding the changing 
epidemiology of CRE in Colorado will help to target educational and prevention efforts 
to combat the rise in antibiotic resistant bacteria. 
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Farmer awareness of resistant weeds and perception of resistance management 
strategies: results from a German survey  

D Rissel*; L Ulber 
Julius Kühn-Institut, Federal Research Centre for Cultivated Plants, Braunschweig, 
Germany  

An online survey was conducted in 2015 with the objective of assessing farmers’ 
perspective on herbicide resistant weeds and tactics used to prevent or manage 
resistant weed populations. Farmers were asked a series of questions to determine the 
level of resistance awareness and knowledge about resistance occurrence and to list 
the sources of information used to learn about resistance issues. In addition, they were 
asked about their opinion on the effectiveness of various resistance management 
strategies and obstacles to adopting these strategies. The survey was completed by 
450 German farmers. The majority of the growers perceived resistant grass weeds to 
impose a higher threat (7.5 on a scale from 1 to 10) compared to resistant 
dicotyledonous species (4.7). 75% of participating farmers were aware of documented 
cases of resistant weeds in their county and 50% reported having had personal 
experience with resistant weeds on their farm. However, verification of resistance 
occurrence was mainly based on farmer’s personal experiences rather than determined 
by an extension specialist or laboratory testing of plant or seed material. Based on a 1-
10 effectiveness scale, farmers ranked the use of glyphosate before seeding the least 
effective practice (5.4) and rotating herbicide mode of action within the crop rotation the 
most effective practice (8.5) with respect to how effectively the practices mitigated the 
evolution of herbicide resistant weeds. When asked about obstacles to adopting a set of 
given anti-resistance management practices, higher cost was the obstacle most cited by 
farmers followed by insufficient weed control and problems with weather conditions. 
Results from this survey can be used to bridge the information gap between farmers 
and researchers/extension services and improve knowledge dissemination concerning 
herbicide resistance and resistance management practices.  
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An ecologist’s perspective on herbicide resistance

M Bagavathiannan*1; A Davis2

1Texas A&M University, College Station, TX, USA; 2Department of Crop Sciences,
University of Illinois at Urbana-Champaign, Urbana, IL, USA

The evolution of herbicide resistance in weeds is tightly linked to agroecosystem
context. Local environment and management interact with specific weed traits to dictate
the amount and type of selection pressure in a given system. Because of the rich variety
of possible interactions, an epidemiological approach to quantifying risk factors for
resistance evolution may yield more relevant insights than typical on-station or
controlled environment studies. Here, I present an agro-epidemiological study for
quantifying resistance risk factors, and a spatial population dynamics model that uses
the empirical results to make projections and frame testable hypotheses about effective
ways of implementing resistance management strategies at field to regional scales. The
ultimate goal of this work is to aid the design of agroecosystems that confound, rather
than exacerbate, selective pressures on weeds to evolve herbicide resistance.
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Herbicide resistance surveys - a case study of Western Australia 

MJ Owen*; SB Powles 
Australian Herbicide Resistance Initiative, University of Western Australia, Perth, 
Australia  

Herbicide resistance is a widespread problem in the Western Australian (WA) grain belt. 
Random surveys have previously quantified the frequency and distribution of herbicide 
resistance in key weed species in crop regions of WA.  In 2015 a random survey was 
conducted to establish the current levels of resistance for common weed species 
(Lolium rigidum, Raphanus raphanistrum, Hordeum, Bromus and Avena spp.) in crop 
fields. In total, 509 crop fields were visited during Oct/Nov 2015, with fields chosen at 
random and mature weed seeds collected from many plants in the sampling area. 
Weeds seeds were cleaned and after-ripened during the summer months. Herbicide 
resistance screening was conducted during the 2016 growing season between May and 
October with 50 seedlings screened to each herbicide at current Australian label rates. 
Plants were assessed for mortality and data is presented as the number of populations 
with resistant plants. Known resistant and susceptible control populations were used 
with all herbicides. For the annual grass weed L. rigidum, 349 populations were tested 
and nearly all populations were resistant to the commonly used herbicides diclofop-
methyl (96%) and sulfometuron (98%). Many populations (65%) also displayed 
resistance the herbicide clethodim, of which previously there has been little resistance. 
Other herbicides, such as glyphosate, atrazine and paraquat still provide good control of 
most weed populations. Resistance levels have increased substantially for the ACCase 
and ALS-inhibiting herbicides since the previous survey conducted in 2003 and for this 
species, although resistance levels have remained similar since 2010. While resistance 
is widespread for L. rigidum, plants densities in most fields was around 1 plant/m2 
indicating that farmers are still able to keep weed numbers down by employing a range 
of weed control methods including harvest weed seed management techniques which 
prevent the seeds from re-entering the seed bank. 
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International Weed Genomics Consortium”: An initiative to coordinate and enable 
research in weed genomics 

K Ravet*1; T Gaines1; P Neve2; L Fan3; C Saski4; A Merotto5; C Preston6; N Burgos7; R 
Beffa8 

1Colorado State University, Fort Collins, CO USA; 2Rothamsted Research, Harpenden, 
UK; 3Zhejiang University, Hangzhou, China; 4Clemson University Genomics Institute, 
Clemson, SC USA; 5Federal University Rio Grande do Sul, Proto Alegre, RS, Brazil; 
6University of Adelaide, Adelaide, SA, Australia; 7University of Arkansas, Fayetteville, 
AR USA; 8Bayer CropScience, Frankfurt, Germany 

Our international working group was established at the occasion of the 7th International 
Weed Science Conference in Prague (June 2016). During the “grass and weed 
genomics workshop”, we analyzed the status quo of grass genomics projects. The main 
outcome of the discussion is the need for establishing a platform that would allow the 
weed science community to exchange ideas, to coordinate research efforts, to focus 
genomic projects on a number of “high-priority” weed species, and to provide non-
expert users with a friendly-user genomic interface enabling functional and comparative 
analyses. Importantly, the platform should involve all major actors of the weed 
community (such as academia, industry, foundations, associations, and genomic 
facilities) and should have strong educational and outreach components. The 
“International Weed Genomics Consortium” (IWGC) and its associated website will 
become a central resource not only for a broad array of scientists with diverse areas of 
expertise and interests around the globe, but shall also represent a key platform for 
stimulating (i) data sharing, (ii) partnerships between academia and private industry, (iii) 
collaborations between international groups, (iv) synergistic activities towards high 
priority projects, (v) communication among science, industry and agriculture, (vi) the 
education of the next-generation of weed scientists, and (vii) the transfer of knowledge 
and experience to developing countries. 
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Eco-evolutionary dynamics on the invasion front allows both target site and non-
target site resistance to establish in the same population

SR Coutts*; RP Freckleton; H Hicks; DZ Childs
University of Sheffield, Sheffield, UK 

The genetic basis of herbicide resistance spans a continuum, from target site 
resistance, where a single gene changes the herbicides binding site, to complex, 
polygenic, non-target site resistance, controlled by the additive effect of many genes 
(often involved in metabolizing and transporting the poison). Target site resistance often 
confers very high levels of protection with very little cost (i.e. no reductions in survival 
and fecundity). Non-target site resistance typically confers less protection and comes 
with demographic costs, but can develop more quickly and can provide cross resistance 
to different herbicides. To date there has been little work on how these two classes of 
herbicide resistance interact. Given that target site and non-target site resistance 
produce the same end result, if one of them is common in a population it should reduce 
the selective pressure for, and greatly slow the evolution of, the other. Further, over time 
the more effective and/or less costly genetic basis (typically target site resistance) 
should completely displace the other. Yet it is becoming apparent in several managed 
insect and plant populations that both target site and non-target site resistance has 
evolved within the same population over a short period of time. To evaluate hypotheses 
about how target site and non-target site resistance evolves in the same population we 
developed an eco-evolutionary model of Alopecurus myosuroides. Alopecurus

myosuroides is an annual grass and an important weed of wheat fields across Europe, 
where both target and non-target site herbicide resistance is found within the same 
population, and likely evolved within a few decades. We show that this was unlikely to 
occur without dispersal into empty fields. This highlights the potential of nascent 
invasion foci, ahead of the invasion front, to facilitate important evolutionary processes 
and the spread of target site resistance in weeds. 
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Modeling the evolution of metabolic resistance

O Richter*1; D Langemann2; R Beffa3

1University of Technology Braunschweig, Institute of Geoecology, Germany; 2University 
of Technology Braunschweig, Institute of computational Mathematics, Germany; 
3BAYER Crop Science, Frankfurt am Main, Germany

Metabolic resistance is characterized by enhanced detoxification of xenobiotics within 
the target organism resulting in a gradual shift of dose response curves. Frequently, this 
type of resistance involves polygenic inheritance. A model is presented linking the 
biochemical pathway of amino acid synthesis and the detoxifying pathway of an inhibitor 
of the key enzyme ALS.  The four phase detoxification pathway comprising the action of 
P450, GST, glycosyltransferase and ABC transporter is modelled by a system of 
coupled enzyme kinetic reactions represented by nonlinear differential equations.  The 
combination of the model for the biosynthetic pathway of the branched chain amino 
acids with the metabolism of inhibitors of the key enzyme ALS show that metabolic 
resistance depends on the fine tuning of the enzymes of this pathway. Dose response 
curves were obtained by performing "experiments" with the model system where the 
system of differential equations was solved numerically for a large number of initial 
herbicide concentrations at a given pyruvate initial concentration. The response is 
measured as the cumulated production of valine. Response curves were generated for 
different activities of the detoxifying pathway expressed by the Vmax values of P450 and 
GST.  From the response curves, resistance factors for each biotype were derived, and 
then applied to a time discrete polygenic population genetic model for an annual weed 
plant comprising the seedbank and seedlings as well as young and mature plants.  
Considering only two possible levels of activity of each enzyme, either low or high 
activity, the genetics are determined by three loci resulting in 27 biotypes.  The 
simulations show that low dose regimes favour rapid emergence of resistant biotypes 
and that suitable combinations of mode of action and crop rotation can delay or prevent 
the evolution of resistant biotypes. 
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Molecular evolution and population dynamics of herbicide resistance in genus 
Amaranthus: rapid proliferation of a highly conserved gene modulated by 
population history 

A Lawton-Rauh*1; AO Disharoon1; KE Beard1; JD Burton2; RL Nichols3; N Burgos4 
1Clemson University, Clemson, SC, USA; 2North Carolina State University, Raleigh, NC, 
USA; 3Cotton Incorporated, Cary, NC, USA; 4University of Arkansas, Fayetteville, AR, 
USA 

Gene copy number proliferation is one of several mechanisms involved in the origin and 
spread of resistance and stress resilience in many organisms. To understand the 
mechanistic origins of rapid, massive gene copy number proliferation during adaptation 
to glyphosate and the subsequent population level processes expanding resistance, we 
investigated genus Amaranthus and populations of the species with the most rapidly 
spreading glyphosate herbicide resistance, Amaranthus palmeri. Outside of glyphosate-
resistant biotypes of most plant species, EPSPS is present in single copy and is highly 
conserved through strong purifying selection. Estimates of EPSPS gene copy numbers, 
EPSP synthase abundances, glyphosate resistance bioassay responses, and 
contemporary vs. ancestral genetic population structures of A. palmeri across the 
U.S.A. indicate independent origins of glyphosate resistance in A. palmeri and that 
recently-founded resistant populations have differing levels of variance in massive 
amplification of the EPSPS gene (from ancestral single copy to 400+ copies). This multi-
population study of A. palmeri with differing levels of resistance and genetic structure 
histories indicates gene amplification as a dominant source of resistance in some 
populations and a generalized stress response process in other populations. Taken 
together, there seems to be alternative routes of glyphosate resistance in A. palmeri 
which may, in part, be shaped or modulated by population structure.  
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The population genomics of multiple herbicide resistant Alopecurus myosurodies 
in the UK 

A Dixon*; P Neve
Rothamsted Research, Harpenden, UK 

Alopecurus myosuroides, is one of the most economically damaging and herbicide 
resistance-prone crop weeds in the UK. A recent resistance audit, which sampled 132 
populations from across the species range in England, identified that over 90% and 
75% of individuals were resistant to ACCase- and ALS-inhibiting herbicides, 
respectively. Resistance is conferred by target site and non-target site resistance 
mechanisms. We have used a genotyping-by-sequencing approach (RAD-seq) to 
generate a large set of SNP-based markers for population genomic analysis. In total, 
380 individuals were sequenced from 47 of 132 phenotyped black-grass populations. 
Population selection was based on a multi-factorial analysis that identified contrasting 
populations based on their resistance phenotype, geographical location and the 
management history of the sampling site (field). Samples were sequenced using 
Illumina NextSeq 500 with four runs and a read length of 75bp. The average number of 
reads per run was 254 million. We used STACKS v 1.42 to remove the multiplex 
identifier (MID), dropped reads that contained missing nucleotides or which had a 
quality score below 30 and retained an average of 171 million reads/run. We have used 
the STACKS pipeline to align loci and call SNPs and a model-based coalescent 
analysis, fineRADstructure, to infer population structure and ancestry. By conducting a 
comprehensive population genomic analysis of A. myosuroides populations in the UK, 
we can determine the extent and structure of genetic variation within and between A.

myosuroides populations and thus begin to assess how the resistant phenotype evolves 
and spreads across the landscape. Our analyses assess the extent to which genetic 
differentiation and genetic structure are predicted by geographical distance (isolation by 
distance), field management histories (isolation by environment), or according to 
resistance phenotype. These analyses we performed using a partial mantel test and 
AMOVAs in adegenet and poppr packages in R. 
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A generalised population model for predicting the evolution of herbicide 
resistance in arable weed populations

C Liu1*; ME Bridges2,3; SS Kaundun1; L Glasgow4; MDK Owen5; P Neve2,6 
1Syngenta, Bracknell, Berks, UK; 2University of Warwick, Warwick, Warks, UK; 
3Colorado State University, CO, USA; 4Syngenta, Greensboro, NC, USA; 5Iowa State 
University, Ames, IA, USA; 6Rothamsted Research, Harpenden, Herts, UK 

Simulation models are useful for predicting and comparing the risks of evolved 
resistance to herbicides in weed management systems. A generalised modelling 
framework for annual weed species was developed to predict the evolution of herbicide 
resistance. To account for recent findings that a number of herbicide resistance 
mechanisms are inherited as quantitative traits, this framework incorporates both 
quantitative and Mendelian modes of inheritance. The modelling framework includes a 
complete life cycle of the key annual weed species, Amaranthus spp. Qualitative 
validation, based on actual field history information, showed that the model accurately 
predicted evolved quantitative herbicide resistance. The model was used to evaluate 
different management strategies in genetically modified (GM) crops with multiple 
herbicide tolerance traits. We tested scenarios with varying levels of diversity in terms of 
the number of herbicide modes of action, application timings, and availability of 
alternative weed control tactics. Results showed that genetic and weed management 
parameters, as well as pre-existing herbicide resistance in weed populations, had major 
impacts on simulated weed control levels. Varying weed life-history parameters had 
only minor influences on herbicide resistance evolution, suggesting that the results 
could be generalised for a range of weed species. Important weed control principles, 
such as the need for multiple effective herbicide modes of action, effective herbicide 
mixtures, timely applications and the use of herbicides in combination with non-chemical 
control tactics, were demonstrated. Results will be presented and interpreted with 
consideration of developing rational resistance management strategies in GM crops 
with multiple herbicide tolerance traits. 
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The Diversity model: A multi-species, multi-herbicide tool for strategy 
development in Australian cotton cropping

D Thornby1; J Werth2; J Hereward3; M Keenan2; B Chauhan4

1Innokas Intellectual Services, Gold Coast, Queensland, Australia; 2Department of 
Agriculture and Fisheries, Toowoomba, Queensland, Australia; 3University of 
Queensland, St Lucia, Queensland, Australia; 4Queensland Alliance for Food and Fibre 
Innovation, Gatton, Queensland, Australia 

Because herbicide resistance evolves in very large populations over periods of several 
(or many) years, modelling has been an important tool for investigating the dynamics of 
the problem. More recent models can also simulate spatial evolutionary and 
management dynamics. In some cases, models have been used to develop on-ground 
strategies for dealing with developing, nascent, or dominating resistant populations. The 
Diversity model builds on existing modelling efforts but goes a step further: it tracks the 
evolution of resistance to three herbicides in four weed species in the same 
environment. The Diversity model has been designed to test strategies for use in new 
cropping cotton cultivars with multiple herbicide tolerances, in an Australian context. 
The Diversity model is constructed in Python 6, extending the existing mono-gene 
resistance model SHeRA. It tracks resistance as single-gene and poly-gene traits, and 
as target-site, non-target-site, and gene amplification mechanisms, and includes both 
the three target herbicides and a complete range of other weed management options for 
use in prospective strategies. We understand now that diversity is the answer to 
herbicide resistance. Stacked herbicide tolerance in new crop cultivars offers greater 
potential for herbicide diversity, but the results of their use in vivo will take time to 
emerge. With the Diversity model, we aim to quantify just how diverse ‘diversity’ actually 

is, and to develop and release strategies of practical use in time to defend the herbicide 
susceptibility that remains. 
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The herbicide dose conundrum regarding the evolution and delaying of weed 
resistance

J Gressel
Weizmann Institute of Science, Rehovot, Israel 

High herbicide dose rates typically select for monogenic target site resistance, 
especially when the herbicide persists and is season-long phytotoxic in the field or the 
farmer persists in repeated applications throughout the season. The same high doses 
preclude the evolution of minor gene quantitative resistance, as multiple mutations 
would have to be present simultaneously to confer resistance. Conversely, near sub-
lethal low rates select for incrementally creeping quantitative resistance, allowing 
multiple mutations or gene amplifications to accrue in the weed. The evolution of all 
types of resistance can be especially exacerbated by having large weed populations, 
especially in fields where economic threshold treatment strategies have been used, due 
to the weeds left in the field that do no economic damage but leave large seed rains. 
Herbicide resistance evolution can be delayed by varying between high and low doses, 
rotating herbicides (especially with herbicides exerting negative cross resistance) along 
with practices that keep weed seed bank populations very low, such as crop and 
herbicide rotation regimes, using herbicide mixtures that meet the criteria for delaying 
resistance, along with sanitation, genetic engineering for resistance to rarely used 
herbicides, as well as non-chemical cultivation. Although many commonly used 
mixtures are effective in general weed control, they may not meet the criteria for 
delaying resistance. To effectively meet these criteria, mixing partners must control the 
same weed species, have similar environmental persistence, different modes of action 
and different pathways of degradation. If mixtures meet all these criteria, they may 
overcome the dose conundrum and be the most effective chemical method of delaying 
resistance. Even then, it is best to augment mixtures with other methods of control to 
keep low seed bank populations. 
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Could herbicide resistance be eradicated?

M Renton
University of Western Australia, Perth, WA, Australia 

Is it possible that herbicide resistance could be eradicated, at least for a particular 
species and a particular herbicide? New invasive weed species that pose high 
environmental or economic threats can be targeted with eradication or containment 
programs. For an economically significant weed with newly discovered resistance to a 
valuable herbicide, it might be possible to run an eradication or containment program in 
a similar way. Such a program would require any newly discovered resistant 
populations to be reported and promptly eliminated, before they can spread, and for 
growers to be fully compensated for associated costs. The success of the program 
would depend on factors such as 1) how quickly resistant populations are detected; 2) 
the frequency with which detected populations are reported; 3) the size of the 
quarantine/eradication zones established around reported populations; 4) natural- and 
human-mediated spread of resistance via pollen and seed; and 5) biological factors 
such as fecundity, the genetic basis of resistance and out-crossing rates. This study 
aims to investigate under what conditions a herbicide resistance eradication program is 
likely to be successful and economically viable. To address this aim, a new spatially- 
and genetically-explicit landscape-scale model of herbicide resistance evolution and 
spread was developed. The model was used to analyse how the probability of success 
and long-term cost of a herbicide resistance eradication program would depend on the 
different factors outlined above. 
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RNA-seq transcriptome analysis of multiple herbicide resistance in Avena fatua L. 

BK Keith*; EA Burns; C Carey; WE Dyer
Montana State University, Bozeman, MT, USA 

Herbicide resistance in croplands is a global problem that drastically reduces crop yields 
and increases production costs. Many recent cases are due to non-target site 
resistance (NTSR), often resulting in multiple herbicide resistance (MHR), and the 
molecular mechanisms conferring MHR have yet to be established. RNA-seq 
transcriptome analysis was used to identify candidate genes associated with NTSR in a 
MHR Avena fatua (wild oat) accession that is resistant to at least twelve herbicides from 
five mode of action families. cDNA libraries from untreated susceptible (S1) and MHR 
plants were sequenced and assembled into a total of 2.2 and 2.1 million contigs, 
respectively.  Corset analysis resulted in 21,461 unique clusters with annotation E-
values ≤ 10-4, and of these, 580 clusters showed constitutive expression differences 
(fold change ≥ 1.8, false discovery rate (FDR) < 0.099) between MHR and S1. Based on 

their annotations related to plant defense and abiotic stress response, 25 contigs were 
chosen for validation using qPCR assays.  Differential abundance was confirmed for 
contigs involved in xenobiotic response and catabolic processes (glutathione 
transferases, cytP450s, glycosyltransferases, ABC and multidrug and toxic compound 
extrusion (MATE) transporters, HAD phosphatase), stress response and redox 
maintenance (ornithine-δ-aminotransferase, heat shock proteins, cyclophilin-like 
peptidyl-prolyl isomerase), and regulatory proteins (WD40 Utp12, SNF2, Jmjc histone 
demethylase, anthocyanidin 3-O-glucosyltransferase, anthocyanin bHLH-Myc_N 
regulatory protein).  Flucarbazone treatment of S1 plants did not alter levels of most 
contigs six HAT, but elevation of eight contigs and reduction of one contig was 
observed. Differential expression of 22 of the tested contigs co-segregated with 
flucarbazone resistance in MHR4:S2 F3 families. 
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Evaluation of epigenetic modifications in herbicide treated Arabidopsis thaliana 
mutants 

A Merotto*1; C Markus1; A Pecinka2; A Merotto Jr1

1Federal University of Rio Grande do Sul, Porto Alegre/RS, Brazil; 2Max Planck Institute 
for Breeding Research, Cologne/NRW, Germany 

Epigenetic regulation is important to plant development and stress mitigation, mainly 
through DNA methylation and histone modifications that affect the regulation of gene 
expression. The aim of this study was to evaluate whether herbicides can cause 
epigenetic changes that may be important to the regulation of herbicide resistance. The 
experiments were carried out using Arabidopsis thaliana (L.) Heynh. and the herbicides 
imazethapyr (IMI), glyphosate, and 2,4-D at sub-lethal doses of 10.6, 72 and 40.3 g  
ha-1, respectively. The first experiment was performed with A. thaliana line L5 and 
crosses with the epigenetic ddm1 mutant as the positive control. The second 
experiment was performed with 11 different mutants associated with specific epigenetic 
pathways and the wild type (WT) Col-0. The repressor of silencing (ros1) mutant, which 
encodes for 5-methylcytosine glycosylase, a transcriptional silencing repressor, 
presented the largest change in herbicide susceptibility compared to WT and was used 
for RNA-seq analysis performed 48 hours after herbicide treatment. The evaluated 
herbicides produced global modifications of DNA methylation. The herbicide 
susceptibility was affected in some mutants relative to DNA and specific histone 
methylation. The ros1 mutant showed 20-30% increase of susceptibility to imazethapyr 
in comparison to WT. The RNA-seq data of genes upregulated by herbicide application 
in WT (WT/WT IMI up) compared with genes downregulated in the ros1 mutant 
(WT/ros1 down) identified 200 differentially expressed genes, 28 of which are putatively 
involved in herbicide detoxification. Results indicate that the evaluated herbicides affect 
specific epigenetic pathways that regulate the expression of specific genes. Further 
analysis may contribute to a better understanding of epigenetic regulation in the 
evolution of herbicide resistance. 
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Decreased dicamba transport due to increased flavonoid biosynthesis: a 
candidate dicamba resistance mechanism 

DJ Pettinga*; EL Patterson; P Westra; TA Gaines 
Colorado State University, Fort Collins, CO, USA  

Resistance to dicamba (a synthetic auxin herbicide) has been documented in Kochia

scoparia populations since 1994, but the molecular mechanisms of observed resistance 
cases remain elusive. An RNA-Seq approach was used to identify 386 transcripts with 
significantly differential transcription responses between inbred lines of dicamba-
resistant (9425R) and -susceptible (7710S) K. scoparia in response to dicamba 
application. Among the significantly differentially expressed transcripts was Flavonol 3’-
Hydroxylase (F3’H), a key enzyme in the flavonoid biosynthesis pathway found to be

upregulated in 9425R. This enzyme determines the relative abundance of quercetin to 
kaempferol, known inhibitors of auxin transport. Chalcone Synthase (CHS), the first 
enzyme and rate-limiting step in the flavonoid biosynthesis pathway, displayed 
significant upregulation in 9425R. In silico expression patterns of both transcripts was 
confirmed with qRT-PCR. An F2 population derived from a cross of 9425R x 7710S 
segregating for the resistance phenotype was assayed for CHS and F3’H expression

using qRT-PCR. Dicamba-resistant F2 individuals displayed significantly higher CHS 
transcription and lower F3’H transcription compared to dicamba-susceptible F2 
individuals, associating the resistant phenotype of 9425R with a greater overall flux and 
higher relative ratio of kaempferols to quercetins. Co-segregation of this expression 
profile with the resistance phenotype in the F2 suggests that kaempferol and quercetin 
may play a role in the resistance phenotype by inhibiting auxin transporters. Reducing 
intercellular transport and vascular loading could substantially reduce dicamba efficacy 
by reducing movement to sensitive meristematic tissue, thereby conferring the observed 
resistance phenotype. 
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Genome sequencing and assembly for Kochia scoparia 

E Patterson*1; K Ravet1; P Tranel2; D Sloan1; P Westra1; C Saski3; T Gaines1 
1Colorado State University, Fort Collins, CO, USA; 2University of Illinois, Urbana, Il, 
USA; 3Clemson University, Clemson, SC, USA 

Kochia scoparia (kochia) is one of the most important weeds in the western United 
States and Canada. It currently infests hundreds of thousands of acres of farm and 
range land across North America and causes millions of dollars in crop loss annually in 
sugar beet, canola, wheat and corn fields. Kochia has evolved resistance to many of the 
most important herbicides used for its control, including glyphosate, dicamba, and ALS 
inhibitors.  Additionally, Kochia is an extremely hardy plant that can tolerate substantial 
abiotic stress from drought, salt, and both extremes of temperature. This suite of traits 
all contribute to its success as a weed. Our research aims to make kochia a model 
organism, not only for weed research but also as a plant extremophile. We are currently 
in the process of assembling its genome using a hybrid PAC-Bio Illumina approach and 
annotating genes that may contribute to its success as an invasive species.  Our 
research so far suggests that kochia undergoes substantial gene duplication throughout 
the genome and that this sometimes leads to rapid genome evolution and increased 
genetic diversity at key loci involved in abiotic stress response. 
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Genetic diversity and resistance of 15 Echinochloa crus-galli biotypes to 
quinclorac in Vietnam’s Mekong delta and Arkansas, U.S.A. 

L Duy1; M Mauricio1; NM Chon2; RK Mann3; CN Yerkes3 
1Dow AgroSciences B.V, Ho Chi Minh City, Vietnam; 2Can Tho University, Can Tho, 
Vietnam; 3,Dow AgroSciences, Indianapolis, Indiana, U.S 

Echinochloa crus-galli (barnyardgrass) is considered the most important weed of rice 
production in Vietnam. More than 10 years after quinclorac introduction, resistant E.

crus-galli populations were reported in the 4 largest provinces of the Mekong delta; 
however, little is known about the herbicide resistance and genetic diversity of 
barnyardgrass in Vietnam. Therefore, random amplified polymorphic DNA (RAPD) 
markers were used to characterize the genetic diversity of 13 barnyardgrass biotypes 
found in Mekong delta and two biotypes collected from Arkansas of U.S. The LD90 of 
these biotypes was calculated to measure the correlation between genetic diversity and 
herbicide resistance level of collected populations. Results of RAPD analysis showed 
that there may be more than 3 species of Echinochloa in Vietnam rather than only 
Echinochloa crus-galli. On the other hand, Arkansas biotypes showed high similarity 
coefficient (0.69 to 0.80) to two biotypes from Vietnam. The LD90 results of Vietnam 
biotypes indicated 3 biotypes were highly resistant to quinclorac with LD90 at 1406-2213 
g a.i./ha, 6 biotypes demonstrated moderate resistance at 545-1087 ga.i/ha, and 4 
biotypes were susceptible with LD90 at 251-348 g a.i./ha. The correlation between 
genetic diversity and LD90 of Echinochloa biotypes is not clear. These results suggest 
that quinclorac resistance may evolve independently among weed biotypes, and RAPD 
markers successfully identify genetic diversity in population but not a reliable method for 
quinclorac resistance detection in barnyardgrass. 
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Independent selection in glyphosate-resistant populations of Digitaria insularis 
from Brazil 

HK Takano; RS Oliveira Jr; J Constantin; MFPS Machado; CA Mangolim; MRR 
Bevilaqua; RR Mendes 
State University of Maringá, Maringá, Paraná, Brazil  

The first glyphosate resistance cases of Digitaria insularis were reported in Paraguay in 
2005 and later in two sites from Brazil: Guaíra, Paraná (2008) and Matão, São Paulo 
(2009). The hypothesis of this study is that the selection of these resistant populations 
may have occurred independently. To test this hypothesis, dose-response experiments 
were conducted to confirm the resistance, and Inter Simple Sequence Repeat (ISSR) 
markers were subsequently evaluated using five populations from Paraguay, Paraná, 
and São Paulo. Populations susceptible to glyphosate presented more polymorphism 
than the resistant populations due to the selection pressure exerted by the herbicide, 
which works as an agent that reduces genetic variability ("bottleneck effect"). The 
similarity matrix and the dendrogram analyses indicated that the origin of the resistance 
in the populations from Paraguay and Paraná could be the same, which is also 
explained by the geographical proximity. However, the selection of resistant populations 
in São Paulo occurred independently from the other locations since the resistance 
emerged in populations that are highly divergent from a genetic point of view based on 
the ISSR markers. There are evidences that the populations of D. insularis resistant to 
glyphosate were selected independently in Paraná and São Paulo, because they 
comprise genetically structured populations that have a low level of gene flow. That 
finding also helps to explain the selection of resistant populations in two areas with 
distinct farming explorations (grains in Paraná and citrus orchards in São Paulo). 
Independent selections of D. insularis populations resistant to glyphosate may be a 
factor contributing to the rapid spread of this problem in South America. 

Global Herbicide Resistance Challenge 2017 Proceedings page 79



Investigation of the resistance mechanisms to several ACCase inhibitors in a 
multiple-herbicide resistant line of Echinochloa phyllopogon 

S Iwakami*1; Y Kamidate2; Y Sunohara2; M Endo3; S Toki3; A Uchino4; H Matsumoto2 
1Kyoto University, Kyoto, Japan; 2University of Tsukuba, Tsukuba, Ibaraki, Japan; 3Plant 
Genetic Engineering Research Unit, Institute of Agrobiological Sciences, NARO, 
Tsukuba, Ibaraki, Japan; 4Central Region Agricultural Research Center, NARO, Tsu, 
Mie, Japan 

Echinochloa phyllopogon populations found in California are known to exhibit resistance 
to multiple herbicides such as ALS inhibitors and FOP group ACCase inhibitors. The 
resistance mechanisms to these herbicides were suggested as enhanced herbicide 
metabolism. Previously, we identified two P450 genes whose overexpression are 
associated with the ALS inhibitor resistances (Iwakami et al. 2014 Plant Physiology). 
Meanwhile, the genes involved in the resistances to ACCase inhibitors remains to be 
understood. For the better understanding of resistance mechanism of ACCase 
inhibitors, we examined susceptibilities of a multiple-herbicide resistant line to four 
ACCase inhibitors from three chemical classes: fenoxaprop-P-ethyl; diclofop-methyl; 
tralkoxydim; pinoxaden. The multiple-herbicide resistant line (line 511) exhibited 
significantly reduced susceptibilities to all the four herbicides compared to a susceptible 
line (line 401). P450 genes were isolated from the resistant line and introduced into rice 
via Agrobacterium-mediated transformation. Transgenic rice calli expressing either of 
the genes grew vigorously in media containing diclofop-methyl, tralkoxydim or 
pinoxaden while the growth of negative control, GFP-expressing rice, was severely 
suppressed. Fenoxaprop-P-ethyl resistance was not observed in the P450 expressing 
rice calli. The P450 genes may be involved in diclofop-methyl, tralkoxydim and 
pinoxaden resistances in the multiple-herbicide resistant E. phyllopogon while other 
mechanisms are suggested in the resistance to fenoxaprop-P-ethyl. 
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Herbicide metabolic resistance gene discovery in Lolium rigidum using RNA-
sequencing 

H Han*1; Q Yu1; S Gonzalez2; R Beffa2; SB Powles1 
1Australian Herbicide Resistance Initiative, University of Western Australia, Perth, WA, 
Australia; 2Bayer CropScience, Industripark Höchst, Frankfurt/Main, Germany 

Evolution of non-target-site herbicide resistance in weeds has been a serious challenge 
for the global agriculture industry. In Western Australia the majority of Lolium rigidum 
populations have evolved non-target-site metabolic resistance. Cytochrome P450, 
glutathione transferase (GST), and glucosyltransferase (GT) have long been implicated 
in metabolic resistance, but specific genes involved remain largely unknown. To identify 
the herbicide-metabolizing genes in L. rigidum, a subset population of plants displaying 
a metabolic resistance mechanism to both diclofop and chlorsulfuron was purified from 
a field-evolved resistant population, SLR31. Using HPLC and DNA sequencing for 
confirmation, plants of the subpopulation showed increased diclofop metabolism relative 
to the susceptible population (VLR1), but did not carry ALS and ACCase target-site 
mutations.  In order to minimize variation from genetic background, a segregating F2 
population was derived by pair-crossing the purified resistant (SLR31) and susceptible 
(VLR1) individuals. Genetic inheritance studies showed that metabolic resistance to 
diclofop and chlorsulfuron in the SLR31 subset is a polygenic trait and likely linked. 
RNA-sequencing was performed using the most susceptible and resistant individuals 
from both the parent and their F2 subsets with 4 biological replicates for each genotype. 
Among 896 contigs that were constitutively differentially expressed in resistant plants of 
both the parent and F2, 24 contigs that were annotated as CytP450, GST and GT were 
selected for validation by qRT-PCR. Four P450s (CYP72, CYP76, CYP81 and CYP89), 
4 GSTs and 5 GTs were found to show consistently higher expression in resistant 
versus susceptible plants, and very likely responsible for resistance. Further population 
validation will be performed using plants from 13 field-evolved resistant L. rigidum 
populations. Cloning and functional characterization of these candidate genes will be 
conducted by yeast and plant transformation. Metabolic herbicide resistance gene 
discovery will greatly extend our currently limited knowledge and understanding of non-
target-site herbicide resistance.  
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The detection and underpinning mechanisms of non-target site based herbicide 
resistance in black-grass

R Edwards*; C Tetard-Jones; R Stafford; A Goldberg Cavalleri; N Onkokesung
Newcastle University, Newcastle, United Kingdom 

As part of the national black-grass resistance initiative (BGRI) our group at Newcastle is 
interested in the mechanisms underpinning non-target site resistance (NTSR) to 
herbicides in black-grass. Using a combination of transcriptomics, proteomics and 
metabolomics we are defining the molecular phenotype of NTSR in populations isolated 
from the field as part of a national audit program. In addition, we are characterizing 
black-grass lines that have been selected for resistance from characterized sources.  
Using a combination of a systems and directed approach we are looking for coordinated 
changes in biochemistry that identify functional components of NTSR.  These 
components can then be analyzed using a combination of transgenic expression, 
protein/enzyme chemistry and structural biology. Using this approach, we have 
characterized a specific phi-class glutathione transferase, AmGSTF1, as having a 
causative role in NTSR, with its transgenic expression conferring resistance to multiple 
herbicides in Arabidopsis.  We have then established that the protein’s regulatory role in

NTSR is exerted through interactions in its active site domain that do not require the 
GST to be catalytically active. We have also determined that AmGSTF1 is a core 
component of NTSR and consistently up-regulated in all field-derived NTSR black-grass 
populations.  The functional link between AmGSTF1 expression and NTSR has allowed 
us to develop a low-cost field–based diagnostic technology based on the immunological 
detection of the protein using lateral flow devices.  As NTSR behaves as a quantitative 
multigenic trait we are now searching for other proteins that contribute to resistance 
together with the associated signaling pathways. Intriguingly, we have determined that 
NTSR has a molecular phenotype that is distinct from that determined in black-grass 
exposed to conventional biotic and abiotic stress and the functional roles of these 
proteins in herbicide resistance is currently in progress. 
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New insights in the development and mechanism of non-target-site herbicide 
resistance in Alopecurus myosuroides

J Petersen1*; M Rosenhauer1; M Hoefer2 
1University of Applied Science Bingen, Germany, 2RLP-Agroscience, Neustadt, 
Germany 

Alopecurus myosuroides (ALOMY) is a major weed in Western and Central Europe. 
Herbicide resistance has been known for this species since 1984. However, since then, 
herbicide resistance has rapidly spread in space and intensity. Besides target-site 
resistance to ACCase and ALS inhibitors, non-target-site resistance (NTSR) is present 
as well. NTSR leads to multiple cross-resistant biotypes that are very difficult to control. 
Our paper describes the outcome of different experiments in lab, greenhouse and field 
trials with different ALOMY-biotypes. Segregation studies showed a number of different 
loci that are involved in NTSR. A transcriptomic approach showed potential candidate 
genes that might be involved in herbicide resistance. Furthermore, field experiments 
were conducted to describe evolution of NTSR in different ALOMY biotypes depending 
on the selection pressure.  

Fourteen different NTSR candidate genes were identified in six different ALOMY 
biotypes. Two to five genes seem to be relevant depending on the biotype x herbicide 
combination. These finding were confirmed by segregation studies. Besides known 
candidates like GSTs, CYPs and glycosyltransferase, other enzymes like oxylipine-
reductase or sarcosinoxidase might be involved in herbicide detoxification. However, 
relevant patterns of candidate genes varied between biotypes and herbicides. This 
makes it very complex currently to implement results in practical diagnostic tools to 
predict herbicide performance in farmer fields. On the other hand, our evolution 
experiments clearly indicated that NTSR can evolve very quickly under “favorable”

circumstances. Sub-lethal herbicides doses provide low selection pressure and lead to 
a strong increase in weed population density, while lethal doses provide high selection 
pressure and lead to lower weed population density but also to a strong increase in 
resistance. The field experiments showed that under the worst-case scenario, ALOMY 
populations got fully out of control in only three years’ time. 
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Evolution of non-target-site resistance to ALS inhibitors in the allergenic 
dicotyledonous weed Ambrosia artemisiifolia 

L Meyer*1; B Chauvel1; N Gosselin2; V Le Corre1; C Délye1 
1INRA UMR1347 Agroécologie, Dijon, France; 2BASF-France SAS, Écully, France 

Non-target-site resistance (NTSR) to herbicides has rarely been described in 
dicotyledonous weeds. The noxious allergenic weed Ambrosia artemisiifolia L. has 
evolved resistance to several herbicide modes of action in America, although resistance 
is still not reported in its invasive range in Europe. In order to assess the risk for NTSR 
evolution in A. artemisiifolia, we implemented a recurrent selection approach to 
generate plants resistant to the ALS inhibitors tribenuron and/or imazamox, key 
herbicides for A. artemisiifolia control in Europe. Following baseline sensitivity 
assessment using a range of ALS inhibitors, a first round of metsulfuron-based selection 
followed by two rounds of imazamox- or tribenuron-based selection was conducted. 
This successfully yielded up to 38% plants resistant to the maximum recommended 
French field rate of these herbicides in the final progenies. ALS sequencing and 
expression quantification indicated these plants were resistant due to NTSR 
mechanisms, confirming the potential for this species to evolve NTSR. In parallel, A.

artemisiifolia seeds were sampled in 42 agricultural fields where ALS inhibitors were 
repeatedly used. Plant survival to the maximum recommended French field rate of 
imazamox or tribenuron was evaluated in each population. Naturally evolved resistant 
plants were identified in two field populations. ALS sequencing identified one resistant 
ALS allele in one population in which individuals with identical genotype at ALS showed 
a range of phenotypes, suggesting genetic background modulated ALS-based 
resistance levels. No resistant ALS alleles or ALS overexpression were observed in the 
second population. Our results thus show that A. artemisiifolia can evolve NTSR to ALS 
inhibitors, and that NTSR mechanisms may co-exist with ALS-based resistance in 
individual plants. Genes endowing NTSR are now under investigation in field- and 
laboratory-evolved populations. 
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Next generation sequencing validation requested to reveal non-target-site 
herbicide resistance mechanisms in Lolium rigidum 

S González Fernández-Niño1; S Iwakam1,2; TA Gaines4; V Brabetz1; F Maiwald3; MC 
Ott3; H Han2; R Busi2; Q Yu2; SB Powles2; R Beffa1

1Weed Resistance Research, Bayer CropScience, Frankfurt am Main, Germany;
2Australian Herbicide Resistance Initiative, University of Western Australia, Perth, WA, 
Australia; 3Bayer CropScience, Monheim am Rhein, Germany; 4Colorado State 
University, Fort Collins, CO, USA 

Weed herbicide resistance is a worldwide problem impacting crop yields. Herbicide 
resistance due to enhanced herbicide metabolism (EMR) in weeds is a threat which can 
confer broad spectrum herbicide resistance. EMR is not genetically well characterized. 
An RNA-Seq transcriptome analysis was used to identify genes conferring EMR in a 
population (R) of a major global weed (Lolium rigidum Gaud.), in which herbicide-
resistance to diclofop-methyl was experimentally evolved through recurrent selection 
from a susceptible (S) progenitor population. A reference transcriptome of 19,623 
contigs was assembled (454 and Myseq sequencing). Transcriptomic-level gene 
expression was measured using Illumina 100 bp reads. In a forward genetics validation 
experiment, nine contigs, found overexpressed in R vs S plants, co-segregated with the 
resistance phenotype in an F2 population, including CytP450s, GSTs, and GTs. Four of 
these were found over-expressed in resistant populations collected in fields. Further 
studies to characterize the physiological and biochemical function of these genes 
showed that one of the 9 genes overexpressed in the R population confers resistance 
by detoxification of at least 3 herbicides representing two modes of action (ALS and 
ACCase). In addition, it appears that not all chemicals belonging to a given chemical 
class (e.g. FOPs, or SUs) can be detoxified by the same gene product. This basic 
knowledge will allow us to develop metabolic resistance diagnostics based on molecular 
markers. This will be a valuable element in the integrated weed management tool box 
for choosing the best strategy to control resistant weed populations.  
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Molecular, proteome, and biochemical characterization of multiple herbicide-
resistant Avena fatua accessions  

WE Dyer*; BK Keith; EA Burns; C Carey; B Bothner; A Mazurie; JK Hilmer
Montana State University, Bozeman, MT, USA 

Annual graminicide use over more than 45 years in malt barley fields in northcentral 
Montana has selected for multiple herbicide-resistant (MHR) Avena fatua L. accessions. 
The MHR3 and MHR4 accessions are resistant to at least twelve herbicides from five 
mode of action families, including ACCase and ALS inhibitors, the growth inhibitor 
difenzoquat, the photosystem I inhibitor paraquat (MHR3 only), and the very long chain 
fatty acid biosynthesis inhibitor triallate, with reistant to susceptible (R/S) ratios ranging 
from 1.4 to 57. Resistance to ALS and ACCase inhibitors is not due to known target-site 
mutations, indicating the involvement of non-target-site resistance (NTSR) mechanisms. 
RNA-seq transcriptome and proteome analyses show that MHR plants contain 
constitutively elevated levels of a number of abiotic stress responsive contigs and 
enzymes representing xenobiotic metabolism, transcription factors, and multifunctional 
proteins, and reduced levels of contigs for certain heat shock proteins. Differential levels 
of most of these contigs co-segregate with flucarbazone resistance in MHR4:S2 F3 
families. Biochemical assays reveal elevated activities and amounts of several 
glutathione S-transferases and other glutathione-related proteins, and an intriguing 
alteration in carboxylesterase activity, an enzyme that hydrolyzes pro-herbicides like 
fenoxaprop-P-ethyl and imazamethabenz-methyl to their respective toxic carboxylic 
acids. Inheritance studies of reciprocal crosses between MHR4 and S2 plants will 
determine the genetic basis for resistance to individual herbicides. 
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Climate change increases the risk for evolution of herbicide-resistant weeds

M Matzrafi*1; B Seiwert2; T Reemtsma2; B Rubin1; Z Peleg1 
1The Robert H. Smith Institute of Plant Sciences and Genetics in Agriculture, The 
Hebrew University of Jerusalem, Rehovot, Israel; 2Helmholtz-Centre for Environmental 
Research - UFZ, Leipzig, Germany.  

Climate change affects food security and challenges crop production for the ever-
increasing world population. The effect of rising temperatures on crop plants has been 
widely studied, but little is known on the effect it might have on weeds and their 
response to herbicides. Characterization of several grass weeds (Alopecurus

myosuroides, Avena sterilis, Lolium rigidum and Setaria viridis) resulted in significantly 
lower sensitivity to diclofop-methyl under temperature elevation from 10/16°C to 
28/34°C (night/day). The model weed Brachypodium hybridum was used to further 
investigate this temperature-dependant resistance mechanism. B. hybridum plants that 
were pinoxaden-resistant under high temperatures were also found to have increased 
pinoxaden detoxification. Our results propose that the first 48 hours after herbicide 
application are crucial for pinoxaden detoxification. Under a high temperature regime, a 
rapid elevation in the level of the intermediate metabolite (M4), followed by a high level 
of the inactive glucose-conjugated pinoxaden product (M5), was found only in 
pinoxaden-resistant plants. Using RNA-seq, we tested differences in expression of 
various herbicide-resistance-related genes. Non-treated and pinoxaden-treated plants 
were examined under both temperature regimes. Significantly high expression of 
glycosyltransferase, glutathione-S-transferase and CYT-P450 genes were found under 
both temperatures regimes, 24 hours after pinoxaden application, in treated vs. non-
treated plants. Our results suggest that temperature-dependent herbicide resistance is 
facilitated not only by genetic differences, but also by changes in the efficacy of a 
degrading enzyme. Using the autogamous B. hybridum as a model weed may shed light 
on non-target-site resistance mechanisms and facilitate attempts to prevent the spread 
of non-target-site resistance. These findings suggest an increased risk for the evolution 
of herbicide-resistant weeds under the predicted climatic changes. 

Global Herbicide Resistance Challenge 2017 Proceedings page 87



Kochia scoparia: Biology, gene flow, and management of an herbicide-resistant 
tumbleweed

LM Hall*1; HJ Beckie2; RE Blackshaw3; JA Dille4; EN Johnson5; M Jugulam4; S Martin6; 
P Stahlman7; C Thompson4

1University of Alberta, Edmonton, Alberta, Canada; 2Agriculture and Agri-Food Canada, 
Saskatoon Research Center, Saskatoon, SK, Canada; 3Agriculture and Agri-
FoodAgriFood Canada, Lethbridge Research Center, Lethbridge, AB Canada; 4Kansas 
State University, Manhattan, KS; USA; 5University of Saskatchewan, Saskatoon, SK, 
Canada; 6Agriculture and Agri-Food Canada, Ottawa Research and Development 
Center, Ottawa, ON, Canada; 7K-State Agricultural Research Center, Hays, KS, USA  

Kochia scoparia (L.) Schrad. is an early emerging tumbleweed common to the Great 
Plains of Canada and the USA. Plants are competitive due to C4 metabolism, stress 
tolerance, and a highly plastic morphology. K. scoparia has prolonged flowering; pollen 
production can continue for >1 month. It has a protogynous flowering habit, which 
facilitates cross pollination. Pollen-mediated gene flow between adjacent plants has 
been reported at 11 to 17% but diminishes over distance; 50 and 90% reductions 
occurred on average at 3 and 14 m, respectively. A single plant can produce thousands 
of seeds, with 2.9% dropped underneath the mother plant at maturity. Plants then break 
at the soil surface and tumbling of plants disperses the balance of seed. Plant 
movement is dependent on wind speed and the presence of impediments such as 
fences. In Alberta, wind-blown plants were clocked at 10.8 km per hour and moved 300 
m before being stopped at fence line, at which point most of the seed had been 
dispersed. Evolution of resistances to PSII, ALS, and EPSPS inhibitor and auxinic 
herbicides has been documented. Resistance to glyphosate is conferred by tandem 
amplification of up to 27 EPSPS copies, whereas PSII and ALS inhibitor resistance is 
due to mutations in the target genes. As a result of seed and pollen dispersal and the 
stacking of resistance genes, resistance to these four herbicide modes of action have 
been reported in a single population. Early emergence dictates that the most effective 
herbicide controls are pre-emergent and pre-seeding (auxinic dicamba, PPO, PSII and 
VLCFA inhibitors). In-crop controls vary with resistance but mixtures containing auxinic 
herbicides fluroxypyr or dicamba, HPPD inhibitor pyrasufotole, and PSII inhibitor 
bromoxynil can be effective. The ability of K. scoparia to cross-pollinate and disperse 
seed has accelerated both stacking of herbicide resistance and occurrence of herbicide-
resistant weeds. 
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A decade of weed surveys across south-eastern Australia- changes in herbicide 
resistance levels and identification of new cases of resistance

P Boutsalis; C Preston; G Gill
University of Adelaide, Glen Osmond, SA, Australia 

Random weed surveys have been conducted in south-eastern Australia since 2005, 
funded by the Grains Research and Development Corporation. Three regions in South 
Australia and three in Victoria were surveyed, with at least 150 fields in each region 
chosen at random before crop harvest. Seeds were collected from several species 
including Lolium rigidum, Bromus spp., Avena spp., Hordeum spp., Sisymbrium 
orientale, Brassica tournefortii, Sonchus oleraceus and Raphanus raphanistrum. Each 
region was surveyed at five-year intervals. This research has highlighted that in some 
regions, resistance to ALS- and ACCase-inhibiting herbicides, trifluralin, triallate and 
glyphosate in L. rigidum have increased.  Resistance to 2,4-D and sulfonylurea 
herbicides was identified in S. oleraceus and S. orientale. New cases of resistance to 
atrazine and diflufenican were also identified in S. orientale from the Eyre Peninsula. In 
Bromus spp. and Hordeum spp., a higher incidence of resistance to ALS-inhibiting 
herbicides than to ACCase-inhibiting herbicides was identified.  These surveys have 
raised awareness of herbicide resistance as a serious issue for the Australian grains 
industry. The detection of new cases of resistance from these surveys serves as a 
warning of future increases and contributes to the adoption of management practices to 
delay resistance.  
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Herbicide-resistant Kochia scoparia in the US Great Plains: What we know and 
path forward 

VK Kumar1; P Jha1; A Kniss2; G Sbatella3; N Lawrence4; CA Lim1; J Anjani1; S Leland1 
1Montana State University-Bozeman, Southern Agricultural Research Center, Huntley, 
MT, USA; 2University of Wyoming, Laramie, WY, USA; 3University of Wyoming, Powell, 
WY, USA; 4University of Nebraska-Lincoln, Scottsbluff, NE, USA 

Kochia scoparia (L.) Schrad. (kochia) with resistance to multiple herbicide sites of action 
is an escalating threat to the sustainability and profitability of US Great Plains’ cropping 

systems. The evolutionary dynamics and biology/ecology of K. scoparia biotypes with 
field-evolved resistance to glyphosate, dicamba/fluroxypyr, PS II inhibitors, or 
sulfonylurea herbicides predominantly in wheat–fallow-based cropping systems of the 
region, will be discussed. Since the first report in 2007, glyphosate-resistant (GR) K.

scoparia has been documented across 12 states in the US Great Plains. EPSPS gene 
amplification (4- to 20-fold increased EPSPS copies) confers resistance to glyphosate, 
with no fitness penalty. Less likely attributed to the resistance alleles, the deeper seed 
dormancy in selected GR kochia lines was indicative of the adaptability of kochia to 
prolonged, intense management practices in the dryland wheat–fallow system of this 
region. Although the exact mechanism of K. scoparia resistance to dicamba is not 
known, the spread of glyphosate and dicamba multiple-resistant kochia is a concern. 
Delayed/lower cumulative germination and competitive growth and reproductive 
penalties were observed in dicamba-fluroxypyr–resistant K. scoparia. Information 
obtained through these basic research inquiries has direct implications towards the 
development/implementation of ecologically-based IPM programs for kochia control. An 
on-going long-term study on the impact of tillage and crop rotation diversity on 
mitigating HR K. scoparia seed bank will be presented at the conference. Another multi-
state (MT, WY, NE) study aimed at combining field-validated emergence data, 
hydrothermal time modeling, and climate data to develop non-herbicidal weed control 
strategies that have a high likelihood of reducing kochia seed bank and exposure of this 
species to herbicide treatments, thereby reducing selection for herbicide resistance 
traits, will be highlighted. 
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Adaptive value of single and double spontaneous EPSPS mutations imparting 
glyphosate resistance in the agroecosystem

MM Vila-Aiub*1,2; H Han2; A Jalaludin2; Q Yu2; SB Powles2 
1IFEVA - CONICET – University of Buenos Aires, Argentina 2Australian Herbicide 
Resistance Initiative, University of Western Australia, Perth, WA, Australia 

A novel double point mutation (TIPS) in the EPSPS gene endowing glyphosate 
resistance has recently evolved in Eleusine indica in which individuals with a single 
point mutation (P106S) also coexist. Under controlled and field conditions both the plant 
resistance benefit and cost associated with the TIPS (homozygous (RR) vs 
heterozygous (Rr)) and P106S EPSPS variants were assessed. The P106S mutation 
gives modest resistance (50% mortality) under glyphosate field dose and survivors 
show a significant reduction in vegetative and reproductive growth. The RR TIPS 
variant, however, endows high level glyphosate resistance (no mortality) and no 
significant impact on reproductive growth is observed. An even higher resistance fitness 
benefit is associated with the compound heterozygous Rr TIPS plants. Although both 
RR and Rr TIPS plants show no plant mortality under glyphosate treatment, vegetative 
and reproductive growth is significantly higher in Rr than in RR TIPS plants. A 
significant resistance fitness cost associated with the homozygous TIPS but not the 
homozygous P106S EPSPS variant was identified. The resistance cost associated with 
the TIPS mutation escalated to 85% (seed number) in plants under resource 
competition. The resistance cost associated with the homozygous RR TIPS mutation is 
not expressed in plants with the Rr TIPS mutation denoting the recessive nature of the 
cost associated with the TIPS allele. While endowing a high resistance fitness benefit 
when exposed to glyphosate, the homozygous RR TIPS resistance alleles incur a 
significantly high resistance fitness cost in glyphosate-free environments. Whereas the 
homozygous P106S alleles incur no resistance cost but provide a low/moderate fitness 
benefit when glyphosate-challenged, the compound heterozygous Rr TIPS alleles 
encode for the most favourable glyphosate resistance trait in current cropping systems. 
The biochemical and physiological bases of the associated resistance cost and benefit 
in TIPS and P106S EPSPS gene variants are discussed. 
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Alopecurus myosuroides resistance to ALS inhibitors: A case study approach to 
study causes of weed resistance to herbicides  

JKMB Herrmann1; M Hess²; H Strek²; B Peters²; R Beffa²*; O Richter2

1TU Braunschweig, Germany; ²Bayer AG, Frankfurt, Germany 

Herbicide resistance is an increasing threat for European farmers. However, little is 
known about the impact of key ecological and weed management factors, alone or in 
combination, on resistance evolution over years in the field, therefore, a case study was 
initiated in Germany in 2010. The main goal was to study temporal and spatial evolution 
of resistance to ALS and ACCase inhibitors in Alopecurus myosuroides Huds. The 
study included more than 150 fields for which seed samples were collected annually 
over a 6 year period and analyzed by SNP analysis and greenhouse bioassay. 
Resistance levels to HRAC groups A and B ranged from low infestation without resistant 
plants to heavy infestation with confirmed resistance at the greenhouse and laboratory 
level. Detailed field management history of the past 10 years was investigated through 
extensive farmer interviews in an attempt to define which factors were impacting the 
resistance evolution most. Fields showing high resistance were mostly farmed with 
lower diversity of crops and less intensive tillage regimes. Furthermore, delayed 
seeding was used less. Surprisingly, the number of modes of action used seemed to 
have no significant effect on resistance evolution to ALS inhibitors after 2-3 complete 
crop rotations. In addition, the effect of herbicide intensity and use of ALS inhibitors was 
also less pronounced compared to the non-chemical measures. Deeper analyses 
showed that particular soil types are correlated with the presence of ALS-resistant A.

myosuroides populations. Different farming types ranging from integrated weed 
management (IWM) to cash flow orientated farming were identified by multivariate 
analysis and connected to the resistance level observed in the field. Overall, the impact 
of non-chemical measures on resistance evolution in a cereal based crop rotation was 
greater compared to chemical measures stressing the importance of IWM. 

Global Herbicide Resistance Challenge 2017 Proceedings page 92



Rising CO2 and temperature levels impact herbicide efficacy and physiology of 
herbicide-resistant C3 and C4 weeds 

NR Burgos*1; JP Refatti2; C Oliveira2; L Piveta2; L Ziska3; D Agostinetto2; L Avila2 
1University of Arkansas, Fayetteville, AR, USA; 2Federal University of Pelotas, Rio 
Grande do Sul, Brazil; 3USDA-ARS, Beltsville, MD, USA 

Global climate change involves elevated average temperature and rising CO2 levels. 
Rising average temperature increases the range of tropical weedy and invasive species 
into previously inhospitable habitats. The expanding ranges of Pueraria montana var. 
lobata (kudzu), Sorghum halepense (johnsongrass), and Imperata cylindrica 
(cogongrass) in North America are prime examples. Increasing CO2 level may change 
the interaction dynamics between weedy and cultivated species, including the expected 
advantage it would endow to C3 species. Further, the impact of rising CO2 on plant 
response to herbicides could change weed population and resistance evolution 
dynamics and impact weed management. Experiments were conducted under high 
summer temperature levels to evaluate the impact of elevated CO2 on the biology and 
physiology of herbicide-resistant Echinochloa colona (junglerice) and weedy Oryza

sativa (weedy rice) as well as herbicide efficacy. The resistant E. colona had multiple 
resistance to propanil, quinclorac, cyhalofop, and glufosinate.  Multiple-resistant (MR) 
and susceptible (S) lines were derived from the same field population. Echinochloa

colona (C4) produced more biomass and seed at 700 ppm than at 400 ppm CO2 
regardless of resistance trait. At 400 ppm CO2, the MR E. colona had higher 
photosynthesis rate and produced more biomass and seed than the S plants. This was 
reversed at high CO2. Thus, high atmospheric CO2 increased the growth and fecundity 
of MR and S E. colona, but the S plants were more fit than the MR plants under high 
CO2 concentration. Plants growing under high CO2 also incurred less injury from 
herbicide application. Weedy rice (C3) produced more biomass under high CO2 as 
expected; however, it became less responsive to herbicide under high CO2. The 
presentation will also include mobility of herbicide in E. colona as influenced by CO2 and 
temperature. Overall, high temperature and atmospheric CO2 can increase the 
competitiveness of weeds, reduce herbicide efficacy, and may accelerate resistance 
evolution rates. 
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Herbicide resistance in California orchard and vineyard cropping systems 

BB Hanson*1; LM Sosnoskie2; S Morran2; C Brunharo2; A Shrestha3 
1University of California, Davis; 2Washington State University; 3California State 
University, Fresno 

Herbicide-resistant weeds, especially those resistant to glyphosate, are among the most 
important and rapidly changing weed management issue facing California orchard and 
vineyard cropping systems. While glyphosate-resistant (GR) winter-annual weeds, 
including Lolium spp., Conyza canadensis, and Conyza bonariensis are widespread in 
and around perennial crops, summer-annual grasses, such as Echinocloa colona and 
others have recently emerged as a new challenges in this crop sector in California.  
Because winter-annual weeds differ with respect to growth and phenology patterns and, 
as a consequence, different alternative control strategies are needed. Relatively recent 
identification of some glyphosate-resistant populations also resistant to paraquat has 
further complicated these issues.  Research on the mechanisms of resistance as well 
as grower education efforts continue in this relatively diverse and high value crop 
sector.  In addition, more recent efforts have focused on understanding how these 
resistant populations are affected by environmental stress conditions.  The ultimate goal 
of this work is to develop effective, economical and environmentally sustainable weed 
management practices for orchards and vineyard production systems. 
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Controlling herbicide resistant annual bluegrass (Poa annua L.) phenotypes with 
methiozolin

JT Brosnan*; JJ Vargas; GK Breeden; SL Boggess; MA Staton; PA Wadl; RN Trigiano
University of Tennessee. Knoxville, TN USA 

Methiozolin is an isoxazoline herbicide being investigated for selective Poa annua 
control in managed turfgrass. Research was conducted to evaluate methiozolin efficacy 
for controlling two Poa annua phenotypes with target site resistance to photosystem II 
(PSII) or enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibiting herbicides 
(i.e., glyphosate), as well as phenotypes with multiple resistance to microtubule and 
EPSPS or PSII and acetolactate synthase (ALS) inhibiting herbicides.  All resistant 
phenotypes were established in glasshouse culture along with a known herbicide-
susceptible control and treated with methiozolin at 0, 125, 250, 500, 1000, 2000, 4000, 
or 8000 g/ha. Methiozolin effectively controlled Poa annua with target site resistance to 
inhibitors of EPSPS, PSII, as well as multiple resistance to EPSPS and microtubule 
inhibitors. Rates required to reduce aboveground biomass of these resistant 
phenotypes 50% (GR50 values) were not significantly different from the susceptible 
control, ranging from 160 to 421 g/ha. Interestingly, a phenotype with target site 
resistance to PSII and ALS inhibitors was less sensitive to methiozolin (GR50 = 863 
g/ha) than a susceptible phenotype (GR50 = 423 g/ha). Additional research using RNA-
sequencing technology was conducted to explore this response in greater detail. Our 
findings indicate that methiozolin is an effective option for controlling select Poa annua 
phenotypes with target site resistance to several herbicides. However, turfgrass 
managers must continue to diversify strategies for Poa annua control to reduce 
selection pressure for phenotypes with either target or non-target resistance 
mechanisms. 
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Control of glyphosate-resistant Amaranthus tuberculatus var. rudis in 
glyphosate-resistant, glufosinate-resistant, 2,4-D and glyphosate-resistant and 
HPPD-resistant soybean (Glycine max) in Ontario 

PH Sikkema*; M Schryver; N Soltani
University of Guelph Ridgetown Campus, Ridgetown, ON, Canada 

Glyphosate-resistant (GR) Amaranthus tuberculatus var. rudis (waterhemp) was first 
confirmed in Lambton County, Ontario, Canada in 2014 and has now been documented 
in 3 southwestern Ontario counties. This small-seeded, summer annual, broadleaf weed 
has an extended emergence pattern, has high genetic diversity, is a prolific seed 
producer, and is very competitive. In Ontario, waterhemp interference has been 
documented to reduce soybean yield by 73%. The focus of this research was to 
determine strategies for its control in glyphosate-resistant, glufosinate-resistant, 2,4-D 
and glyphosate-resistant and HPPD-resistant soybean. In glyphosate-resistant 
soybean, at 84 days after application (DAA), a sequential application of 
pyroxasulfone/sulfentrazone or s-metolachlor/metribuzin PRE followed by acifluorfen or 
fomesafen POST provided 88-100% control of GR waterhemp. In glufosinate-resistant 
soybean, at 84 DAA, a sequential application of pyroxasulfone/flumioxazin, 
pyroxasulfone/sulfentrazone or s-metolachlor/metribuzin PRE followed by glufosinate 
POST provided 97-99% control of GR waterhemp. In 2,4-D and glyphosate-resistant 
soybean, at 84 DAA, a sequential application of pyroxasulfone/flumioxazin, 
pyroxasulfone/sulfentrazone or s-metolachlor/metribuzin PRE followed by glufosinate 
POST provided 99% control of GR waterhemp. In HPPD-resistant soybean, at 84 DAA, 
a sequential application of mesotrione + metribuzin or isoxaflutole + metribuzin PRE 
followed by fomesafen POST provided 90 and 98% control of GR waterhemp, 
respectively. This research indicates that the use of alternate HR soybean cultivars 
provides possible weed management solutions for the control of GR waterhemp in 
soybean. 
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Biological aspects, differential susceptibility, and efficacy of alternative 
herbicides to glyphosate in the management of glyphosate-resistant Eleusine

indica populations 

LE Rosa1; RF Lopes-Ovejero2; CT Dias1; PJ Christoffoleti1*

1University of Sao Paulo, Piracicaba, Sao Paulo, Brazil; 2Monsanto of Brazil, Sao Paulo, 
Brazil 

Research was carried out in order to compare the susceptibility of four Brazilian 
Eleusine indica L. Gaertn populations to glyphosate in different stages of development, 
as well as study the effectiveness of alternative herbicides to glyphosate in the control 
of this species in pre- and postemergence. Biological aspects, such as growth, seed 
number produced by a plant, and influence of mechanical scarification on the 
germination of E. indica, were also observed. It was found that there are differences in 
the susceptibility of populations to glyphosate, in which an EIR2 population from 
Primavera do Leste - MT required higher doses for control, though it was characterized 
as a case of low-level resistance because a maximum recommended dose was able to 
control all study populations. Herbicides most suitable for preemergence E. indica 
control were flumioxazin, sulfentrazone, clomazone, and trifluralin, which had high 
levels of control and a long residual effect. Control of E. indica in the early 
postemergence (2-3 tillers) and intermediate stage (6-8 tillers) was efficient with all 
tested herbicides. Significant differences were identified between the control of biotypes 
with ACCase inhibitors. E. indica showed high overall accumulation of total dry matter, 
being considered highly competitive. Differences were found between the growth of the 
populations, with no relation to the differential susceptibility to glyphosate existing 
between them. Tillering began at 28 days after emergence (DAE), with a growth peak of 
42 to 63 DAE when the plants reached the apex of the leaf and dry matter 
accumulation, later entering senescence. Flowering started between 42 and 49 DAE 
and lasted until 63 DAE. Plants of E. indica produced an average of 45 000 seeds with 
no significant differences in seed production between populations 
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Market reactions to weed resistance:  mode of action changes in herbicides used 
in soybeans and corn in the USA, Brazil and Argentina from 1996 to 2015

HJ Strek*1; W Heep2

1Bayer AG, CropScience Division, Weed Resistance Competence Center, Frankfurt, 
Germany; 2Bayer AG, CropScience Division, Monheim, Germany 

Most information on herbicide resistance distribution and intensity is wholly or partly 
based on farmer surveys. Robust information based on random sampling and validation 
is difficult and extremely expensive to obtain. The main sign of resistance is a failure in 
expected efficacy. Farmers sometimes have agronomic problems other than resistance 
that result in decreased efficacy, leading to suspicions of herbicide resistance in a field 
based on a perception. However, out of necessity farmers do react to resistance on 
their farm, usually by first changing their herbicide program, including adding or 
changing herbicides. Although information on herbicide use patterns by farmers is also 
generally based on surveys, greater accuracy from this kind of survey data is expected 
because it is documented. We wanted to determine if changes in herbicide modes of 
action used in soybeans and corn followed trends in the resistance status within a 
particular market. We looked at herbicide use information in these two crops in the USA, 
Brazil and Argentina for the years 1996, 1999, 2004, 2007, 2009, 2014 and 2015. Use 
information was derived from a Bayer proprietary market database (AgroWin). Changes 
in herbicide use resulting from the introduction of glyphosate-tolerant crops led rapidly 
to the use of glyphosate as the predominant herbicide (and only mode of action) in 
these markets. The subsequent evolution of glyphosate resistance by key weeds led to 
major changes in herbicide use, resulting in the re-diversification of herbicide modes of 
action. The cost savings of using a single herbicide mode of action over several years 
instead of alternating between numerous options appeared to be only temporary.  
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Resistance Fighter:  a platform to help retailers and growers manage herbicide 
resistant weeds 

DL Bowers 
Syngenta, Greensboro, NC, USA 

Herbicide resistant weeds were first confirmed approximately 60 years ago but 
remained a relatively minor concern outside the Weed Science community for decades. 
Resistance was somewhat easily mitigated by alternative sites of action and 
proliferation of novel herbicides. Early resistant weeds were often less fit compared to 
their sensitive relatives and this fitness penalty reduced the potential spread of resistant 
weeds. A reduction in diversity of cultural practices for weed control and greater reliance 
on herbicides in the last 3 decades hastened development of herbicide resistant weeds. 
In 1998 Zeneca Ag Products, a Syngenta-legacy company, began receiving reports of 
poor performance of glyphosate on Conyza canadensis in the Eastern US which was 
later confirmed as resistance. Growers were slow to recognize the threat of weed 
resistance to herbicides and reluctant to implement changes to their weed management 
program.  In an effort to prolong the utility of glyphosate, often described as the world’s

greatest herbicide, and recognizing the long-term need for alternative weed 
management strategies, Syngenta created the Resistance Fighter platform in 2005. 
Resistance Fighter was designed to raise awareness, educate, and offer strategies to 
delay onset of herbicide resistant weeds. Twelve years later, Resistance Fighter 
continues to provide awareness and education and has evolved to deliver locally 
developed resistance management recommendations to address the specific resistance 
issues growers face in a profitable way. Resistance Fighter integrates communications 
and marketing and is underpinned by science-based solutions from Syngenta and 
collaborations with university researchers.   
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State of weed resistance in western Canada, economic impact, and grower 
adoption of proactive and reactive management practices 

HJ Beckie*; JY Leeson
Agriculture and Agri-Food Canada, Saskatoon, SK, Canada 

A new round of field surveys to determine the distribution and abundance of herbicide-
resistant weeds in western Canada (Alberta, Saskatchewan, Manitoba) began in 2014 
and will end in fall, 2017. The last round of surveys was conducted from 2007 to 2009. 
This presentation will highlight results from the Saskatchewan surveys (400 fields) 
conducted in 2014 (northern Parkland region) and 2015 (southern Grassland region), 
and determine trends since the baseline surveys conducted during 2001 and 2003. In 
addition, screening results from hundreds of grower submission samples received from 
across western Canada for the 5-year period from the 2012 to 2016 crop years will be 
summarized and compared with the previous 5- and 10-year periods. Based on grower 
management questionnaires associated with the Saskatchewan surveys, we will list the 
most troublesome weeds and perceived economic cost of weed resistance. Finally, 
grower adoption of proactive and reactive physical, cultural and herbicidal resistant 
weed management practices will be described and compared with the top ten resistant 
weed management practices recommended for western Canada. 
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Overview of HPPD activity and resistance management

JK Norsworthy
University of Arkansas, Fayetteville, AR USA

Herbicides that inhibit 4-hydroxyphenyl pyruvate dioxygenase (HPPD) provide broad-
spectrum control of many grass and broadleaf weeds in monocot crops, mainly corn. To 
date, only two weeds have evolved resistance to this site of action (SOA) – specifically 
Amaranthus palmeri (Palmer amaranth) and Amaranthus tuberculatus (waterhemp), 
both common weeds of row crops in the U.S. Amaranthus palmeri populations with 
resistance to the HPPD herbicides have been confirmed in only two states (Nebraska 
and Kansas) whereas resistant waterhemp populations are slightly more widespread, 
with resistance confirmed in Illinois, Iowa, Missouri, and Nebraska. The first two 
documented cases of HPPD-resistant waterhemp were found in seed corn fields in Iowa 
and Illinois in 2009 and it is believed that extensive use of HPPD herbicides in seed 
corn with minimal use of other effective SOA contributed to resistance in both 
Amaranthus species. For almost all HPPD-resistant Amaranth populations documented, 
resistance appears to be metabolic, not only to the HPPD herbicides but also to 
atrazine. Over the next 10 years, the need for and use of HPPD herbicides is expected 
to increase for several reasons: 1) GMO broadleaf crops, particularly soybean, will be 
commercialized allowing greater soil- and foliar-applied use, 2) atrazine will likely 
continue to face regulatory scrutiny with the HPPD herbicides being a logical alternative, 
and 3) herbicide resistance to all SOA may continue to evolve at a rate that outpaces 
discovery and commercialization, placing increased selection on HPPD herbicides. A 
few questions that are posed include: 1) should HPPD herbicides in traited crops be 
restricted to a single application per year; 2) would a preemergence be preferred over a 
postemergence application in lessening the risk for HPPD resistance; and 3) should 
only HPPD premixes containing an additional effective SOA for Amaranth be sold in 
traited crops.
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Abstract 

Metabolic resistance to the HPPD-inhibitor tembotrione in Palmer amaranth 
(Amaranthus palmeri) 

A Küpper*1; L Lorentz2, F Peter2; P Tranel3; R Beffa2; T Gaines1 
1Colorado State University, Fort Collins, CO, USA; 2Bayer Crop Science, Frankfurt, 
Germany; 3University of Illinois, Urbana-Champaign, IL 

In 2011 the first case of metabolic resistance towards tembotrione (4-
hydroxyphenylpyruvate dioxygenase -inhibitor) was reported in Palmer amaranth 
(Amaranthus palmeri) from Shickley, Nebraska. Palmer amaranth is a dicot weed 
especially troublesome in corn and soybeans. A tembotrione dose-response established 
an ED50 of 129 g a.i. ha-1 and 18.5 g a.i. ha-1 for resistant and susceptible populations, 
respectively. This study examined the differences in the metabolic profile of 
tembotrione-resistant and susceptible plants after applying 14C-labelled tembotrione on 
one newly mature leaf of plants at the 4-leaf stage at 1, 3, 6, 12, 24, 48, and 96 h after 
treatment. No difference in the metabolite composition was observed but resistant 
plants metabolize tembotrione faster than susceptible plants with the difference being 
most prominent from 6 to 24 hours after treatment. Four major metabolite groups are 
formed from the parent compound tembotrione. Both applications via the leaf and the 
stem lead to the same metabolite profile. Metabolism is faster under continuous light 
conditions at 28 ºC than at day/night cycle or 18 ºC conditions. Differences in metabolic 
resistance between susceptible and resistant plants were most distinguishable in plants 
at the 4-leaf stage compared to plants at the 2-leaf stage or 8-leaf stage. 
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An RNA-seq based genomic analysis of Amaranthus tuberculatus resistant to 4-
hydroxyphenylpyruvate dioxygenase 

DR Kohlhase*1; MDK Owen1; MA Graham1,2 
1Iowa State University, Ames, IA, USA; 2US Department of Agriculture (USDA)–
Agricultural Research Service, Corn Insects and Crop Genetics Research Unit, Ames, 
IA, USA 

Amaranthus tuberculatus (Moq.) J.D. Sauer is a weed commonly found in the 
Midwestern United States. When A. tuberculatus is not adequately controlled it can 
cause yield losses up to 74% and 56% in maize (Zea mays L.) and soybean [Glycine 
max (L.) Merr.], respectively. A. tuberculatus has been documented to be resistant to six 
herbicide sites of action. Resistance to p-Hydroxyphenylpyruvate dioxygenase (HPPD, 
EC 1.13.11.27) inhibitors was first reported in 2011. After the initial reports of HPPD-
herbicide resistance, studies have identified one mechanism of resistance and 
described the inheritance of the herbicide resistance trait. Initial attempts have also 
been made to use genomic resources to identify important herbicide target-site 
sequences within A. tuberculatus genome. To date, no studies have examined the 
transcriptomic response of A. tuberculatus to HPPD-herbicide application. We did de 
novo assembly of the A. tuberculatus transcriptome from leaves from two A. 
tuberculatus populations (HPPD-herbicide resistant and susceptible) three, six, twelve, 
and twenty-four hours after treatment or mock-treatment with mesotrione. The de novo 
assembly was then used to measure transcript expression differences between 
genotypes, treatments and time points. Our results indicate that the response of HPPD-
herbicide resistant and susceptible A. tuberculatus genotypes to HPPD-inhibiting 
herbicide is very rapid and established as soon as three HAT. Furthermore, little overlap 
was found among the differentially expressed transcripts expressed by each genotype. 
We also identified the possibility of overlapping gene networks in response to other 
herbicides. The raw sequences and assembled sequences with complete annotations 
will be made available for continued use by the weed science community. 
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Mechanism of resistance to mesotrione in an Amaranthus tuberculatus 
population from Nebraska, USA 

S-J Hutchings*1; R Dale1; A Howell1; T Kokeny1; V Kramer2; V Shivrain; E Mcindoe1; SS
Kaundun1

1Syngenta Ltd, Jealott's Hill, Bracknell, UK; 2Syngenta, RTP, Raleigh, NC, USA;
3Syngenta, Vero Beach, FL, USA

Amaranthus tuberculatus is a troublesome weed in corn and soybean production 
systems in Midwestern USA due in part to its ability to evolve multiple resistance to key 
herbicide modes of action including glyphosate, acetolactate synthase, photosystem II, 
protoporphyrinogen oxidase, auxin and 4-hydroxyphenylpyruvate dioxygenase (HPPD) 
herbicides. Here we have investigated the mechanism of resistance to mesotrione, a 
key component for managing broadleaf weeds in corn, in a multiple herbicide resistant 
population (NEB) from Nebraska. 

NEB showed a 2.4-fold and 45-fold resistance increase to mesotrione compared to a 
standard sensitive population (SEN) in a pre-emergence and post-emergence dose 
response pot test respectively. Sequencing of the whole HPPD gene from 12 each of 
sensitive and resistant plants did not detect any target-site mutations that could be 
associated with post-emergence resistance to mesotrione in NEB. Resistance was not 
due to HPPD gene duplication and over-expression before or after herbicide treatment, 
as revealed by Q-PCR analyses using carbamoyl phosphate synthetase and 
acetolactate synthase genes as internal standards. Additionally, no difference in 
mesotrione uptake was detected between NEB and SEN. In contrast, higher levels of 
mesotrione metabolism via 4-hydroxylation of the aryl ring was observed in NEB 
compared to the sensitive population. Overall, the NEB population was characterized by 
lower levels of parent mesotrione to other part plants either as a consequence of 
metabolism at the treated leaves and/or due to impaired translocation of the herbicide. 
This study demonstrates yet another case of non-target-site based resistance to an 
important class of herbicides in an A. tuberculatus population. The knowledge 
generated here will help design strategies for managing multiple herbicide resistance in 
this problematic weed species. 
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Biochemical mechanisms and genes conferring metabolic resistance to multiple 
herbicides in Amaranthus tuberculatus 

DE Riechers*; R Ma; SR O'Brien; AF Evans Jr; AV Lygin; O Obenland; KN Lambert; AG 
Hager; CW Riggins 
University of Illinois, Urbana, IL, USA  

Amaranthus tuberculatus (Moq.) J.D.Sauer is a problematic weed in areas of the U.S. 
that produce corn and soybean. Previous research reported resistance to 4-
hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting herbicides in an A. tuberculatus 
population from Illinois (MCR), which has multiple resistance to s-triazines and ALS 
inhibitors as well. Experiments were conducted with the objective of determining 
underlying resistance mechanism(s) and identifying gene candidates conferring multiple 
resistances to mesotrione, atrazine, and primisulfuron-methyl in MCR. Biochemical 
studies using an excised-leaf method demonstrated that elevated rates of metabolism 
through distinct metabolic detoxification mechanisms contributed to resistance: 
oxidative metabolism (presumably via P450s) for mesotrione and primisulfuron-methyl, 
and glutathione conjugation via glutathione S-transferase (GSTs) for atrazine. Based on 
the atrazine metabolism mechanism, a second objective was to utilize traditional protein 
purification and proteomic methods to investigate if enhanced metabolic detoxification 
by distinct GST isozymes confers atrazine resistance in MCR. Additionally, expression 
of several candidate GSTs was analyzed in an F2 population derived from a MCR x 
WCS (herbicide-sensitive population) cross that segregated for atrazine resistance. 
Several GST proteins were identified by LC-MS in affinity-purified fractions from each A.

tuberculatus population using peptide sequence similarity with GSTs from Arabidopsis 
or other dicots. Elevated constitutively-expressed transcript levels of one phi-class GST, 
AtuGSTF2, correlated strongly with atrazine resistance in MCR as well as the 
segregating F2 population, suggesting that AtuGSTF2 is the predominant GST protein 
that confers atrazine resistance in MCR. Finally, greenhouse studies with an A.

tuberculatus population from Nebraska demonstrated a similar pattern of multiple 
resistances to mesotrione and atrazine, while also displaying resistance to several 
foliar-applied Protox-inhibiting herbicides. These findings imply that A. tuberculatus 
populations in the U.S. possess multiple genes encoding diverse metabolic enzymes 
that confer complex, herbicide-dependent cross- or multiple resistance patterns. 
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Physiological, biochemical and molecular characterization of multiple herbicide 
resistance in Palmer amaranth (Amaranthus palmeri)  

S Nakka1*; AS Godar2; C Thompson1; DE Peterson1; and M Jugulam1 
1Kansas State University, Manhattan, KS, USA; 2University of California, Davis, CA, 
USA  

Amaranthus palmeri is one of the most aggressive, troublesome and damaging weeds 
throughout the USA. Due to extensive and intensive selection, Palmer amaranth has 
evolved resistance to multiple herbicides. A Palmer amaranth population from Kansas 
was found resistant to hydroxyphenylpyruvate dioxygenase (HPPD)-, photosystem II 
(PS II)-, and acetolactate synthase (ALS)-inhibitors. The overall objective of this 
dissertation was to investigate the resistance mechanisms in Palmer amaranth from KS 
(KSR) to mesotrione (HPPD-inhibitor), atrazine (PS II-inhibitor), and chlorsulfuron (ALS-
inhibitor) relative to known susceptible populations from MS (MSS) and KS (KSS). 
Whole plant dose-response assays suggest that KSR was 10-18, 178-237 and >275 
fold more resistant to mesotrione, atrazine, and chlorsulfuron, respectively, compared to 
MSS or KSS. Metabolism studies using [14C] labeled mesotrione and atrazine 
demonstrated non-target-site resistance (NTSR), particularly, enhanced degradation of 
[14C]-mesotrione likely by cytochrome P450 monooxygenases and rapid conjugation of 
[14C]-atrazine by glutathione S-transferases. Importantly, molecular and biochemical 
basis of mesotrione resistance characterized by qPCR and immunoblotting showed the 
target-site resistance (TSR) with 4-12 fold increase in the HPPD transcript with 
corresponding increase in HPPD protein. Sequencing of atrazine and chlorsulfuron 
target genes, psbA and ALS, respectively, to assess TSR suggests: a) the most 
common mutation (serine264glycine) associated with atrazine resistance in weeds was 
absent in KSR and b) a well-known mutation (proline197serine) associated with 
chlorsulfuron resistance was found in 30% of KSR, suggesting ~70% of plants might 
have an NTSR, possibly due to metabolism mediated by P450 activity. Overall, KSR 
Palmer amaranth evolved both NTSR and TSR to mesotrione and chlorsulfuron with 
only NTSR to atrazine leaving fewer options for weed control, especially, in no-till 
cropping systems. The findings of this research are novel and valuable to recommend 
appropriate weed management strategies to prevent evolution and spread of multiple 
herbicide resistance in Palmer amaranth.  
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GRHC: Private Sector perspective on meeting the herbicide resistance challenge 

A Percy*; H Strek; M Busch  
Bayer Crop Science Division 

• There has been a significant rise of weed resistance globally which jeopardizes farm 
productivity at a time when growers are being challenged to produce more.

• Growers are looking to R&D-based companies to develop new weed control 
solutions including new resistance-busting chemistry and seeds with stacked 
herbicide tolerant traits.

• Finding completely new herbicide modes of action will be incredibly difficult and 
expensive to begin with and will likely take at least 10 years to get to market under a 
best case scenario due to regulatory hurdles.

• Current functioning technologies must be preserved through weed resistance 
management strategies and stewardship.

• We must look beyond existing technologies including precision spraying and robotic 
approaches to meet future challenges for weed management. 

Farmers face a simple truth every year.  Without good weed management, they cannot 
successfully grow a crop that achieves its maximum yield potential.  Weeds have 
presented growers with challenges since fields were first cultivated.  For centuries 
managing weeds required extensive labor. This placed a significant limitation on 
farmers’ ability to produce abundant crops.  An era of effective chemical solutions gave 

farmers a new tool against weeds that gave an advantage to their crops, prevented 
yield losses and saved many man-hours of labor that could be spent elsewhere.  More 
recently, seeds bred with traits making them tolerant to specific herbicides allowed 
growers to protect their crops easily throughout the season.  

The challenges of weed management today often involve tackling populations of weeds 
that have become resistant to some or several herbicides.  As was the case in the past, 
growers are looking for innovations at a time when they are under pressure to increase 
production while using fewer resources.  However, given the difficulty of developing new 
chemical “modes of action,” it means that new classes of herbicides are likely more than 
a decade away meaning that it is incumbent on everyone to take proactive action to 
protect the tools we currently have.   

Scientists working in academia and at companies which deliver innovations for 
agriculture are in a hurry to bring new solutions to growers.  From the private sector 
perspective, we’re making significant investments while initiating long-term 
collaborations with leading scientists around the globe.  We recognize the need to 
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embrace innovative and disruptive technologies outside our traditional areas of 
expertise, such as precision weed management and even robotic solutions, which serve 
the ultimate purpose of helping growers increase the value of every acre they farm.  
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Abstract 

Multiple resistance to glyphosate and ALS inhibitors in Palmer amaranth 
(Amaranthus palmeri) identified in Brazil 

A Küpper1; EA Borgato2; EL Patterson1; AG Netto2; M Nicolai2; SJP Carvalho3; SJ 
Nissen1; TA Gaines1; PJ Christoffoleti2 

1Colorado State University, Fort Collins, CO USA; 2University of Sao Paulo, Piracicaba, 
SP Brazil; 3Federal Institute of Education, Science and Technology of the South of 
Minas Gerais, Machado, MG Brazil 

Palmer amaranth (Amaranthus palmeri) is native to the United States, but was 
discovered in 2015 in Brazil. Palmer amaranth populations in Brazil were very difficult to 
control using glyphosate, which resulted in many changes to standard weed 
management practices. A genotyping assay was used to confirm that the population 
detected in Mato Grosso State, Brazil was correctly identified as Palmer amaranth and 
that it was not waterhemp (A. tuberculatus). Greenhouse dose-response curves and 
shikimate accumulation assays showed that the Brazilian population was highly 
resistant to glyphosate, with an LD50 value (3,982 g glyphosate ha-1) more than twice 
the typical use rates and very little shikimate accumulation at 1 mM glyphosate 
concentrations in a leaf disc assay. The Brazilian population was also resistant to 
sulfonylurea and imidazolinone ALS inhibitor herbicides. The resistance mechanisms in 
the Brazilian population were identified as increased EPSPS gene copy number for 
glyphosate resistance (between 50- and 179-fold relative EPSPS gene copy number 
increase), and two different alleles for target-site mutations in the ALS gene (W574L 
and S653N). These results confirm the introduction of Palmer amaranth to Brazil using 
a genetic marker for species identification, as well as resistance to glyphosate and ALS 
inhibitors. 
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Early detection of herbicide resistance using spectral image analysis

DS Kim*; TY Kim; JW Kim; CJ Zhang
Seoul National University, Seoul, Korea 

Early detection of herbicide resistance (HR) is a key element for effective HR 
management. Various rapid diagnostic methods have been developed but most of them 
are destructive and require significant time for confirming HR. As plants reflect unique 
spectra responding to biotic and abiotic stresses, we applied spectral image analysis to 
diagnose plant responses to a range of herbicide doses and to discriminate between 
herbicide resistant (R) and susceptible (S) plants at various plant growth stages. Two 
spectral images, thermal and chlorophyll fluorescence images, were acquired at early 
stages after herbicide treatment and analyzed using MATLAB software to assess plant 
body temperature and photosystem (PS) II quantum yield, respectively. Spectral image 
analyses were able to detect changes in plant body temperature and PSII quantum yield 
even when no visual herbicidal symptoms were occurred.  
Plant body temperature increased with herbicide dose, while PSII quantum yield 
decreased. The comparisons of changes in plant body temperature and PSII quantum 
yield measured at 2-4 days after herbicide treatment with plant biomass change 
measured at 3 to 4 weeks after herbicide treatment revealed that spectral image 
analysis could detect herbicide response and discriminate between R and S plants right 
after herbicide treatment, much earlier than conventional whole plant bioassay. Our 
results thus suggest that spectral image analysis can detect HR much earlier right after 
herbicide treatment at various growth stages, so farmers can effectively find alternative 
control solution for confirmed HR weeds in their fields. 
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Quick method for resistance detection in Bidens pilosa biotypes 

F Gava*1; J Hemckes2; L Vargas3; D Agostinetto2 
1BASF South America; 2UFPEL; 3EMBRAPA

Weed resistance is an evolving and recurring problem in the different production 
systems in Brazil. A quick method for resistance identification can help to contain, 
manage and control resistant biotypes. Field and greenhouse studies with dose-
response assays require more than 30 days to be performed and in most cases, the 
obtained information can only be applied in the following crop season. Thus, the 
development of quick tests could provide information in a shorter period of time and this 
information could be used more timely within the growing season and therefore likely 
reduce yield losses and resistance spread. The aim of this study was to correlate the 
results obtained by means of dose-response assays using Bidens pilosa in germination 
trials (Petri dishes), greenhouse, and field experiments, to validate a quick method for 
resistance detection. For this purpose, three dose-response experiments were 
conducted with the herbicide saflufenacil (Heat), in a germination trial (0,0; 0,071; 0,143; 
0,286; 0,571; 1,143; 1,429; 2,143; 2,857 and 3,571 g ha-1 of Saflufenacil), greenhouse 
trial (0,0; 0,5; 1,0; 2,0; 4,0; 6,0; 8,0 and 12 g ha-¹ of Heat) and field experiment (0 0; 10; 
20; 30; 40; 50; 60; 70 80 and 100 g ha-¹ Heat). The trial design was completely 
randomized with four replications. We evaluated the efficacy of weed control 3, 7 and 14 
days after herbicide application. There was significant correlation in the germination trial 
and the field. Thus highly correlated results suggest that, for saflufenacil, germination 
tests could be conducted to allow quick resistance detection and early field intervention 
to minimize the negative impact of resistant weeds. 
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Glyphosate resistance in Eleusina indica populations from Brazil: detection, 
mechanism and monitoring 

HK Takano*1; RS Oliveira Jr¹; J Constantin¹; RR Mendes¹; RF Lopez-Ovejero²; LB 
Scoz³; TLC Lopes¹ 
1State University of Maringá, Maringáa, Paraná, Brazil; ²Monsanto Brazil, São Paulo, 
SP, Brazil; ³Matogrossense Institute of Cotton, Rondonópolis, Mato Grosso, Brazil 

Plant survival of Eleusine indica after glyphosate application has been observed in 
several agricultural areas of Paraná, Southern Brazil. This study aimed: (1) to confirm 
and monitor glyphosate resistance (GR) in E. indica populations from Brazil; (2) to 
elucidate the molecular basis for resistance in those populations, and (3) to estimate the 
frequency of resistant populations. Thirty E. indica populations were screened in 
greenhouse dose-response trials with glyphosate (0, 60, 120, 240, 480, 960, 1920, 
3840, 7680 and 15360 g ae ha-1) in 2014 and 2015. A shikimate accumulation lab assay 
was also conducted to determine shikimate accumulation at 24, 48, 96 and 144 h after 
glyphosate application (540 and 1440 g ae ha-1) both in susceptible and resistant 
populations. Fragments of the EPSPS gene with 330 bp were sequenced. We also 
designed a TaqMan SNP assay to analyze target site resistance in 300 plants from 10 
populations using Real Time-PCR. An increase in resistant populations from 2014 
(14%) to 2015 (25%) was observed. The resistance factors (RF) ranged from 4 to 8. For 
all populations considered as resistant and the labeled glyphosate dose (960 g ae ha-1) 
did not provide satisfactory control (GR80 and C80 = 1248-1443 g ae ha-1). Differences in 
the shikimate accumulation between susceptible and resistant populations were also 
detected. The sequencing of the EPSPS fragment revealed that the mechanism of 
resistance involves an amino acid mutation at position 106 (Pro106Ser) in resistant 
plants. The frequency of Pro106Ser mutation was 100% in the resistant populations and 
0% in susceptible populations. 
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The effect of tri-allate following a pre-emergence application on the formation of 
the wax leaf cuticle and comparison to field performance of grass-weeds in 
Europe 

J Edmonds 
Gowan Crop Protection, Harpenden, Hertfordshire, United Kingdom 

Tri-allate is a Group 8 (Thiocarbamate) herbicide and acts as a lipid biosynthesis 
inhibitor on seedlings and shoots. Tri-allate is not active on established roots. The 
actual site of action is still unknown but tri-allate is taken up by the coleoptile of 
germinating grass-weeds and generally do not emerge above the soil surface, treated 
coleoptiles are swollen, stunted and distorted. The objective is to use a direct 
visualization of leaf wax cuticle permeability enhancement, this is a process developed 
by BioTransfer in France. Sub lethal doses are determined using a dose response 
range study, a surviving plant leaf is immersed for 5 minutes in a specific green dye, this 
dye, upon entry into the plant cells, is activated and emits a green fluorescence. If the 
leaf cuticle is intact this does not allow dye penetration but if the leaf cuticle has not 
formed correctly or is weakened or damaged, the dye will penetrate and is visualized 
using fluorescence microscopy. Several grass-weed species have been tested to show 
the effect of a pre-emergence application of tri-allate. Visual differences between leaf 
fluorescence was clearly seen over the range of species. The grass weed species 
tested were Lolium multiflorum, Alopecurus myosuroides, Avena fatua, Apera spica-

venti, Bromus sterilus, Phalaris minor and Phalaris paradoxa. A review of 125 European 
Gowan internal development replicated field trials with tri-allate was also completed to 
see if there was a correlation between the leaf visualisation data and control of the 
grass-weed in the field. There was a clear correlation between leaf visual dye 
permeability and the level of weed control recorded in the trials. 
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Double herbicide resistant biotypes of wild oat (Avena fatua) display
characteristic metabolic fingerprints before and after applying ACCase- and ALS-
inhibitors

JR Torres-García*1; JA Tafoya-Razo2; S Velázquez-Márquez1; A Tiessen1

1Departamento de Ingeniería Genética, Centro de Investigacion y de Estudios
Avanzados del IPN (CINVESTAV), Unidad Irapuato, México; 2Departamento de
Parasitología Agrícola, Universidad Autónoma Chapingo, México

Plant herbicides inhibit specific metabolic enzymes of biosynthetic metabolism such as
Acetyl-coenzyme A carboxylase (ACCase) and Acetolactate synthase (ALS). Herbicide
resistance can be caused by point mutations at the binding domains, catalytical sites
and other regions within multimeric enzymes. Direct-Injection Electrospray Mass
Spectrometry (DIESI-MS) was used for high-throughput metabolic fingerprinting for
finding significant differences among biotypes in response to herbicide application. A
Mexican biotype of wild oat (Avena fatua) that displays multiple resistances to ACCase- 
and ALS-inhibiting herbicides was characterized. The dose-response test showed that
the double resistant biotype had a resistance index of 3.58 for pinoxaden and 3.53 for
mesosulfuron-methyl. Resistance was accompanied by characteristic mutations at the
site of action. An I-1781-L substitution occurred in the ACCase enzyme and a S-653-N
mutation was identified in the ALS enzyme. Other mutations were also detected in the
two genes of the Mexican biotypes. The ionomic fingerprint showed that the multiple
resistant biotype had a markedly different metabolic pattern under control conditions
and that this difference was accentuated after herbicide treatment. This demonstrates
that single changes of amino acid sequences can produce several holistic modifications
in the metabolism of resistant plants compared to susceptible plants. Our conclusion is
that in addition to genetic resistance, additional mechanisms of metabolic adaptation
and detoxification can occur in multiple resistant weed plants.

Global Herbicide Resistance Challenge 2017 Proceedings page 114



A classroom and extension activity for teaching practical limitations to proactive 
herbicide resistance management

AR Kniss 
University of Wyoming, Laramie, WY, USA 

Herbicide resistant weeds are a major problem in agronomic cropping systems 
worldwide. A common recommendation from university and industry weed scientists is 
to incorporate multiple herbicide modes of action to proactively manage herbicide 
resistant weeds (i.e. prevent or herbicide resistance from occurring). Recent research 
indicates the optimal way to prevent the increase in herbicide resistant weed biotypes is 
to tank-mix multiple herbicide modes of action, or at the very least utilize multiple modes 
of action within the same crop year. An activity and lesson was developed that is 
appropriate for extension audiences as well as upper-division undergraduate and 
graduate students. The activity asks students to develop a proactive herbicide 
resistance management plan for locally relevant crops, and the subsequent lesson uses 
a prompted discussion to identify areas of difficulty in implementing such a plan. Prior to 
the activity, learners should be provided background information on herbicide resistant 
weed management, including strategies that are biologically effective. Subsequently, 
the students are required to develop herbicide recommendations using state weed 
management guides. After students develop their recommendations, barriers to 
adoption of their plans can be discussed. 
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Experimental methods for confirming resistance to glyphosate and dicamba

C Coburn*; AR Kniss 
University of Wyoming, Laramie, Wyoming, USA 

The selectivity index (SI) is a measure of herbicide resistance that is reported for 
various weed species and herbicide modes of action. There is evidence that 
experimental factors (such as soil type and growing environment) and the response 
variable (dry weight, injury, mortality) may influence ED50 (dose resulting in 50% 
response) and SI values. Greenhouse and field experiments were conducted to 
determine the influence of soil type and growing environment on the SI using Kochia

scoparia (L.) Schrad. biotypes treated with glyphosate and dicamba and Chenopodium

album L. biotypes treated with glyphosate. Susceptible and resistant biotypes of each 
species were planted in pots containing potting media or field soil and grown either 
indoors or outdoors. Herbicide doses were chosen relative to the field use rate for each 
herbicide, with 4 replicates per dose. A log-logistic model was used to quantify the 
response of each biotype to the herbicide. Aboveground biomass, visual injury, and 
mortality were assessed. The SI was not consistent across different response variables 
and growing conditions. The influence of experimental methods should be considered 
when confirming herbicide resistance. 
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Bringing the challenge home to farmers: How interactive mapping of local 
resistance data may promote faster and more effective action

C White 
Bayer - Crop Science Division, Hawthorn East, Victoria, Australia 

One of the recognised challenges in responding to increasing herbicide resistance is 
convincing farmers, who are still managing to control key weeds, of the scale of the 
problem and urgent need for action. A new interactive mapping tool is helping to 
overcome that sort of complacency in Australia. The mapping, based on over twenty 
years of data, can show farmers how resistance has developed in their local area and 
which herbicides are now likely to be ineffective, compromised or still fully efficacious on 
their farms. Users can select a weed species, herbicidal mode of action and year to see 
whether or not testing has identified resistance in their postcode or neighbouring areas 
at that stage. By looking at a sequence of maps from different years, they can see how 
resistance has spread across the state and, in many cases, see it advancing towards 
their district. The mapping has been developed by Bayer Australia using de-identified 
data from Australia’s commercial herbicide resistance testing laboratories at Charles 

Sturt University in New South Wales and Plant Science Consulting in South Australia. It 
collates the results of thousands of on-farm tests conducted since 1993, supplemented 
in recent years by testing of roadside weed seed samples. Used in combination with a 
range of other useful tools on diversitycantwait.com.au, a website dedicated to fostering 
Integrated Weed Management programs, the mapping gives the issue of resistance 
more immediacy for growers and their advisers who may have previously been sceptical 
about the extent of the problem. It also helps growers implement an effective integrated 
management program. The development team sees this technical innovation as one 
that could be adopted globally to help galvanise engagement with the issue of 
resistance and shape faster and more effective responses at the local level. 
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WeedSmart - changing the way we communicate in Australian agriculture

L Mayer*1; P Newman2; J Strauss1 
1Australian Herbicide Resistance Initiative, University of Western Australia, Perth, WA, 
Australia; 2Planfarm, Geraldton, Western Australia; Australian Herbicide Resistance 
Initiative, University of Western Australia, Perth, WA, Australia  

Sustainable broad-acre crop production in an ever changing environment is challenging. 
To understand these challenges and to improve decision making we need knowledge.  
The way we attain knowledge has changed over the past decade and we can expect to 
see greater changes in the future with increasing innovations in digital communications.  
Australia’s widespread and often isolated broad-acre cropping farmers, agronomists 
and chemical industry consultants are increasingly accessing online communications to 
source and share knowledge.  WeedSmart’s communication has evolved to cater to 

these changing needs.  Online learning that is accessible to all is the new frontier in 
agricultural education and WeedSmart is taking pioneering steps to deliver the science 
of herbicide resistance through a novel and engaging learning platform called Diversity 
Era.   

Utilising the knowledge resource available in AHRI, this online learning course provides 
a series of modules in Herbicide Resistance 101.  Participants have access to expertise 
provided by Professor Stephen Powles who steps through the science behind target site 
and non-target site based resistance.  The course is free and has been delivered twice 
in the previous 12 months.  Herbicide resistance management 101 is the most recent 
release. 

WeedSmart delivers its communication program around a '10 point plan' that provides 
Australia wide applied weed and crop management messages by way of the 
WeedSmart website, but also through print, radio and online media.  WeedSmart 
enhances engagement of its messages through forums such as a blog, workshops and 
webinars using industry experts and champion farmers.   

With an overall objective being to improve adoption by grain growers, of practices that 
will help keep herbicides working for the long term, WeedSmart targets growers first and 
agronomists second.  The WeedSmart campaign is now three years young having been 
launched at the 2013 Global Herbicide Resistance Conference in Perth, it is funded 
through to 2020. 
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Influence drives practice change, not information

P Newman  
Australian Herbicide Resistance Initiative, University of Western Australia, Perth, WA, 
Australia 

Winning the war against herbicide resistant weeds in the USA will take significant 
practice change by grain growers. Research is part of the solution, but research alone 
will not solve the problem. Communication is needed to drive the practice change. 
There is more information than ever, and there are more platforms to communicate this 
information than ever. In a saturated world of information, how do we best communicate 
with farmers to drive practice change in the right direction? The answer is to think 
influence, not information. Influence involves starting with why the practice change is 
important rather than focusing on what the research is saying, telling stories, involving 
leading farmers as communicators, speaking at an emotional level rather than just 
rational, and developing solutions with growers rather than for growers. Our job, as 
communicators, is to filter information, and then present it to farmers. We don’t do away

with the data, we filter it and present it in a way that makes sense, utilising the power of 
influence. Practice change is not about scientists giving the answer to farmers, it is 
about working with farmers to come up with the solutions. AHRI is a research group 
based at The University of Western Australia, funded by GRDC, and is focused on 
sustainable cropping and herbicide resistance. In the same way that researchers are 
the best people to do research, communicators are the best people communicate, yet 
many communication programs of research organisations are left up to researchers. We 
at AHRI believe that we are reaping the rewards of investing in a dedicated 
communication team and we encourage other research organisations to consider doing 
the same to provide influence, not just information. 
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The role of the mitochondrial PPO gene (PPX2) in resistance to PPO herbicides

A Barker*1; P Tranel2; FE Dayan1 
1Colorado State University, Fort Collins, CO, USA; 2University of Illinois, Urbana, Il, USA 

PPO-inhibiting herbicides were introduced in the 1960’s and became important tools for 
weed control in soybean fields. These herbicides target porphyrin synthesis and their 
action is associated with the light-dependent catastrophic consequences of disrupting 
chlorophyll synthesis. Resistance was first reported in 2001 in common waterhemp and 
has now been reported in ten different species of weeds in six different countries. While 
most of the chloroplastic porphyrin pathway is directed to chlorophyll synthesis (the 
most abundant pigment in the world), heme is also present in the chloroplasts because 
it is necessary for the function of cytochrome P450s, electron transport chains, and 
even photosynthesis. Interestingly, the two known target-site mutations leading to 
resistance occurred on the mitochondrial isoform (PPX2) instead of the chloroplast 
isoform (PPX1) (e.g., a single SNP Arg98Leu in common ragweed and a codon deletion 
in common waterhemp and palmer amaranth).  Consequently, the role of PPX2 on the 
mechanism of action of PPO-inhibiting herbicides may have been underestimated, and 
it may play an important role in the efficacy of herbicides at different stages of 
development. Using homozygous sensitive and resistant waterhemp lines 
protoporphyrin levels will be observed from treated and untreated plants in the roots and 
shoots separately over the course of development to identify differences in proto 
accumulation in photosynthetic and non-photosynthetic tissue through LC-MS/MS. In 
tandem, levels of gene expression in the different tissues will be investigated using RT 
qPCR. 
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Enhanced CYP-450 herbicide metabolism and ALS Pro-197-Gln mutation endow 
different resistance levels to sulfonylureas herbicides in Lolium rigidum 

AD Ponce*; MM Vila-Aiub 
IFEVA - CONICET - University of Buenos Aires, Argentina 

Due to the allogamous nature of Lolium rigidum, multiple herbicide resistance is often 
observed at the population and individual level. In the VLR69 L. rigidum population both 
enhanced CYP-450 herbicide metabolism and target site ALS gene mutation (Pro-197-
Gln) coexist at the individual level and endow resistance to ALS inhibiting herbicides. It 
is unknown if incremental protection of plants from damage to a similar herbicide is 
provided from stacked resistance genes. An experiment was conducted to estimate the 
differential survival to increasing chlorsulfuron and triasulfuron rates of L. rigidum plants 
exhibiting only enhanced CYP-450 metabolism or both CYP-450 herbicide metabolism 
plus the specific homozygous (RR) ALS Pro-197-Gln mutation. Segregating herbicide 
susceptible plants (WT) from within the origina,l field collected, VLR69 population 
(which contained both the CYP-450 metabolism and ALS mutation) were also used as 
control. Wild-type plants showed a remarkable sensitivity for both herbicides and were 
totally controlled even when exposed to the lowest chlorsulfuron (10 g/ha) and 
triasulfuron (4 g/ha) dose. LD50 estimates associated with plants only expressing 
enhanced CYP-450 metabolism were 80 g/ha and 100 g/ha for chlorsulfuron and 
triasulfuron, respectively. However, LD50 estimates associated with plants expressing 
both the CYP-450 metabolism and specific ALS mutation were equal to (or higher than) 
2,560 g/ha and 1,024 g/ha for chlorsulfuron and triasulfuron, respectively. No mortality 
was observed in multiple resistant plants when even exposed to the highest 
chlorsulfuron (2,560 g/ha) and triasulfuron (1,024 g/ha) dose. At the normal field rates 
CYP-450 metabolism endowed 95% and 75% survival to chlorsulfuron (20 g/ha) and 
triasulfuron (32 g/ha), respectively. Overall, plants with only enhanced CYP-450 
metabolism showed an intermediate survival rate when compared to plants expressing 
both CYP-450 metabolism plus the ALS Pro-197-Gln mutation under increasing 
herbicide rates. Further experiments are required to determine whether both enhanced 
CYP-450 ALS metabolism and ALS target site Pro-197-Gln mutation combine in a 
neutral, additive or multiplicative way to endow resistance to ALS inhibiting herbicides in 
L. rigidum.
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Investigating the 2,4-D resistance mechanism in Sisymbrium orientale (Indian 
Hedge Mustard) from Australia using RNA-Seq 

A Küpper1; C Preston2; M Figueiredo1; P Westra1; T Gaines1

1Colorado State University, Fort Collins, CO, USA; 2University of Adelaide, Adelaide, 
Australia 

Sisymbrium orientale is considered a major weed in Australia because it competes with 
crops, its wiry stems block cereal harvesters, and it produces large numbers of seed 
which cause grain contamination. In 2013, a population from Port Broughton, South 
Australia was reported to be resistant to 2,4-D and MCPA, requiring 22 times more 
herbicide for equivalent control when compared to a susceptible population from 
Roseworthy, South Australia. The Port Broughton population was also resistant to the 
sulfonylurea and sulfonamide herbicide groups for which the mechanism of resistance 
was shown to be a Pro to Ser substitution at position 197 in the protein. However, the 
mechanism of resistance to the auxinic herbicides remains unknown. Metabolism, 
absorption, and translocation studies were conducted by applying 14C-labelled 2,4-D on 
two expanded leaves of plants at the 4-5 true leaf stage. Radioactivity was quantified for 
translocation and 2,4-D metabolites were measured in the treated leaf and other tissues 
at 3, 6, 12, 24, 48, 96 and 192 h after treatment. No differences between susceptible 
and resistant individuals were identified for absorption, translocation, or metabolism. An 
RNA-Seq transcriptome analysis was performed on homozygous resistant and 
susceptible individuals from a F3 and F4 family to identify candidate genes for 2,4-D 
resistance.    
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Target-site mutations in ALS gene copies vary according to Echinochloa species

E Mascanzoni*1; S Panozzo2; G Dalazen3; A Merotto3; M Sattin2

1University of Padova, Legnaro (PD), Italy; 2Institute of Agro-environmental and Forest 
Biology (IBAF), CNR, Legnaro (PD), Italy; 3Federal University of Rio Grande do Sul, 
Porto Alegre, Brazil

Echinochloa spp. have evolved resistance to several herbicide classes, among which 
ALS inhibitors are the most used for their control. The genus Echinochloa includes 
several species with annual life cycles that are typical rice weeds, but also infest other 
crops (e.g. maize and soybean). These species are often very difficult to distinguish due 
to the wide morphological and phenological variability. A rough first separation can be 
done on the basis of macro phenological differences dividing Echinochloa species in 
two groups: “red” (i.e. E. crus-galli) and “white” species (e.g. E. oryzicola and E.

hispidula). Different species show different susceptibility to various herbicides. DNA 
barcoding is a quick and relatively easy technique that involves sequencing standard 
regions of DNA as a tool for species identification. DNA barcoding was used to 
distinguish between “red” and “white” Echinochloa species. The mutations endowing 
resistance to ALS inhibitors were detected and the number of copies of ALS genes were 
identified through Southern blotting and gene cloning analyses. The relative expression 
of the ALS gene copies identified were studied using a real-time PCR analysis. The 
analysis of the two cpDNA regions (rbcL gene and trnL intron) clearly distinguished 
between “red” and “white” populations. The sequencing of ALS genes highlighted the 

presence of two different ALS mutations at position 122 (GC-AA) in populations 
classified as “red” and at position 574 (G-T) in “white” phenotypes. The presence of an

extra copy of ALS gene, detected through Southern blotting in “red” species, was 
confirmed by cloning part of the ALS gene (two copies were previously identified for the 
“white” species). Preliminary results on the expression of the ALS genes revealed that 

the gene copy carrying the mutation is relatively more expressed than the other copy in 
“white” populations. 
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Novel target-site α-tubulin mutations conferring trifluralin herbicide resistance in 
Lolium rigidum

J Chen*1; Z Chu1,2; A Nyporko3; H Han1; Q Yu1; S Powles1 
1Australian Herbicide Resistance Initiative, University of Western Australia, Perth, WA, 
Australia; 2South China Agricultural University, Guangzhou, China 

The dinitroaniline herbicide trifluralin has been globally used in many crops for selective 
grass weed control. Consequently, trifluralin resistance has been documented in several 
important crop weed species and has recently reached a worrying frequency in 
Australian Lolium rigidum populations.  Here, we have investigated for resistance 
mechanisms in one trifluralin-resistant population. Target-site α-tubulin gene 
sequencing and cloning reveals at least three distinct transcripts. In some resistant 
plants, one α-tubulin transcript contains nucleotide mutations at the highly conserved 
amino acid codon 243, resulting in amino acid substitution of Arg-243-Lys or Arg-243-
Met. Rice calli transformed with mutant 243-Lys or 243-Met tubulin gene are more than 
10-fold resistant to trifluralin compared to calli transformed with the wild type tubulin
gene. Transgenic characterization of dinitroaniline herbicide cross-resistance conferred
by the 243 mutations is underway. Comprehensive molecular docking modelling
predicts the trifluralin binding site on L. rigidum α-tubulin surface involving at least eight
amino acid residues. The residue Arg-243 is close to the trifluralin binding site, and
replacement of Arg-243 by Lys-243 or Met-243 results in spatial shift of the trifluralin-
binding domain. The most essential impact of these substitutions is the significant rise
of free interaction energy between tubulin and trifluralin as well as between trifluralin
and its whole molecular environment. These results demonstrate that α-tubulin Arg-243
is a determinant for trifluralin sensitivity and the novel Arg-243-Met/Lys mutations confer
trifluralin resistance in L. rigidum. Research is undertaken to investigate non-target-site
resistance to trifluralin and other dinitroaniline herbicides in this population.
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Glyphosate and Paraquat Stress in Conyza bonariensis and Conyza canadensis: 
Transcription of Putative Tonoplast Transporters and Selection of Reference 
Genes for qRT-PCR 

ML Moretti*1; R Alárcon-Reverte2; S Pearce3; S Morran2; BD Hanson2 
1Oregon State University, Corvallis, OR, USA; 2University of California, Davis, CA, USA; 
3Colorado State University, Fort Collins, CO, USA 

Conyza bonariensis and Conyza canadensis are invasive weeds of cropped and non-
cropped areas around the world. In California, USA, Conyza populations resistant to the 
herbicides glyphosate and paraquat have recently been described. Although the 
resistance mechanism to glyphosate and paraquat in these species was not elucidated, 
reduced translocation of these herbicide was observed in both species. Glyphosate and 
paraquat resistance associated with resistance reduced translocation are hypothesized 
to be a result of sequestration of herbicides into the vacuole, with possible involvement 
of over-expression of tonoplast transporters of ABC-transporter families in glyphosate or 
cationic amino acid transporters (CAT) in paraquat. However, molecular mechanisms 
have not been studied in glyphosate and paraquat resistant populations. We evaluated 
transcription of genes possibly involved in resistance using rt-qPCR. Transcription 
stability of eight candidate reference genes was evaluated and the genes with most 
stable transcription profiles were– ACTIN, HEAT-SHOCK-PROTEIN-70, and 
CYCLOPHILIN. Reference genes identified here can be used for further studies related 
to plant-herbicide interactions. The transcription of the genes EPSPS, ABC transporters, 
and CAT was evaluated. No transcription changes were observed in EPSPS or CAT 
genes after glyphosate or paraquat treatment, suggesting that these genes are not 
involved in the resistance mechanism. Transcription of the two ABC transporter genes 
increased following glyphosate treatment in all Conyza spp. lines. Transcription of ABC 
transporters also increased after paraquat treatment in all three lines of C. bonariensis. 
However, in C. canadensis, paraquat treatment increased transcription of only one ABC 
transporter gene in the susceptible line. The increase in transcription of ABC 
transporters after herbicide treatment is likely a stress response based on similar 
response observed across all Conyza lines regardless of resistance or sensitivity to 
glyphosate or paraquat, thus these genes do not appear to be directly involved in the 
mechanism of resistance in Conyza spp. 
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Underlying mechanisms in glyphosate-resistant Eleusine indica from Mexico 

PT Fernandez-Moreno*1; H Cruz-Hipolito2; RJ Smeda3; JA Dominguez-Valenzuela4; R 
De Prado1 
1University of Cordoba, Cordoba, Spain; 2Bayer CropScience, Granada, México, 
3University of Missouri, Columbia, MO, USA, 4Chapingo Autonomous University, 
Texcoco, México 

Glyphosate has been the most intensely used herbicide worldwide for more than two 
decades, and continues to be the primary weed control program in woody crops in 
Mexico. Over-use of glyphosate has selected for resistant weeds. The level and 
mechanisms of resistance for three Eleusine indica populations isolated from citrus in 
Mexico (Mex1, Mex2, and Mex3) were studied under greenhouse and laboratory 
conditions. One susceptible (S) population was collected from a field which had never 
been sprayed with glyphosate. Using in vivo assays, the resistance factor (Rf) of Mex1, 
Mex2, and Mex3 for the lethal dose 50% (LD50) was 15.9, 11.8, and 8.0, respectively. 
For growth reduction 50% (GR50) was 10.4, 5.0, and 2.5-fold higher with respect to the 
S-population. In addition, the Rf levels were similar when shikimic acid accumulation
assays were used at 1000 μM of glyphosate (Mex1>>Mex2>Mex3>S). There were

marked differences regarding the amount of 14C-glyphosate translocated from the
treated leaf to the rest of the plant. The three resistant populations translocated about
half of the amount translocated in the S-population. These results suggest non-target-
site resistance (NTSR) in the three populations (Mex1, Mex2, and Mex3). Also, there
were significant differences among E. indica populations in activity of EPSPS synthesis
in the absence and presence of different rates of glyphosate. The resistant populations
exhibited values between 0.36 and 0.06 µmol µg-1 TSP min-1 basal EPSPS activity
values, compared to 0.04 µmol µg-1 TSP min-1 basal EPSPS in the S-population,
suggesting amplification of the EPSPS gene copy number. Also, for EPSPS enzyme
activity treated with glyphosate, a higher I50 corresponded to greater levels of resistance
in E. indica populations. The Mex1 and Mex2 populations exhibited one amino acid
substitution at position Pro-106 in EPSPS. These results indicate that the level of
resistance to glyphosate for each population could be correlated to the number of
mechanisms expressed by the E. indica populations from Mexico.
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Mechanisms and EPSPS gene characteristics of plants naturally tolerant to 
glyphosate

S Qiang; CJ Mao; BE Valverde
Nanjing Agricultural University, Nanjing, China 

Natural glyphosate-tolerant plants are not common but significant to effective 
application of glyphosate and exploring novel glyphosate-tolerant EPSPS gene 
resources. Here, we documented the cloning of glyphosate-tolerant EPSPS genes in 
more than ten plant species. Among these species, three lilyturf species withstood 
about five times the commercially recommended field dose of glyphosate, the highest 
glyphosate tolerance observed in a plant without a history of glyphosate selection. The 
experimental results on gene structure, copy, and expression demonstrated that a 
combination of unique EPSPS structure, increased gene copy number, and expression 
contribute to glyphosate tolerance in the three lilyturf species. A systematic comparative 
analysis and error-prone PCR mutation of those EPSPS structures produced highly 
glyphosate-tolerant EPSPS genes, which may have potential for the development of 
other glyphosate-tolerant crops. 
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Mechanism of glyphosate resistance of Lolium multiflorum in Japan 

T Tominaga*; K Kurata; Y Niinomi; Y Shimono; M Miyashita 
Kyoto University, Kyoto, Kyoto, Japan 

The range expansion of naturalized Lolium multiflorum Lam. in farmland is a serious 
problem in Fukuroi, Shizuoka, Japan. Glyphosate has been widely used to control L.

multiflorum in levees of rice paddy and wheat fields for about 20 years in this area. 
Some wild populations in the levees show high survival rates after the application of 
glyphosate at 2.3 kg ae ha-1, the recommended dose. Dose-response experiments 
showed that the resistant population had five-fold resistance compared to the 
susceptible population on the basis of LD50. Clarifying the mechanisms of glyphosate 
resistance is important for managing the glyphosate-resistant biotypes of the weeds. 
We conducted a complementary DNA (cDNA) sequencing analysis and a quantitative 
real-time PCR analysis of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) 
gene to test for mutation or amplification of the gene. The amount of glyphosate and its 
metabolite, aminomethylphosphonic acid (AMPA), in treated leaves and non-treated 
parts were also measured to compare absorption, translocation and metabolism of 
glyphosate between resistant and susceptible biotypes by using LC-MS/MS. The cDNA 
sequencing analysis of the EPSPS gene showed that there were no mutations 
conferring glyphosate resistance and no amplification of the gene occured in either 
biotype. There was little AMPA in both the biotype, not only in treated leaf but also in 
non-treated parts, which means that glyphosate was hardly metabolized to AMPA. 
There was no difference between resistant and susceptible biotypes in the absorption of 
glyphosate. Translocation of glyphosate was limited in the resistant biotype, and more 
glyphosate was detected in the non-treated parts in the susceptible biotype than in the 
resistant biotype. These results showed that the resistant mechanism was neither 
metabolism nor limiting absorption of glyphosate, but limited translocation of glyphosate. 
Further research is needed to elucidate whether vacuolar sequestration occurs in the 
resistant biotype or not. 
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Glyphosate resistance mechanisms in Chloris species 

JM Malone*; TD Ngo; M Krishnan; P Boutsalis; GS Gill; C Preston 
University of Adelaide, Adelaide, South Australia, Australia 

Chloris truncata and Chloris virgata are warm season, annual grasses found throughout 
the Australian mainland. They are significant weeds in cotton and grain crops in the 
sub-tropical region of Australia and are an emerging problem in southern Australia. 
Glyphosate resistance was confirmed in four populations of C. virgata and five 
populations of C. truncata, with 2 to 9.7-fold and 2.4 to 8.7-fold resistance, respectively. 
Resistant plants accumulated less shikimate after glyphosate treatment than 
susceptible plants, and there was no difference in glyphosate absorption and 
translocation in either species. In C. virgata, target-site EPSPS mutations corresponding 
to either Pro-106-Leu or Pro-106-Ser substitutions were identified in resistant 
individuals. The population with a Pro-106-Leu substitution was 2.9 to 4.9-fold more 
resistant than the three populations with a Pro-106-Ser substitution. However, the 
EPSPS gene of resistant C. truncata plants did not contain any point mutations 
previously attributed to glyphosate resistance. Instead, resistant plants were found to 
contain up to 32-48 more copies of the EPSPS gene than the susceptible plants. Thus, 
while both are Chloris species, C. virgata and C. truncata have evolved very different 
mechanisms of resistance to glyphosate. 
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Allelic contribution to target site mediated glyphosate resistance in Echinochloa
colona 

S Morran*; B Hanson; C Brunharo 
University of California Davis, Davis, California, USA 

Echinochloa colona is a competitive summer growing weed present in the major 
agricultural systems of over 60 countries. It is a polyploid C4 annual with both tetraploid 
and hexaploid biotypes identified to date. Recently, glyphosate resistant (GR) E. colona

biotypes with a range of resistance levels were verified in the Central Valley agricultural 
area of California. Research showed that altered absorption and/or translocation and 
metabolism are not contributing to resistance in any of the biotypes tested. All of the 
resistant biotypes, however, contain a single nucleotide mutation at Proline 106 in the 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPs) gene. Among the biotypes, three 
different SNPs at Proline 106; Pro106Leu, Pro106Thr and Pro106Ser, were identified. 
One of the E. colona lines sequenced has two different SNPs in the same background. 
Given the polyploid nature of E. colona, the extent that these mutations contribute to 
resistance was further investigated. The transcript expression of EPSPs alleles was 
measured using RT-PCR. Primers were designed to amplify a conserved region of 
EPSPS to give total EPSPS transcripts without distinguishing between different alleles. 
No differences in transcript levels were found between susceptible and resistant lines or 
among resistant lines. E. colona is a self-fertilizing allopolyploid following disomic 
inheritance, with bivalent pairing between homologs of the same original genome where 
high levels of homozygosity are expected. The contribution of resistant and susceptible 
alleles in the multiple genomes of E. colona may explain the range of resistant levels 
and differences in shikimic acid accumulation observed between these lines. As a result 
the potential transcriptional bias between homologous genes and homoeologous 
genomes is being investigated. 
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Investigating a putative HPPD (4-hydroxyphenylpyruvate dioxygenase) inhibiting 
herbicide resistant Ambrosia trifida population 

EAL Jones*; MDK Owen 
Iowa State University, Ames, Iowa, USA 

Ambrosia trifida is a highly competitive weed in the Midwest and is increasing as a 
problem in Iowa crop fields in the past several years.  In 2015, an Ambrosia trifida

population in northeast Iowa was reported to be poorly controlled by mesotrione, a 
HPPD (4-hydroxyphenylpyruvate dioxygenase) inhibiting herbicide. Poor control of the 
Ambrosia trifida population was noticed by the farmer several years after the first HPPD 
inhibiting herbicide application. An initial greenhouse screen with a field rate (105 g 
ai/ha) of mesotrione applied to 7 cm plants resulted in differential responses ranging 
from plant death to survival.  The variable response of the Ambrosia trifida population 
suggested the evolution of HPPD-resistant biotypes.  An on-farm field experiment was 
established to determine the percentage of the Ambrosia trifida population controlled by 
the postemergence HPPD inhibiting herbicides. Three HPPD inhibiting herbicides were 
applied at their respective field rates; mesotrione (105 g ai/ha), tembotrione (92 g ai/ha), 
and topramezone (18 g ai/ha) postemergence to 7 cm Ambrosia trifida. Appropriate 
adjuvants were included with the HPPD-inhibiting herbicides.  Based on the average 
control efficacies of mesotrione (74%), tembotrione (81%), and topramezone (70%), the 
initial findings of this research suggest that the population of Ambrosia trifida in 
northeast Iowa is in a transition state from susceptible to resistant to the HPPD 
inhibiting herbicides. The average control of the HPPD inhibiting herbicides were not 
statistically different from each other (p-value 00.7924 > 00.05). 
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Amaranthus tuberculatus resistance to post emergent application of HPPD 
herbicides 

SZ Knezevic*1; JE Scott1; AS Franssen2 
1University of Nebraska, Concord, NE, USA; 2Sygenta Crop Protection, Seward, NE, 
USA 

Crop production systems in the United States are facing a major challenge with 
increasing numbers of weed species evolving resistance to herbicides. In 2009, 
Amaranthus tuberculatus syn. Rudis (waterhemp) biotypes resistant to HPPD-inhibiting 
herbicides were first reported in Iowa and Illinois. Waterhemp has been reported to be 
resistant to three mechanism of actions in Nebraska; PSII, HPPD, and synthetic auxins-
inhibiting herbicides. Field studies were initiated in 2012 to determine level of 
waterhemp resistance to post-emergent applications of HPPD-inhibiting herbicides in a 
population reported from Nebraska. A total of five doses (0, 1X, 2X, 4X, and 8X) of 
suggested label rates of mesotrione, tembotrione, and topramezone were applied at two 
application timings (15 and 30 cm). Weed control was visually evaluated weekly until 26 
DAT, and weed dry matter was recorded. Based on visual injury and dry matter 
reduction, dose response analysis was performed to determine ED50, ED60, and ED80 
values for control of 15 and 30 cm tall waterhemp with mesotrione, tembotrione, and 
topramezone. The estimated level of resistance at 26 DAT for 15 cm tall waterhemp to 
mesotrione, tembotrione, and topramezone was 13, 10, and 7 times the label rate, 
respectively. While levels of resistance to tembotrione and topramezone were not as 
high as mesotrione, the population was confirmed to be resistant. The ED70 values 
were determined for 30 cm tall waterhemp because the rates were not high enough to 
provide 80% control. The use-pattern of HPPD herbicides should be carefully managed 
and an integrated weed management plan involving tillage and multiple mechanism of 
actions should be utilized. 
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Coexistence of ALS inhibitor-resistant Amaranthus species in north-eastern Italy 

A Milani*; L Scarabel; M Sattin 
Institute of Agro-environmental and Forest Biology (IBAF) CNR, Padua, Italy 

After the first case of Amaranthus retroflexus resistant to ALS-inhibitors in 2003 in 
soybean fields, the evolution of resistance in Amaranthus spp. has been rather slow in 
Italy. The recent discovery of some soybean fields infested with several species of 
Amaranthus, including A. tuberculatus (syn: A. rudis), is particularly concerning because 
this species has been proven to inherit herbicide resistance from other amaranth 
species due to unidirectional gene flow. A. tuberculatus represents one of the most 
dramatic cases of weed invasion documented in the mid-western USA. The discovery of 
more than one species of resistant Amaranthus in soybean fields in North-eastern Italy 
presents a complex situation. From the resistance management point of view, the rapid 
and precise determination of parental species and hybrid progeny is a key preliminary 
step. This is often difficult because of the intrinsic variability of the genus and the 
interspecific hybridization. Furthermore, botanical keys are based on morphological 
characteristics of the flowers, so many species can only be correctly identified late in the 
season. This study aims to determine the parental species and possible hybrid-derived 
individuals of Amaranthus through the observation of specific traits of the inflorescences 
and pollen size. The shape and size characteristics of the tepals and the bracts:tepals 
length ratio allowed the specimens to be ascribed to A. tuberculatus, A. retroflexus and 
A. hybridus species. The pollen size can provide information regarding cyto-
morphological changes, such as hybridization events. Inflorescences 6-7 cm long were
collected and stored in glacial acetic acid:ethanol (3:1 by vol.) for 4 days at room
temperature. The pollen grains were obtained squashing 5-6 individual male florets on a
microscope slide and then observed under fluorescence microscope. The first analyses
of pollen size are in progress.
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Distribution of glyphosate-resistant Palmer amaranth (Amaranthus palmeri) and 
common waterhemp (Amaranthus rudis) in Nebraska 

B Vieira1*; SL Samuelson1; T Gaines²; GR Kruger1 
1University of Nebraska - Lincoln, North Platte, NE, USA; 2Colorado State University, 
Fort Collins, CO, USA 

Palmer amaranth (Amaranthus palmeri S. Wats.) and common waterhemp (Amaranthus

rudis Sauer) are C4 summer annual weed species of the Amaranthaceae family and 
native to North America. Both weed species have a rapid growth habit, extended 
germination period, efficient photosynthetic capacity, and prolific seed production that 
contribute to thier success as weeds. Severe crop yield losses have been reported in 
soybeans and corn in competition with both weed species. Palmer amaranth and/or 
common waterhemp populations have been reported as resistant to herbicides that 
target ALS, microtubule assembly, photosystem II, EPSPS synthase, PPO, TIR1 auxin 
receptors, and HPPD in the U.S. The objective of this study was to investigate the 
susceptibility of Palmer amaranth and common waterhemp populations from Nebraska 
to glyphosate. Palmer amaranth and common waterhemp populations were sampled in 
Nebraska and were subjected to a glyphosate-dose response study, in which different 
rates of glyphosate (0, 39, 217, 434, 868, 1736, 3472, and 6935 g ae ha-1) were applied 
to 12 cm tall plants using a single nozzle research track sprayer calibrated to deliver 94 
L ha-1 with a Teejet AI95015EVS nozzle at 414 kPa. Visual estimations of injury and 
above ground biomass were recorded 21 days after treatment. Data were fitted to a 
non-linear regression model with the drc package in R 3.1.2. The GR50 and GR90 values 
were estimated for each population using a four parameter log logistic equation: y =c+(d 
–c/1+exp(b (log x –log e))). The results confirm the presence of glyphosate-resistant
Palmer amaranth and common waterhemp in Nebraska. Identifying the distribution and
the level of glyphosate-resistance is an important part of the integrated weed
management (IWM) and a key factor for the successful control of Palmer amaranth and
common waterhemp in Nebraska.
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Trends in green foxtail resistance to Group 1 and Group 2 herbicides

BM Jenks
North Dakota State University, Fargo, ND, USA 

Thirty-five green foxtail (Setaria viridis L.) populations collected in 2015 were screened 
for resistance to Group 1 and Group 2 herbicides.  Herbicides tested included 
fenoxaprop, pinoxaden, clodinafop, quizalofop, sethoxydim, flucarbazone, pyroxsulam, 
thiencarbazone, and imazamox.  Glyphosate (Group 9) was also tested.  The 35 
populations were compared to a known susceptible population.  Plants were grown in 
the greenhouse in 4-inch pots and sprayed at the 3-leaf stage.  Herbicides were applied 
using a greenhouse track sprayer with an XR8001 nozzle, 94 L/ha, and 276 kPa.  Each 
treatment had three replications.  All herbicides were applied at field use rates with 
appropriate adjuvants.  Not all 35 seed sources had enough seed or adequate 
germination to be tested by all herbicides.  Treatments were rated as susceptible (S), 
slightly resistant (SR), moderately resistant (MR), or resistant (R).  Clodinafop and 
fenoxaprop provided similar control in 28 of 29 populations.  Twelve of 29 populations 
were MR or R to clodinafop and fenoxaprop.  In 28 of 33 populations, pinoxaden 
provided similar control to fenoxaprop.  Five of 33 populations showed significantly less 
resistance to pinoxaden than fenoxaprop.  In 21 of 32 populations, quizalofop and 
clethodim provided similar good control.  Nine of 32 populations were MR or R to 
quizalofop compared to zero for clethodim.  In two populations, foxtail showed slightly 
more resistance to clethodim than quizalofop.  None of the populations showed any 
resistance to imazamox.  In 23 of 29 populations, flucarbazone, thiencarbazone, and 
pyroxsulam provided similar control.  In 6 of 29 populations, resistance was greater with 
thiencarbazone and pyroxsulam than with flucarbazone.   Two of 32 populations were 
MR or R to flucarbazone.  Quizalofop and fenoxaprop provided similar control in 30 of 
32 populations.  In two populations, quizalofop II provided slightly better control than 
fenoxaprop.  Approximately 20 populations collected from 2016 are being screened 
currently and these results also will be presented.   
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Characterization of a multiple-resistant population of Italian ryegrass from 
California 

C Brunharo*; S Morran; B Hanson 
University of California, Davis, CA, USA 

Italian ryegrass (Lolium perenne L. spp. multiflorum (Lam.) Husnot) is a worldwide 
weedy species and its infestation causes yield losses in a variety of cropping systems. 
Glyphosate-resistant Italian ryegrass populations were first reported in California in 
2008, and the evolution and rapid spread of these populations in the state made 
alternative POST herbicides an important management strategy against this 
troublesome species. Recently, poor control of Italian ryegrass with paraquat was 
reported by orchard managers near Hamilton City, California. We hypothesize that if 
paraquat selection pressure was applied on an already glyphosate-resistant population 
of Italian ryegrass, the poor efficacy may be due to the selection of a multiple-resistant 
biotype. The suspected paraquat-resistant population (PRHC) from Hamilton City, CA, 
and a susceptible biotype from an internal collection (S) were subjected to greenhouse 
dose-response experiments with clethodim, fluazifop, glyphosate, mesosulfuron, 
paraquat, pyroxsulam, rimsulfuron and sethoxydim. In a separate study, radiolabeled 
paraquat was applied to both biotypes at 4.4 kBq per plant, in a total of four replications, 
to quantify the absorption and translocation after 72 hours under light conditions. 
Similarly, 16.6 kBq of radiolabeled paraquat was used to verify whether the PRHC was 
able to metabolize paraquat to non-toxics compounds using an HPLC-coupled flow-
through radioactivity detector. PRHC had high resistance factors (RF = GR50r/GR50s) 
when treated with paraquat (RF=310), pyroxsulam (RF = 24) and sethoxydim (RF = 
2416), and intermediate RF when treated with clethodim (RF = 9), glyphosate (RF = 15) 
and rimsulfuron (RF = 3). No differences in absorption and translocation were observed 
between the biotypes under high light conditions.  Results of the metabolism experiment 
identified a single chromatography peak and suggests that metabolism is not involved in 
the paraquat resistance in PRHC. This ryegrass population is resistant to four modes of 
action but the mechanism(s) of resistance have not yet been fully elucidated.  Current 
research is focused on the mobility and cellular localization of paraquat in PRHC. 
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New cases of herbicide-resistant Echinochloa crus-galli detected in Uruguayan 
rice fields  

C Marchesi1*; N Saldain2; V Bonnecarrere3 
1INIA Tacuarembó, Tacuarembó, Uruguay; 2INIA Treinta y Tres, Treinta y Tres, 
Uruguay; 3INIA Las Brujas, Canelones, Uruguay 

Echinochloa crus-galli (L.) Beauv (ECHCG) is a major weed in Uruguayan rice, and is 
usually controlled using various herbicides in sequences and tank mixes. Nevertheless, 
the number of applications and herbicide doses has been lately raised in order to obtain 
acceptable control. Recent results confirmed various biotypes resistant to quinclorac in 
Uruguay. Moreover, some of them coming from Clearfield (imazapic+imazapyr-
resistant) system fields were also resistant to imidazolinones. Geo-referenced ECHCG 
samples from rice fields within the center and north of Uruguay were collected between 
2013 and 2014, including spots where farmers suspected a resistance issue. In 
accordance to Herbicide Resistance Action Committee (http://hracglobal.com/) 
protocols, dose response assays were done. Data was analyzed using the drc package 
in R, and the ED50 of each biotype was compared to the label rate (Dose 1) by the 
resistant factor (RF = ED50x / Dose 1). Half of the biotypes evaluated to date expressed 
quinclorac resistance (RF from 4 to 140). In some cases RF could not be calculated 
because the herbicide did not reduce biomass despite application of eight-times the 
recommended dose. No resistance to propanil or bispyribac was detected, though a few 
biotypes have also shown resistance to penoxsulam (RF from 3 to 8). Variability on the 
ED50 of some biotypes was observed when treated with imidazolinones, and it seems to 
be related to their origin; those coming from Clearfield fields have higher RF values, 
suggesting that resistance evolution is on course. Assays with Acetyl CoA carboxylase-
inhibiting herbicides are underway. Non-target site and target site resistance is currently 
being tested on those biotypes with resistance to penoxsulam and quinclorac, using 
dose response assays with a P450 inhibitor, and looking for gene mutations in the ALS 
enzyme. Those results will be crucial to build appropriate strategies to overcome 
resistance issues. 
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Which mechanism drives imazapyr + imazapic resistance in Echinochloa crus-

galli biotype E3CL from eastern Uruguay? 

C Marchesi*1; N Saldain2; V Bonnecarrère3; W Iriarte3; M Diez4; B Sosa2 
1INIA Tacuarembó, Tacuarembó, Uruguay; 2INIA Treinta y Tres, Treinta y Tres, 
Uruguay; 3INIA Las Brujas, Canelones, Uruguay; 4UdelaR, Montevideo, Uruguay 

Imazapyr + imazapic resistant rice acreage is growing in Uruguayan fields infested with 
weedy rice.  Echinochloa crus-galli Beauv (L). seeds (E3CL) were collected in 2008 
from a rice field that had four sprays of imazapyr + imazapic in three years of 
continuous rice.  E3CL displayed resistance to imazapyr + imazapic when compared to 
E0CL (susceptible) reaching a resistance factor (RF) of 14.8 with seeds coming directly 
from the field.  Dose response studies showed no cross-resistance to bispyribac-
sodium, metsulfuron or penoxsulam. Studies of the ALS enzyme activity yielded a RF of 
11.3 for imazapyr and 9.4 for imazapic.  Previous report indicated that substitution of 
alanine by tyrosine at position 122 in ALS protein showed high resistance to 
imazethapyr without cross-resistance to others ALS inhibitors.  The objective of this 
study was to determine the resistance mechanism in E3CL.  Seed of both biotypes had 
been multiplied isolated by three generations. DNA extraction, ALS gene amplification 
and dose-response study for E3CL and E0CL were done using the resultant material.  
Rates of 0, 3.1, 6.1, 12.2, 98, 784, 1568 and 3136 g ha-1 of imazapyr + imazapic were 
sprayed with and without a P450 inhibitor -malathion- (1.0 L ha-1) on seedlings of both 
biotypes at the 2-3 leaf stage.  Experiments using plants were carried out following 
HRAC protocols.  No point-mutation was detected and consequently, no amino acid 
substitution at position 122.  Resistance factor in E3CL changed from 41.2 ± 10.9 
(p=0.0003) to 19.2 ± 5.2 (p=0.0007) when malathion was applied, indicating that 
metabolic resistance plays an important role in this case. However, resistance was not 
completely reversed when malathion was used, probably because of other mechanisms 
that may be involved. 
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Geographical distribution of herbicide resistant Echinochloa species in 
Californian rice fields 

DS Kim*1; AH Arias1; JW Kim1; AJ Fischer2; K Al-Khatib2  
1Seoul National University, Seoul, Korea; 2University of California, Davis, USA 

Rice farming in California, USA mainly relies on herbicides for weed control. Herbicide 
resistance (HR) in Echinochloa species has been reported several times, but no recent 
geographical investigation of HR Echinochloa species has been made. Therefore, to 
investigate the geographical distribution of HR in California rice fields, accessions of 
Echinochloa oryzicola, E. crus-galli, and E. oryzoides were collected in 125 different rice 
fields from eight rice-producing counties of the Sacramento Valley (SV) in August 2014. 
Using 125 accessions grown up to the 4 leaf stage, a single-dose assay was conducted 
to preliminarily screen accessions for resistance to penoxsulam (PNS; ALS inhibitor) 
and cyhalofop-butyl (CHB; ACCase inhibitor). Twenty E. crus-galli accessions survived 
the PNS treatment at 60 g a.i.ha-1. Sixty six E. oryzicola, E. crus-galli and E. oryzoides 
accessions survived the CHB treatment at 500 g a.i.ha-1. Subsequent dose-response 
assays confirmed PNS resistance in 17 E. crus-galli accessions from 4 out of 8 
surveyed counties, mainly distributed in the central part of SV. In the case of CHB, 
resistance was confirmed in 59 accessions, 56 E. oryzicola and 3 E. crus-galli 
accessions, from 7 out 8 surveyed counties, uniformly distributed in SV. Among 17 PNS 
resistant accessions and 59 CHB resistant accessions, only two E. crus-galli accessions 
from Sutter and Butte counties showed resistance to both PNS and CHB. Overall, our 
results conclude that CHB resistance is mostly limited to E. oryzicola and widely 
distributed in rice fields of SV, California, while PNS resistance is limited to E. crus-galli 
and distributed in the central part of SV. Further work is underway to uncover the 
herbicide resistance mechanism in Echinochloa species. 
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Mechanism of acetolactate synthase (ALS) inhibitor resistance in Echinochloa

oryzicola

DS Kim*; JW Kim; SH Lim; JS Lim; DS Kim
Seoul National University, Seoul, Korea  

Echinochloa oryzicola is one of the most problematic weed in rice cultivation in Korea, 
and recent confirmation of acetolactate synthase (ALS)-inhibitor herbicide resistance 
(HR) has made this grass more difficult to manage. Thus, this study was conducted to 
investigate the mechanism of ALS-inhibitor resistance in E. oryzicola. Whole plant dose-
response study with ALS-inhibitor penoxsulam (PNX) revealed that among 114 E.

oryzicola accessions collected in Korea, 14 and 8 accessions showed high (>4.5 in R/S 
ratio) and medium (3.0<R/S ratio) resistance to PNX, respectively. In vitro ALS assays 
with high HR accessions showed no difference in ALS activity among them, and no 
mutation in ALS gene was identified either. Whole plant assays with malathion 
(cytochrome P450 monooxygenase inhibitor) applied 24 hours before PNX treatment 
showed increased sensitivity to PNX, suggesting that ALS-inhibitor HR in E. oryzicola 
may be metabolism-based. qRT-PCR analyses of 24 genes previously reported 
responsible for metabolism-based HR revealed that EcGST2 and CYP71C42 were up-
regulated after PNX treatment, suggesting that HR in E. oryzicola may be due to 
metabolism-based resistance conferred by up-regulation of EcGST2 and CYP71C42. 
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ALS resistant Cyperus difformis L. biotypes in rice 

H Mennan*; E Kaya-Altop
Ondokuz Mayıs University, Samsun, Turkey

Weed control is a major concern of rice growers in Turkey. Continuous use of herbicides 
with the same mechanism of action leads to the evolution of herbicide resistance. The 
aim of this study was to determine the mechanism of resistance to ALS-inhibiting 
herbicide of Cyperus difformis populations. C. difformis populations were collected from 
646 different locations in rice fields of the Marmara and Black Sea regions in Turkey. 
These populations were screened for possible resistance to azimsulfuron, bensulfuron 
methyl, bispyribac-sodium and penoxsulam at recommended doses in greenhouse. Dose 
response experiments were conducted after initial screening. The Weibull dose-response 
curve, an asymmetric sigmoid curve was fit to data to obtain ED90 values using “R”. A 
whole-plant dose-response assay confirmed resistance to ALS inhibitors in 128 
populations and resistance to multiple herbicides in 29 populations. The main mechanism 
of resistance in C. difformis was target-site resistance caused by point mutations in the 
ALS gene. In addition, a 1380 bp contig belonging to the ALS gene was isolated to 
investigate mutations on this gene that could be related to the resistance patterns 
observed. The nucleotide and the amino acid sequences did vary within analyzed 
biotypes. Sequence analysis of the ALS gene identified one mutation (Pro197 to Arg) in 
the resistant individuals.  
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Ile-2041-Asp mutation endowing high-level resistance to clodinafop-propargyl in 
Avena ludoviciana populations 

H Sasanfar*1; M Rastgoo1; E Zand2; A Bagheri3; MH Rashed Mohassel1 
1Ferdowsi University of Mashhad, Mashhad, Iran; 2Iranian Research Institute of Plant 
Protection, Agricultural Research Education and Extension Organization (AREEO), 
Tehran, Iran; 3Ferdowsi University of Mashhad, Mashhad, Iran 

Avena ludoviciana Durieu is a troublesome weed in winter wheat fields. Herbicides that 
inhibit the enzyme acetyl-coenzyme A carboxylase (ACCase inhibitors) have been 
widely used to control grass weeds such as A. ludoviciana in Iran. As ACCase-inhibiting 
herbicides have been extensively used, a growing number of grass weeds have evolved 
resistance. The most common herbicide-resistance mechanism to ACCase inhibitors is 
related to point mutation(s) at the target-site. Whole-plant dose-response assays with 
10 doses (from 0 to 16 times of the recommended rate, 64 g ai ha-1) were conducted to 
determine resistance level (RI) to clodinafop-propargyl in 15 wild oat populations from 
Fars and Khuzestan in southwest Iran. To evaluate the mechanism of resistance in 
resistant populations, (derived) cleaved amplified polymorphic sequence ((d)CAPS) 
markers were used for mutations at ACCase codon positions 1781, 2041, 2078, and 
2088. Dose-response experiments confirmed varying levels of resistance to clodinafop-
propargyl in populations. The results clearly revealed that two out of fifteen populations 
were highly resistant to clodinafop-propargyl, where a RI of 308.9 and 188.7 were 
observed for M2 and R5 populations, respectively. Three populations showed moderate 
resistance to clodinafop-propargyl with RI < 10, however, remaining populations were at 
early stages of developing resistance to clodinafop with RI < 4. Based on molecular 
approaches, two known mutations (Ile-1781-Leu and Ile-2041-Asp) were identified in 
resistant populations, whereas Asp-2078-Gly and Cys-2088-Arg mutations were not 
observed in resistant populations. Results of a robust (d)CAPS assay demonstrated that 
the Ile-2041-Asp substitution occurred in M2 and R5 populations and the Ile-1781-Leu 
substitution occurred in the R5 population and 6 other populations; S1 S2, S3, S4, 
AN13 and ES1. Interestingly, this study revealed that Ile-2041-Asp substitution is 
associated with conferral of high-level resistance to clodinafop-propargyl and possibly 
other FOPs in A. ludoviciana. 
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Spatial distribution of ALS and ACCase inhibitor resistant Echinochloa oryzicola 
in South Korean rice fields 

J Lee1*; I-Y Lee1; C-S Kim1; KW Park2

1National Institute of Agricultural Sciences, Iseo, Jeollabukdo, South Korea; 2Chungnam 
National University, Yuseong, South Korea  

Resistance of Echinochloa oryzicola Vasing. to herbicides is a big problem in South 
Korean rice cultivation. Since ACCase inhibitor resistance in E. oryzicola in the Jeonbuk 
province was reported in 2009, rice growers from other regions of the country have 
consistently reported ACCase and ALS inhibitor resistance in E. oryzicola. Thus, we 
collected 128 accessions of E. oryzicola from rice fields in Cheolwon to Goryeong (north 
to south) in South Korea in September 2014 and 2015. Seeds were planted in a 
greenhouse in the spring of 2016. At the four-leaf stage, E. oryzicola accessions were 
screened with field rates of penoxsulam (ALS inhibitor) and cyhalofop-butyl (ACCase 
inhibitor) to investigate the spatial distribution of herbicide resistance in South Korean 
rice fields. Eighty-seven accessions survived penoxsulam treatment at a dose of 30 g 
a.i. ha-1 and 44 accessions survived cyhalofop-butyl treatment at a dose of 250 g a.i. ha-

1. Forty-three accessions survived both penoxsulam and cyhalofop-butyl treatments.
Sixty-eight percent and 34.4 percent of all the collected accessions were resistant to
penoxsulam and cyhalofop-butyl, respectively. Subsequent dose response assays
revealed that more than half of the resistant accessions to both herbicides were highly
resistance. Large percentages of resistance might be caused by the collection time of
samples. Seeds collected in the autumn might be produced from plants surviving
herbicide treatments or newly occurring plants after herbicide treatment in the spring.
Therefore, further investigation will be conducted with soil samples collected before rice
planting in the early spring to obtain better spatial distribution data of herbicide
resistance in South Korean rice fields.
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Glyphosate-resistant Conyza canadensis in Korea 

KW Park1*; Aung Bo Bo1; OJ Won1; HT Sin1; S Vinod2; I Park3  
1Chungnam National University, Daejeon, Korea; 2Syngenta Asia Pacific Pte. Ltd., 
Singapore; 3Syngenta Korea Limited, JinCheon, Korea 

Conyza canadensis is the weed species which most frequently develops glyphosate 
resistance in many agricultural crops. The extensive use of glyphosate has resulted in 
the selection of weeds resistant to glyphosate. This study was carried out to investigate 
the occurrence and distribution of glyphosate resistant C. canadensis populations in the 
Jeju province of Korea. Seeds of C. canadensis were collected from 18 sites in 
tangerine orchards in the Jeju province. In the preliminary screening, 5 resistant and 13 
susceptible biotypes were found at the recommended application rate (3.28 kg/ha) of 
glyphosate in glasshouse experiments. In a dose response test, the confirmed resistant 
and susceptible biotypes were treated with stepwise half dilutions from 105 kg/ha of 
glyphosate to 15 rates. Resistant biotypes displayed a 50% fresh weight reduction 
(GR50) at 3.28 kg/ha as compared to a GR50 at 0.026 kg/ha in susceptible C.

canadensis. The GR50 of the resistant biotype was 126 times higher than the 
susceptible biotype.  Extended monitoring should be conducted to understand how 
widely the glyphosate resistant C. canadensis is spread out and to estimate the severity 
of this weed problem in the tangerine orchards of the Jeju province of Korea. 
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Widespread multiple herbicide resistance in UK populations of Alopecurus

myosuroides

L Crook*; R Hull; D Comont; P Neve
Rothamsted Research, Harpenden, Hertfordshire, UK 

Alopecurus myosuroides is a prevalent weed species affecting arable crops in the UK 
and has become a major problem due to increased resistance to multiple herbicides, 
particularly in fields of winter wheat. To initiate an interdisciplinary project that 
investigates multiple herbicide resistance in A. myosuroides, a large scale survey was 
conducted to better understand the extent of the problem. Seed samples were collected 
from two winter wheat fields at each of 71 farms distributed throughout the main arable 
production area in England. Field collection sites were impacted by a range of A.

myosuroides population densities to encompass heavily infested fields and those with 
an emerging control problem. The populations were subjected to a dose response 
experiment, encompassing sub-lethal, field rate and above field application rates. Three 
herbicides were included in dose response experiments; mesosulfuron + iodosulfuron, 
fenoxaprop and cycloxydim. Mortality and biomass estimates were made three weeks 
after herbicide application. Overall, resistance was widespread amongst the 132 
populations, though we did identify regional variation in the extent and frequency of 
resistance. Populations were classified as resistant when population level mortality at 
field rates was below 80%. On this basis, 88% of populations were resistant to 
mesosulfuron + iodosulfuron, 98% resistant to fenoxaprop, and 87% to cycloxydim. 
Seventy-nine percent of the populations were resistant to all three herbicides. Control of 
A. myosuroides populations with post-emergence herbicides in wheat crops in the UK is
severely compromised by widespread multiple herbicide resistance. This survey is part
of a wider project attempting to gain a better understanding of the evolution and
management of herbicide resistance in A. myosuroides. These characterised
populations are an important resource for further in depth studies into the mechanisms,
genetics, evolution, epidemiology and management of herbicides resistance in the UK.
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Characterization of multiple-resistant Lolium perenne ssp. multiflorum 
populations from western Oregon

LK Bobadilla*; M Liu; AG Hulting; C Mallory-Smith 
Oregon State University, Corvallis, OR, USA 

There have been an increasing number of Lolium perenne ssp. multiflorum (Italian 
ryegrass) populations in the Pacific Northwest of the USA and in particular, the 
Willamette Valley of Oregon, which have resistance to more than one herbicide. Cross- 
or multiple-resistance is limiting successful management of Lolium perenne ssp. 
multiflorum in many different crops including cool-season grass species such as tall 
fescue and perennial ryegrass grown for seed, wheat, clover grown for seed, Christmas 
trees, and orchard crops.  Lolium perenne ssp. multiflorum populations were sampled 
from various cropping systems and screened with herbicides under greenhouse 
conditions to characterize resistance patterns. A variety of resistance patterns have 
been documented including populations that are resistant to some or all of the chemical 
groups 1,2,5,7,9, 10, and 15. The goal of this screening is to help inform management 
decisions because simply recommending rotation of herbicide mechanisms of action 
has not prevented multiple-resistance in this species. Efforts to identify the resistance 
mechanisms and inheritance of resistance in this obligate outcrossing species are 
underway. 
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Characterization of herbicide resistance in a multiple-resistant Amaranthus rudis 
population from Missouri, USA 

LS Shergill*; MD Bish; KW Bradley
University of Missouri-Columbia, Missouri, USA 

Amaranthus rudis is a ubiquitous and problematic weed in agronomic crops of Missouri. 
It has been reported with resistance to one or more of six groups of herbicides i.e. 
synthetic auxins, 5-enolypyruvyl-shikimate-3-phosphate synthase (EPSPS), 
protoporphyrinogen oxidase (PPO), acetolactate synthase (ALS), photosystem II (PSII), 
and 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors. Dose-response studies 
were conducted to characterize herbicide resistance in one A. rudis population resistant 
to five groups of herbicides i.e. synthetic auxins, EPSPS, PPO, ALS, and PSII inhibitors.  
DNA sequencing has been performed to determine the molecular basis for resistance in 
this population. Preliminary dose-response experiments confirmed varying levels of 
resistance to these five groups of herbicides. Sequencing confirmed the presence of 
previously known mutations Trp-574-Leu in ALS gene and the ∆G210 in PPX2L gene,

shown to confer resistance to ALS and PPO inhibitors, respectively. Molecular 
investigations suggest the presence of target-site and non-target-site mechanisms of 
resistance. Further studies are being conducted to characterize the mechanism of 
resistance to synthetic auxins, PSII and EPSPS inhibitors. 
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Chemical, biochemical and physiological interactions between glyphosate and 
2,4-D 

MRA Figueiredo*1; A Zsögön3, VL Tornisielo2, LEP Peres2, WTL Silva4, DA Fadin5, R 
Alcarde2, TA Gaines1, PJ Christoffoleti2 
1Colorado State University, Fort Collins, CO, USA; 2Universidade de São Paulo, 
Piracicaba, SP, Brazil; 3Universidade Federal de Viçosa, Viçosa, MG, Brazil; 4Embrapa 
Instrumentação Agropecuária, São Carlos, SP, Brazil; 5Dow AgroScience, Mogi Mirim, 
SP, Brazil 

A consensus exists in the literature that the herbicides glyphosate and 2,4-D interact 
antagonistically when they are applied in combination. However, the biochemical and 
physiological basis of this antagonism is unknown. We used NMR spectrometry to 
characterize glyphosate and 2,4-D in various analytic and commercial formulations. No 
differences were found in chemical shifts. We next assessed absorption and 
physiological interactions by applying different doses of glyphosate and 2,4-D to tomato 
cultivar Micro-Tom (MT) plants. Plant absorption of radiolabeled glyphosate was 
reduced in the ammonium salt formulations. Although 2,4-D did not interfere with 
glyphosate absorption, the absorption of 2,4-D was increased in some formulations 
containing glyphosate. Radiolabeled glyphosate translocation was significantly reduced 
in MT when applied in combination with 2,4-D. MT plants expressing the auxin 
responsive DR5 promoter fused to GUS showing glyphosate co-application reduced the 
normal auxin response of 2,4-D. Similar results were observed in histological 
experiments that show the location of reactive oxygen species, in which the mixture of 
both herbicides generated less response then when just 2,4-D was applied alone. 
Additionally, the levels of shikimic acid accumulation were reduced when the herbicides 
were used in mixture. We can conclude that, contrary to current knowledge, no 
antagonistic effect occurred between glyphosate and 2,4-D at the chemical level or in 
absorption. Instead, most antagonistic interactions occur at the physiological level, 
possibly due to perturbation in light and hormone signaling pathways. 
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Herbicide-resistant Apera spica-venti in Lithuania 

O Auskalniene*; R Stefanoviciene 
Institute of Agriculture, Lithuanian Research Centre for Agriculture and Forestry, 
Instituto al. 1, Akademija, Kedainiai district, Lithuania 

In cereals, controlling grass weeds is a challenge. In Lithuania as well as Central and 
East Europe, Apera spica-venti (L.) P.Beauv. is a common and problematic weed in 
winter cereal crops. Sulfonylurea herbicides are widely used for grass and broadleaf 
weed control in winter cereals in Lithuania, but low efficacy against A. spica-ventii is 
sometimes reported in commercial fields. Absence of crop rotation, use of minimal soil 
tillage, and repeated usage of the same active ingredient for weed control are likely the 
main factors governing decreased herbicide efficacy and increased herbicide resistance 
in weeds. Seeds of A. spica-ventii were collected in 2015 from a farm where herbicide 
control of the weed was ineffective. Seeds were sown in pots and sprayed at the 3-leaf 
stage in a glasshouse experiment. Three herbicide modes of action of herbicides were 
tested in triplicate on 10 biotypes of A. spica-ventii: ACCase inhibiton (pinoxaden), PSII 
inhibition (isoproturon), and ALS inhibition (iodosulphuron, sulphosulphuron and 
pyrosulam). Visual effects and fresh weight were assessed 4 weeks after application to 
determine efficacy. Biotypes of A. spica-ventii had diverse responses to herbicides. All 
biotypes were sensitive to isoproturon and pinoxaden. Sensitivity to ALS inhibitors was 
low and dose response experiments showed that rates up to 8 times normal rates had 
no influence on biomass of any biotype. Field records indicated that high rates of 
sulphosulphuron was used for several years. 
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Evolution of glyphosate-resistant Salsola tragus L. (Russian-thistle) in Montana 
and Pacific Northwest, USA  

P Jha*1; VK Kumar1; J Anjani1; JF Spring2; DJ Lyon2; IC Burke2; V Nandula3; KN Reddy3 
1Montana State University-Bozeman, MT, USA; 2Washington State University, Pullman, 
WA, USA; 3Crop Production Systems Research Unit, USDA-ARS, Stoneville, MS, USA  

Two putative glyphosate-resistant (GR) Salsola tragus L. populations that survived 
multiple applications of glyphosate at the field-use rates, were collected from chemical 
fallow fields (wheat–fallow rotation): one from Choteau County, Montana, USA (MT-
GR), and a second from Columbia County, Washington, USA (WA-GR) in the 
summer/fall of 2015. Greenhouse and outdoor/field whole-plant dose-response assays 
were conducted to confirm and characterize the levels of glyphosate resistance in these 
GR populations relative to known glyphosate-susceptible populations (MT-GS and WA-
GS from Montana and Washington, respectively). Based on GR50 values of the progeny 
plants, the MT-GR population exhibited 4.5-fold and 5.9-fold resistance to glyphosate 
relative to the MT-GS accession under greenhouse and outdoor conditions, 
respectively. The WA-GR population had 2.6- to 4.2-fold glyphosate resistance relative 
to the WA-S population in greenhouse experiments, and 1.9- to 7.5-fold resistance in 
multi-site field experiments. The GR populations showed less shikimate accumulation 
than the susceptible populations at the glyphosate doses tested. Furthermore, the MT-
GR population was >10-fold more resistant to the ALS-inhibitor herbicide (premix of 
metsulfuron + thifensulfuron + tribenuron), indicating multiple resistance. In field studies 
on alternative POST herbicides to control GR S. tragus, bicyclopyrone + bromoxynil, 
bromoxynil + fluroxypyr, bromoxynil + pyrasulfotole, bromoxynil + MCPA, paraquat 
alone, paraquat + metribuzin, saflufenacil alone, saflufenacil + 2,4-D, and 2,4-D + 
bromoxynil + fluroxypyr provided effective control (≥95%) of GR populations in the 

wheat–fallow rotation. We are currently investigating the molecular and physiological 
mechanisms of glyphosate resistance in these GR S. tragus populations. The results 
will be presented at the symposium. This is the first global case of field-evolved GR S.

tragus. 
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Monitoring field populations of Eleusine indica for the detection of multiple/cross 
herbicide resistance in Brazil 

PJ Christoffoleti1*; M Nicolai2; RF Lopez Ovejero3; A Gonçalves Netto2 
1University of Sao Paulo, Piracicaba, SP, Brazil; 2Agrocon Ag. Consulting Company, 
Sao Paulo, Brazil; 3Monsanto of Brazil, Sao Paulo. 

Goosegrass (Eleusine indica (L) Gaertn) is a troublesome weed species across different 
agronomic production systems in Brazil. Resistant biotypes to clethodim were reported 
several years ago, and more recently glyphosate resistance has been reported. This 
has led to a great increase in the use of alternative herbicides, such as the ACCase 
group. Therefore, a monitoring project was initiated to evaluate the consequences of the 
selection pressure caused by the increased use of “fop” herbicides. First, several field 
populations were collected and tested by two discriminatory rates of glyphosate, and 
one of haloxyfop. After that, four populations were selected; one resistant to glyphosate, 
another with differential susceptibility to haloxyfop, and two susceptible populations. 
There was differential susceptibility to haloxyfop, since one of the populations required a 
much higher rate of haloxyfop than the other populations, despite the fact of the label 
rate was able to control it. The possible mechanism(s) of resistance was not 
investigated. In conclusion, the massive use of ACCase inhibitor herbicides has 
increased the selection pressure for resistance and might be lost as alternative control 
mechanism for goosegrass resistant to glyphosate in Brazil. 
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Evolution of resistance to ACCase-inhibiting herbicides and cross-resistance to 
non-selective herbicides in Eleusine indica  

PT Fernandez-Moreno*1; H Cruz-Hipolito2; MD Osuna3; RJ Smeda4; R De Prado1 
1University of Cordoba, Cordoba, Spain; 2Bayer CropScience, Granada, México, 
3Agrarian Research Center “Finca La Orden” Valdesequera, Badajoz, Spain, 4University 
of Missouri, Columbia, MO, USA 

The widespread usage of acetyl-CoA carboxylase (ACCase)-inhibiting herbicides 
against grass weeds has led to increasing resistance to aryloxyphenoxypropionate 
(APP), cyclohexanedione (CHD) and phenylpyrazoline (PPZ) herbicides. Eleusine

indica (goosegrass) is a diploid grass which has developed resistance to ACCase 
inhibiting herbicides over the last 20 years as a result of repeated annual applications of 
APP and CHD herbicides in soybean crops. Recently, growers have noticed poor 
control of E. indica with pinoxaden (PPZ). However, after only a couple of years, control 
became unacceptable afterwards. The introduction of glyphosate-resistant soybean led 
to widespread adoption of glyphosate before development an IWM program for E. indica 
resistance. In both 2010 and 2015, populations of E. indica resistant to ACCase-
inhibiting herbicides from the same soybean field in Matogrosso, Brazil were examined 
to determine the cross-resistance to ACCase herbicides and multiple-resistance to other 
non-selective herbicides. Results revealed high resistance factors (Rf) measuring 
growth reduction and lethal dose 50% (GR50, and LD50) and enzyme activity (I50) assays 
for APP and CHD herbicides. In addition, it was observed that use of pinoxaden on 
resistant E. indica in 2015 resulted in the selection of population’s resistance with an

LD50 up to three times field dose. 14C-absorption and translocation showed similarity 
between resistant and susceptible populations. Sequencing the target site could reveal 
point mutation. Therefore, target-site resistance (TSR) is being studied as mechanism 
involved in cross-resistance to ACCase inhibiting herbicides. Field use of alternative 
herbicides showed susceptibility to ALS, PSII and PPO herbicides in both years. 
However, there was found multiple-resistance to non-selective herbicides, as 
glyphosate, glufosinate and paraquat with a Rf of 16.18, 16.26, and 13.72, respectively, 
in 2015. For a population of E. indica from Brazil, there is confirmed resistance to four 
unique herbicide modes of action. 
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Initial case of cross resistance to PPO-inhibiting herbicides for a Lolium rigidum 
biotype resistant to glyphosate in Spain 

PT Fernandez-Moreno*1; AM Rojano-Delgado1; J Menendez-Calle2; RJ Smeda3; R De 
Prado1 
1University of Cordoba, Cordoba, Spain; 2 University of Huelva, Palos, Spain; 
3University of Missouri, Columbia, MO, USA 

Worldwide, there are numerous biotypes of Lolium rigidum with evolved resistance to 
glyphosate. To improve control of weeds in olive groves in Spain, protoporphyrinogen IX 
oxidase (PPO)-inhibiting herbicides have been used. In 2015, seeds of a biotype from 
an olive grove which had been treated with glyphosate for 15 consecutive years, and 5 
years with glyphosate+oxyfluorfen applications were collected. Seeds of a susceptible 
(S) ryegrass biotype were collected from a nearby olive grove that had never received
glyphosate or oxyfluorfen. Relative growth reduction (GR) and lethal (LD) doses were
calculated at both 50% and 90% levels generating GR50, GR90, and LD50, LD90. The R-
biotype exhibited a resistance index (RI) for glyphosate ranging from 14.0 (GR50) to 37.5
(GR90). A rate of glyphosate up to 26 L ha-1 is necessary to reach 90% control,
rendering this biotype immune to field doses. Accumulation of shikimic acid determined
that the S-biotype revealed levels 197-fold higher with respect to the R-biotype at 1000
µM glyphosate. Also, the R-biotype exhibited an RI with oxyfluorfen ranging from 20.1
(GR50) to 70.2 (GR90) with respect to the S-biotype. The accumulation of the
photodynamic tetrapyrrole protoporphyrin IX (Proto IX) at 100 µM oxyfluorfen revealed
that the S-biotype exhibited a 24.5-fold higher level compared to the R-biotype. These
results indicate the expression of multiple-resistance mechanisms to glyphosate and
PPO-inhibiting herbicides in L. rigidum. Fomesafen (PPO inhibitor) was applied to the
R-biotype, resulting in an RI of 8.4 (LD50) with respect to the S-biotype. These results
demonstrate cross-resistance to multiple PPO-inhibiting herbicides. Research is
underway to identify the mechanisms involved in PPO resistance. Hypothetically
different mechanisms may be expressed to permit resistance to each herbicide mode of
action. For example, non-target-site resistance may result in reduced translocation of
glyphosate, and target-site resistance via a mutation in PPO may explain resistance to
oxyfluorfen.

Global Herbicide Resistance Challenge 2017 Proceedings page 153



Weed control, crop tolerance, and potential tank contamination in dicamba-
tolerant soybeans

S Knezevic1; JE Scott1; LD Charvat2 
1University of Nebraska-Lincoln, Concord, NE, USA; 2BASF Corporation, Lincoln, NE, 
USA 

Weed resistance is increasing, therefore, introduction of dicamba-tolerant soybeans 
could provide another option for weed control. Four studies were conducted in 2015 in 
northeast Nebraska, including: (1) Herbicide programs for dicamba-tolerant soybeans 
based on pre- (PRE) followed by postemergence (POST) application of BAPMA-
dicamba; (2) efficacy of BAPMA-dicamba as influenced by weed heights; (3) tolerance 
of dicamba-tolerant soybeans to other auxin-type herbicides; and (4) tolerance of 
dicamba-susceptible soybeans to various levels of BAPMA-dicamba residues as 
potential tank contaminants. Preemergence herbicides, including sulfentrazone, 
dimethenamid-p, flumioxazin, pyroxasulfone, metribuzin, metolachlor, and saflufenacil 
provided good-to-excellent control of Amaranthus tuberculatus (Moq.) J.D.Sauer and 
Chenopodium album L. The POST application of BAPMA-dicamba tank mixed with 
glyphosate provided complete control of all weed species tested. BAPMA-dicamba tank 
mixed with glyphosate provide excellent control (>90%) of the weed species tested 
when applied early-POST and mid-POST (5-20cm tall weeds). Late-POST application 
(20-30cm weeds) was less effective, especially on Abutilon theophrasti Medik. 
Dicamba-tolerant soybeans were temporarily speckled by BAPMA-dicamba+glyphosate 
when ultra course droplets were delivered using TTI nozzles. Dicamba-tolerant soybean 
sprayed with dicamba+diflufenzopyr or 2,4-D amine exhibited 90% and 75% injury 
levels, respectively. Dicamba-susceptible soybean exhibited high level of sensitivity to 
BAPMA-dicamba as a tank contaminant. For example, at 10 days after treatment of 
BAPMA-dicamba, there was 40% injury at 1/100 of the label rate and 20% injury at 
1/1000 of the label rate (560 g ai ha-1) applied at V3 soybeans. Similar injury occurred 
with applications at V6 and R2 stages. The injuries were evident season long in the 
form of overall canopy stunting and leaf cupping, which further delayed crop maturity. 
These results indicated potential use of BAPMA-dicamba to control various weed 
species; however,repeated use of BAPMA-dicamba alone or in combination with 
glyphosate should be avoided to reduce probability for dicamba resistance, as there is 
already dicamba-resistant kochia in Western Nebraska, eastern Colorado, and eastern 
Wyoming. 
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Eco-evolutionary dynamics on the invasion front allows both target site and non-
target site resistance to establish in the same population

SR Coutts*; RP Freckleton; H Hicks; DZ Childs
University of Sheffield, Sheffield, UK 

The genetic basis of herbicide resistance spans a continuum, from target site 
resistance, where a single gene changes the herbicides binding site, to complex, 
polygenic, non-target site resistance, controlled by the additive effect of many genes 
(often involved in metabolizing and transporting the poison). Target site resistance often 
confers very high levels of protection with very little cost (i.e. no reductions in survival 
and fecundity). Non-target site resistance typically confers less protection and comes 
with demographic costs, but can develop more quickly and can provide cross resistance 
to different herbicides. To date there has been little work on how these two classes of 
herbicide resistance interact. Given that target site and non-target site resistance 
produce the same end result, if one of them is common in a population it should reduce 
the selective pressure for, and greatly slow the evolution of, the other. Further, over time 
the more effective and/or less costly genetic basis (typically target site resistance) 
should completely displace the other. Yet it is becoming apparent in several managed 
insect and plant populations that both target site and non-target site resistance has 
evolved within the same population over a short period of time. To evaluate hypotheses 
about how target site and non-target site resistance evolves in the same population we 
developed an eco-evolutionary model of Alopecurus myosuroides. Alopecurus

myosuroides is an annual grass and an important weed of wheat fields across Europe, 
where both target and non-target site herbicide resistance is found within the same 
population, and likely evolved within a few decades. We show that this was unlikely to 
occur without dispersal into empty fields. This highlights the potential of nacent invasion 
foci, ahead of the invasion front, to facilitate important evolutionary processes and the 
spread of target site resistance in weeds. 

Global Herbicide Resistance Challenge 2017 Proceedings page 155



Survey of weed resistance in Serbia 

S Vrbnicanin*1; D Bozic1; D Pavlovic2; G Malidza3  
1University of Belgrade, Belgrade, Serbia; 2Institute for Plant Protection and 
Environment, Belgrade, Serbia; 3Institute of Field and Vegetable Crops, Novi Sad, 
Serbia 

The first studies of weed resistance to herbicides in Serbia were conducted soon after 
the detection of the first cases of herbicide resistance in the world. In the nineties, 
investigations were focused on Amaranthus retroflexus resistance to atrazine. After that 
period, data from the field indicated the likelihood of the presence of resistant 
populations to atrazine, ALS inhibiting herbicides and EPSPS enzyme inhibitor 
herbicides. Research done over the past decade were conducted on numerous weed 
species: Chenopodium album, Amaranthus retroflexus, Abutilon theophrasti, weedy 
Helianthus annuus, Datura stramonium, Ambrosia artemisiifolia, Ambrosia trifida, 
Xanthium strumarium, Sorghum halepense, Panicum crus-galli, Solanum nigrum and 
Setaria viridis. Their resistance to herbicides were studied in the field and in controlled 
environments (dose-response experiments and studies at the biochemical or 
physiological level). Some of these species show initial stages of resistance to certain 
groups of herbicides. Quite low indexes of resistance (IR=5-10) to atrazine were 
determined for A. retroflexus, Ch. album and A. theophrasti, while weedy H. annuus, X.

strumarium and S. halepense showed a low level of resistance (IR from several to 
almost 40) to ALS inhibiting herbicides. In the last few years, resistance to herbicides 
have started to be a serious problem in Serbian fields like in many countries all around 
the world. Information about assumptions that indicate the existence of resistant 
populations in the field are very common. To find solutions for overcoming and 
mitigating problems with weed resistance, it is necessary to perform detailed studies of 
resistant populations, their mapping and checking level of resistance, mechanism of 
resistance, presence of cross/multiple resistance and other useful information. Based 
on these results we can design anti-resistance strategies. 
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Helianthus annuus L. response to herbicide ALS inhibitors 

S Vrbnicanin1*; D Stojicevic2; D Bozic1; D Miladinovic3; A Dimitrijevic3 
1University of Belgrade, Belgrade, Serbia; 2High Technical School of Applied Science, 
Pozarevac, Serbia; 3Institute of Field and Vegetable Crops, Novi Sad, Serbia 

During the harvest of sunflower crops (Helianthus annuus L.), a dissipation of seeds 
occurs, yielding volunteer sunflower plants in the following season. If the volunteer 
plants are descended from the hybrids tolerant to ALS inhibitor herbicides (Rimi hybrid 
resistant to imazamox, Sumo hybrid resistant to tribenuron-methyl), they can carry 
herbicide-resistance alleles (ALS), and therefore herbicide resistance phenotypes. 
Furthermore, due to genetic compatibility and overlapping of the flowering period, 
hybridization may occur between the volunteer sunflower and the hybrid forms of weedy 
sunflower and with the cultivated sunflower hybrids. The exchange of the genetic 
material also enables the transfer of the ALS gene (responsible for the tolerance to the 
ALS inhibitors) to the progeny, in which this gene can persist for at least 5 years. This 
study examined the hybridization of different sunflower forms (volunteer, weedy 
sunflower, susceptible, and tolerant hybrids) in a field experiment. The progeny (F1 
generation), for which it was assumed that it possesses the ALS gene, was tested by 
the application of the recommended doses of the herbicides tribenuron-methyl (22.5 g 
a.i./ha) and imazamox (48 g a.i./ha). The efficacy of the herbicides was assessed 7, 14,
21, 28 days after application. The F1 progeny of various sunflower parents survived
herbicide treatment (8-31%), based upon which it can be assumed that the surviving
plants inherited ALS herbicide-resistant alleles. Molecular analysis is needed to confirm
this hypothesis, upon which we will be able to provide producers with recommendations
on preventive measures to reduce the risks of spreading resistance to these herbicides
in hybrid sunflower.
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Lolium perenne spp. multiflorum (Iredell County, NC) resistance to ACCase 
inhibitors, ALS inhibitors, and glufosinate 

VK Nandula*; WT Molin; AA Wright
USDA, Agricultural Research Service, Stoneville, Mississippi, USA 

Lolium perenne spp. multiflorum (Italian ryegrass) is used as a cover crop in a 
strawberry production operation in Iredell County (Carrigan Farms, 1261 Oak Ridge 
Farm Hwy, Mooresville, NC 28115) in North Carolina. L. p. multiflorum plants were 
suppressed with annual applications of sethoxydim. During the last few years, 
sethoxydim failed to control a L. p. multiflorum population in the above field. L. p. 
multiflorum plants from this population were treated with labeled rates of sethoxydim, 
clethodim, fluazifop-P, quizalofop, fenoxaprop-P, pinoxaden, pyroxsulam, metsulfuron, 
glufosinate, paraquat, and glyphosate. Majority of the treated plants survived all 
herbicides, except paraquat and glyphosate, both of which provided 100% control. 
Acetyl coA carboxylase (ACCase) sequence analysis revealed the presence of three 
mutations, I1781L (isoleucine to leucine), D2078G (aspartate to glycine), and C2088R 
(cysteine to arginine), in this population. These 3 mutations are known to provide cross 
resistance to the fops, dims, and dens families of graminicides (ACCase inhibitors). 
Selected plants that survived herbicide treatments are currently being grown for seed 
for conducting dose response studies and detailed sequence analysis of ACCase, 
acetolactate synthase (ALS), and glutamine synthetase (target site of glufosinate) 
genes. The above information will provide valuable insights in to the multiple resistance 
profile and underlying mechanisms of the L. p. multiflorum population from NC. 
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Resistance to ALS inhibitors in Amaranthus tuberculatus and A. retroflexus from 
Mississippi 

VK Nandula*1; JD Ray2 
1USDA, Agricultural Research Service, Stoneville, Mississippi, USA  2USDA, 
Agricultural Research Service, Stoneville, Mississippi, USA 

Several Amaranthus spp. around the world have developed resistance (and cross 
resistance) to various herbicide modes of action. Populations of A. tuberculatus and A.

retroflexus in the US state of Mississippi have been suspected to be resistant to one or 
more acetolactate synthase (ALS) inhibiting herbicides. Whole plant dose-response 
experiments with multiple ALS inhibitors, ALS enzyme assays with pyrithiobac, and 
molecular sequence analysis of ALS gene constructs were conducted or are in progress 
to confirm and characterize the resistance profile and nature of mechanism in the A.

tuberculatus and A. retroflexus populations. Both A. tuberculatus and A. retroflexus 
populations were resistant to imazethapyr (imidazolinone), pyrithiobac (pyrimidinyl 
thiobenzoate), and trifloxysulfuron (sulfonylurea) herbicides surviving rates up to 16x the 
labeled rate. Their respective susceptible counterparts were controlled by 1x rates or 
less. DNA sequencing results revealed a Trp574–Leu amino acid substitution within the 
ALS gene in both resistant pigweeds. ALS resistance in Amaranthus spp. severely limits 
post-emergence management options for growers of Mississippi. 
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Current status of herbicide-resistant weeds in wet seeded rice in Sri Lanka

ASK Abeysekara*; RMUS Bandara; DD Witharana; YMSHIU De Silva
Rice Research and Development Institute, Batalagoda, Sri Lanka 

Rice farmers of Sri Lanka were the early adopters of the direct-seeded rice (DSR) 
cultivation method over transplanting in Asia. Multitude changes in socioeconomic 
factors, labor, and the cost of production were the key influences towards DSR. Rice 
cultivation under DSR today exceeds more than 95% of the total rice production on the 
island. However, the saturated moisture conditions required for DSR leads to higher 
weed competition and control. Use of herbicides in paddy cultivation has increased over 
the last 5 decades, contributing to more than 60% (5130.81 Mt) of total agrochemical 
imports of the country. In the early 1960’s 2,4-D and MCPA were used to control 
broadleaves and sedges, later followed by propanil (3,4 DPA) and MCPA. Propanil 
became the predominant grass herbicide for rice due to its effectiveness on local floral 
competition and agro-climate conditions. In the 1980’s, propanil combinations were 
introduced and were popular among farmers. However, the continuous application of 
non-recommended tank mixtures resulted in propanil-resistant Echinochloa crus-galli 
(L.) Beauv and Ischaemum rugosum Salisb. species, reported in 1997. In the late 
1990’s, the sulfonylurea herbicide bispyribac sodium became popular among farmers, 
but resulted in the same use of un-recommended dosage. The improper application 
practices in a few isolated locations within a major rice growing area have also resulted 
in ALS inhibitor resistance in E. crus-galli, I. rugosum, Cyperus difformis, L. Cyperus iria

L. and C. difformis have also developed MCPA resistance. Herbicide resistance is a
widespread problem in Sri Lanka, were repeated application of the same mode of
action, inadequate dosage, and improper application methods are likely the key
contributing factors. Current and future plans for systematic research to better
understand this concern will be discussed.
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Pre-launch activities and stewardship for the new ALS-tolerant sugar beet system 
Conviso

A Collavo; R Beffa; R Hain; M Wegener
Bayer, Crop Science Division  

Herbicide tolerant crop varieties are convenient technologies for weed management. 
ConvisoSmart is an ALS-tolerant sugar beet technology consisting of two parts: a seed 
trait and an herbicide. In order to maximize herbicide efficacy, preserve the technology, 
guarantee farmer yields and avoid the selection of resistant weeds, this technology 
needs a proper stewardship plan. This should include strategies based on IWM 
principles where weed control measures are diversified in a cropping system. The 
herbicide tolerance trait of the new sugar beet variety presented was obtained by 
selecting rare naturally occurring changes in the gene for acetolactate synthase (ALS). 
It is not a GM trait, the tolerance was not induced but spontaneously occurred in sugar 
beet cell cultures cultivated in a medium containing the ALS-inhibitor foramsulfuron. In 
ALS-inhibitor tolerant sugar beets the ALS-inhibiting herbicide cannot bind to the ALS 
enzyme responsible for production of essential amino acids, therefore its production is 
not blocked resulting in normal sugar beet growth. In a crop rotation it is important to 
promote an effective alternation of herbicides belonging to different modes of action 
(MoA) in order to avoid selecting weeds being resistant to a single MoA. Thus different 
anti-resistance management strategies for the ALS-tolerant sugar beet have been 
established. The pre-launch programs consider ALS-tolerant sugar beet in the context 
of a crop rotation. The strategies adopted rely on pro-active resistance management by 
defining main crop rotations and associated weed control measures. Such strategies 
focus on diversity in the cropping system and analysis of suspected resistance cases. 
The stewardship developed to support the herbicide tolerant sugar beet variety includes 
also diagnostic support by scrutinizing complaints and potentially resistant weeds as 
well as to provide tailor-made management advice based on these investigations. 
Applying the above mentioned IWM stewardship measures will allow the sustainable 
use of ALS-tolerant sugar beet and provide a new weed management options to 
farmers. 
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Crop safety and winter annual grass weed control in mutagenesis-derived 
ACCase-resistant winter wheat lines 

CM Hildebrandt1*; P Westra1; S Haley1; C Shelton2; T Gaines1 
1Colorado State University, Fort Collins, CO, USA; 2Albaugh, LLC, Rosalia, WA, USA 

In wheat cropping systems, competition with winter annual grass species such as 
Aegilops cylindrica Host, Bromus tectorum L., and Secale cereale L. can negatively 
impact yield. A novel resistance trait for the ACCase inhibitor quizalofop p-ethyl was 
integrated into advanced wheat breeding lines. During the 2015-2016 growing season, 
herbicide efficacy and field crop safety trials were performed to assess crop safety on 
two-gene (A and D genome) wheat line and weed control efficacy for the three winter 
annual grasses. Quizalofop rates from 30.8 g ai ha-1 up to 185 g ai ha-1 with 1% MSO 
were applied in autumn and spring, and injury evaluations were taken 3 weeks after 
spring application. Weed control efficacy trials were performed by planting quizalofop-
resistant wheat with the three grass weed species in the autumn. In the spring, ten 
treatments were applied at the tillering growth stage of the three weed species: 30.8, 
46.3, 61.7, 77.1, and 92.5 g ai ha-1 all with NIS at 0.25%; 61.7 g ai ha-1 with 1% MSO; 
61.7 g ai ha-1 with 1% COC; 61.7 g ai ha-1 with 1% NIS; and 61.7 g ai ha-1 with 0.25% 
NIS and 28 L ha-1 of UAN 32%. Percent control ratings were taken two months after 
treatment. Neither autumn nor spring treatments resulted in detectable injury on the 
two-gene wheat lines, indicating high levels of crop safety. Weed control efficacy trials 
showed rate responses to the quizalofop herbicide. Greater than 90% control for A.

cylindrica was observed at the 77.1 g ai ha-1 rate, as well as all three of the treatments 
corresponding to 1% adjuvant v/v. Greater than 95% control was observed for both S.

cereale and B. tectorum for those same treatments. This trait system provides control of 
winter annual grass weeds and sufficient crop safety in winter wheat.
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Evaluating the relative contribution of crop rotation, tillage, and herbicide 
diversity for proactive herbicide resistant weed management

EG Mosqueda1*; AR Kniss1; P Jha2; GM Sbatella3; NC Lawrence4 
1University of Wyoming, Laramie, WY USA; 2Montana State University, Huntley, MT 
USA; 3University of Wyoming, Powell, WY USA; 4University of Nebraska, Scottsbluff, 
NE USA 

Cultural and mechanical weed management practices are underused in many cropping 
systems, particularly for herbicide-resistant weed management. This may be due, in 
part, to a lack of knowledge on the impact of non-herbicide management practices on 
herbicide-resistant weed development. Modeling is currently the most common 
approach for comparing the impact of weed control practices on herbicide-resistant 
weed evolution. Nearly all modelers recognize the importance of validating assumptions 
and results of predictive models with applied research, yet there is an alarming lack of 
field studies that quantify the impact of non-herbicide weed management practices on 
the evolution of herbicide-resistant weed populations. We are conducting field studies to 
quantify the impact of tillage and crop rotations on the development of herbicide 
resistance when combined with different herbicide regimes in the summer annual 
tumbleweed Kochia scoparia. Research sites in Wyoming, Nebraska, and Montana 
were established with a known proportion of ALS-herbicide susceptible (S) and resistant 
(R) individuals before imposition of treatments. Based on the results of this study, we
will develop biological and economic models that will aid in developing herbicide-
resistant weed management recommendations that go beyond herbicide use patterns.
By determining the efficacy and economic impacts of non-herbicide practices on
development of herbicide resistance, we hope to decrease the reliance on herbicides,
thereby reducing the evolution and spread of new herbicide-resistant weed biotypes.
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Status of herbicide weed resistance in Brazil

F Adegas1*; L Vargas²; D Gazziero³ 
1Embrapa Soybean, Londrina, Paraná, Brazil; ²Embrapa Wheat, Passo Fundo, Rio 
Grande do Sul, Brazil; ³Embrapa Soybean, Londrina, Paraná, Brazil 

Brazil is one of the largest agricultural producers in the world. The emergence of 
herbicide-resistant weeds is one of the largest obstacles in the Brazilian production 
systems. Currently, 41 cases of resistance in the country have been reported, with 
glyphosate resistance especially troublesome in the areas cultivated with soybeans, 
corn and cotton. The main reason for this issue was the strong selection pressure by 
the massive use of glyphosate, especially after the introduction of varieties resistant to 
this herbicide in these crops as early as 2000. Since then, Embrapa has monitored the 
resistance situation and shown that the use of glyphosate has reached around 1.522 kg 
ha-1 in post emergence just in soybean crops, whose RR varieties have occupied 96% 
of the total soybean crop area in the country. There are already eight species reported 
as resistant to glyphosate in Brazil: Lolium multiflorum, most infestations localized in the 
south within an area of approximately 3.6 m. ha. Conyza canadensis, Conyza

bonariensis and Conyza sumatrensis, infestations located in almost all producing 
soybean regions, with estimated infested area of 10.6 million ha. Digitaria insularis, 
currently infesting the main soybean crops, especially in tropical regions, with coverage 
area of approximately 8.2 m. ha. Chloris polydacta, found only in two cities. An 
Amaranthus palmeri case reported in 2015 in three properties in the Midwest of the 
country (these sites are in containment to prevent the spread to others areas), and an 
Eleusine indica, report only recently done in three populations of soybean crops in 
Paraná State, located on south of Brazil. Besides generating a cost increase in the 
control of weeds (up to 400%), this resistance landscape has contributed to the return of 
the use of other mechanisms of action, especially in pre-emergent herbicides and other 
methods of control, such as cultural and mechanical. 
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Distribution and management of Sorghum halepense and Amaranthus retroflexus 
resistant to ALS inhibitors in Serbia 

S Vrbnicanin*2; G Malidza1, M Rajkovic1, D Bozic2 
1Institute of Field and Vegetable Crops, Novi Sad, Serbia; 2University in Belgrade, 
Faculty of Agriculture, Belgrade, Serbia 

The frequent occurrence of populations of S. halepense and A. retroflexus resistant to 
ALS inhibitors in recent years in Serbia can be attributed to the widespread usage of 
sulfonylurea and imidazolinone herbicides over a longer period. It is estimated that the 
ALS-resistant populations of each mentioned weed species are infesting at least 50,000 
ha in Serbia. Results from whole-plant bioassays confirmed that nearly all tested 
populations of S. halepense are resistant to nicosulfuron, and almost all populations of 
A. retroflexus are resistant to imazamox. In whole plant bioassays differences in
sensitivity between plants of susceptible and resistant populations of S. halepense and
A. retroflexus were from several hundred to several thousand times. In addition to
general recommendations of herbicide resistance management, specific
recommendations for each crop or type of production are also required. Due to
cycloxydim-tolerant maize hybrids it is possible to control S. halepense resistant to ALS
inhibitors in this most dominant crop in Serbia. For this reason, the increase in area with
the presence of populations of S. halepense resistant to ALS inhibitors, increases the
importance and acreages of maize hybrids tolerant to cycloxydim. Although, this is a
temporary solution, and indicates that the Serbian maize producers are reactive rather
than proactive in the herbicide resistance management. The use of this or other
herbicide-tolerant crops is useful only as part of the herbicide resistant management
strategies without excessive reliance over a long period to herbicides of the same mode
of action. Similarly, a special challenge is management of populations of A. retroflexus

resistant to ALS inhibitors in the production of soybean and herbicide-tolerant sunflower,
which depends mostly on the sulfonylurea and imidazolinone herbicides. Diversifying
weed management practices, use of multiple herbicide modes of action and non-
chemical measures needs to be more widely implemented.
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Triallate tank mixes and sequential applications with pyroxasulfone for improved 
control of wild oat (Avena fatua)  

G Newberry*1; G Melchior2; K Holmes3 

1Gowan USA, Boise, ID USA; 2Gowan USA, Walla Walla, WA USA; 3Gowan Company, 
Yuma, Arizona USA 

Field research was conducted in Colorado, Idaho and Montana with the goal to broaden 
weed control spectrum and improve efficacy of triallate for control of Avena fatua.  
Triallate (WSSA Group 8), requires incorporation and has a limited weed spectrum.  
Spring applied triallate EC was tested with a wide variety of tank mix partners and 
sequential applications in both spring wheat and barley to determine if A. fatua efficacy 
could be improved in both conventional and reduced tillage cropping systems.  Trial 
results indicated that pyroxasulfone could be used with triallate EC as an early PRE 
tank mix or as sequential application to control A. fatua and broadleaf weed species.  
Multiple years of trials found great A. fatua control with varying rates of injury depending 
on the trial year and site.  The addition of pyroxasulfone also provided broadleaf weed 
control.  These results show promise for triallate to diversify the modes of action in 
cereal cropping systems to both reduce selection and provide control HRAC Group 1 
and 2 herbicide resistant weeds. 
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An Overview of the University of Tennessee Weed Diagnostics Center

JT Brosnan*; JJ Vargas; GK Breeden; RN Trigiano; SL Boggess
University of Tennessee. Knoxville, TN, USA 

The Weed Diagnostics Center (WDC) is a new diagnostic arm of the University of 
Tennessee (UT) Institute of Agriculture that opened in 2016. An initiative supported by 
both the UT Office of AgResearch and UT Extension, the mission of this Center is to 
provide end-users from across the United States diagnostic tests tailored to weeds of 
crop production systems as well as turf, ornamentals, and urban landscapes. Serving 
both the consumer and professional industries, specialists at the WDC incorporate both 
whole plant and molecular methods to provide a wide range of diagnostic services from 
basic weed identification to tests confirming herbicide resistance via DNA sequencing. 
The WDC can currently evaluate weeds for resistance to herbicidal inhibitors of acetyl 
CoA carboxylase (ACCase), acetolactate synthase (ALS), cellular mitosis, 
enolpyruvylshikimate phosphate (EPSP) synthase, photosystem II, and 
protoporphyrinogen oxidase. Work is ongoing to expand services to test other modes of 
action and develop more rapid methods of resistance testing. The WDC is also home to 
an additional suite of services specific to bermudagrasses (Cynodon spp.) used on golf 
course putting greens. All WDC test results are complemented with research-based 
control recommendations to promote proper weed management practices in the field. 
Additional information about the WDC can be found online at www.weeddiagnostics.org, 
or by contacting weeddiagnostics@utk.edu. More information on the WDC can also be 
accessed via Twitter (@WeedDiagnostics) and Instagram (@weeddiagnostics). 
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Evolution of herbicide resistance in monocotyledonous weeds in Central Europe

J Petersen 
University of Applied Science Bingen, Germany 

Alopecurus myosuroides and Apera spica-venti are major weeds in Central Europe. 
Weed control problems occur in small grain cereals and dicot crops of the rotations.  
Herbicide resistance monitoring has been done for many years now in Austria, Czech-
Republic, Germany, Lithuania, Poland and Switzerland. The main focus is on ALOMY 
and APESV. This poster will show the distribution of resistant weeds and development 
over the years for the main mode of actions that are used for weed control. 
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Herbicide resistance in Apera spica-venti in the Czech Republic is spreading due 
to simplification of farming practices

J Soukup; K Hamouzova; P Kosnarova; M Jursik 
Czech University of Life Science Prague, Prague, Czech Republic 

Apera spica-venti is an overwintering annual weedy grass of winter cereals with steadily 
increasing number of resistant populations in Europe. Systematic survey has been 
conducted on more than 100 farms in the Czech Republic in different regions of the 
country in 2012-2016. Seed samples from populations in wheat fields with suspected 
resistance were collected and tested in a glasshouse on resistance to pyroxsulam and 
penoxsulam (ALS inhibitors), chlorotoluron (PS II inh.), and pinoxaden (ACCase inh.). 
Additionally, the farmers were interviewed, questionnaires about farming practices 
collected and data statistically evaluated by multifactorial analysis. Seventy to eighty 
percent of tested population were found to be resistant to pyroxsulam and penoxsulam 
with clear cross-resistance to both active ingredients in all cases. Cases of resistance to 
pinoxaden were rare with about 10% frequency among all tested populations, but all of 
them showed the resistance to ALS inhibitors. The country’s first case of multiple 
resistance to all ALS, PS II and ACCase inhibitors was found in one population. 
Increasing cases of multiple resistance are very likely caused by enhanced metabolism 
what will be the subject of further studies. Analysis of farming practices on affected 
farms demonstrates the relationship between development of resistance and 
simplification of farming practices from which the most important role had a long-term 
reliance on ALS inhibitors (almost 50% of herbicide uses in winter cereals), crop 
rotations with high share (65%) of winter crops, and shallow primary soil tillage when 
sowing winter cereals. Because the crop rotations and soil tillage can hardly be 
changed in a short period, the selection of suitable herbicides (less prone to 
metabolism) will be the most important factor to mitigate resistance in a short time. 
Unfortunately, the diversification of herbicide use is recently complicated by bans of 
traditional herbicides such as trifluralin, isoproturon and pendimethalin in Europe. 
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Using herbicide layering for managing herbicide resistance in Avena fatua in 
wheat in western Canada

K Holmes*1; M Grenier2; B. Ewankiw2

1Gowan Company LLC, Yuma, AZ USA; 2Gowan Ag Canada, Winnipeg, Manitoba, 
Canada 

Herbicide resistance in wild oats in western Canada has been dramatically increasing. It 
is now estimated that more than 50% of fields have Avena fatua resistant to group 1 
(ACCase inhibitors) and/or group 2 (ALS inhibitors) herbicides. This is no surprise given 
the frequency of use and resulting high selection pressure exerted by overuse of these 
compounds. Available market research survey data from 2015 shows that Groups 1 and 
2 were used to target Avena fatua on 74% of wheat acres, 61% of barley acres, 100% 
of pea acres and 42% of canola acres. Farmers in western Canada are beginning to 
realize that they need to change their weed control programs to address this 
increasingly severe agronomic problem. Herbicide layering, through the use of multiple 
modes of action in sequence, is promoted as an effective practice for managing 
herbicide resistant weeds. Gowan Canada has been running extensive trials looking at 
the benefits of including herbicides based on triallate, a Group 8 mode of action, into 
weed management programs for cereals such as spring wheat and barley. This work 
demonstrates the value for using a herbicide such as triallate as a soil applied base 
layer for early season weed control and herbicide resistance management in Avena

fatua. 
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Might artificial pollination be used as an herbicide-resistant weed management 
tool? 

M Christoffers 
North Dakota State University, Fargo, ND, USA 

Artificial pollination is the human application of pollen by hand or mechanical means in 
order to supplement or replace natural pollination. Agricultural use includes artificial 
pollination of horticultural crops such as kiwifruit, where pollen may be applied dry or 
suspended in liquid media to increase fruit yield and quality. In populations of 
outcrossing weeds with nuclear-encoded herbicide resistance, successful artificial 
pollination with herbicide-susceptible pollen might reduce resistance gene frequencies. 
In addition to cost, the practicality of such a system depends on several factors 
including reliable pollen sources, maintenance of pollen viability during storage and 
transport, application methods, and how much susceptible pollen is required to 
adequately compete with resistant pollen in the field. Addressing these issues will 
require species-specific research and may be assisted by advances in biotechnology 
and increased understanding of weed genetics and physiology. The ability to collect 
abundant susceptible pollen from weed populations or produce pollen in vitro would be 
useful. While the latter is not yet possible, interest in cycling gametes in vitro to speed 
plant breeding may spark research in this area. As described here, artificial pollination 
would be an alternative to other proposed methods of reducing resistance gene 
frequencies such as gene drives based on the CRISPR/Cas9 system. However, artificial 
pollination may also be useful for the controlled introduction of engineered genes into 
weed populations to initiate gene drives. With several areas of research to be 
addressed, a biological system to develop and test artificial pollination would be 
desirable. We propose rapid-cycling Brassica rapa L. for such research due to its small 
size, short generation time, self-incompatible breeding system, easily scored genetic 
markers, and the ability of its pollen to germinate in artificial media. 
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Florpyrauxifen-benzyl (Rinskor™ Active): a new arylpicolinate herbicide for weed 
control and herbicide resistance management in rice

M Morell*1; A Bundt2; N Carranza3; N Dalla Valle4; D Le5; R Mann1; H Perry1; O 
Shevchuk6; M Yadav7; ZW Yao8  
1Dow AgroSciences LLC. Indianapolis, IN, USA; 2Dow AgroSciences Sao Paulo, Brazil; 
3Dow AgroSciences Ibague, Colombia; 4Dow AgroSciences Bologna, Italy; 5Dow 
AgroSciences Ho Chi Minh City, Vietnam; 6Dow AgroSciences Valbonne, France; 7Dow 
AgroSciences Mumbai, India; 8Dow AgroSciences Shanghai, China. 

The extensive use of herbicides with a limited number of modes of action in rice is 
leading to an increasing number of cases of herbicide resistance among many 
economically important weeds. Today, growers are dealing with multiple cases of 
weeds that are resistant to a number of herbicide modes of action used in rice. This 
trend is making rice production difficult and more expensive. Current and future weed 
control issues led Dow AgroSciences to invest in the discovery and development of new 
herbicide products containing florpyrauxifen-benzyl, providing alternative weed 
management tools to rice growers. A field product concept development program 
involving over 1200 field trials was conducted in major rice growing regions around the 
world. florpyrauxifen-benzyl provides a unique and broad spectrum of control including 
Echinochloa crus-galli, E. colona, Urochloa plantigena, Cyperus difformis, C. iria, C.

rotundus, Heteranthera reniformis, Monochoria vaginalis, Ludwigia octavalvis, L.

linifolia, Commelina spp., Murdannia nudiflora, Eclipta alba, Sesbania exaltata, Eclipta

alba, Aeschynomene americana, Alisma plantago-aquatica, Sagittaria trifolia and 
Amaranthus spp. Low use rates (30 g ai ha-1 or lower), low volatility, rapid degradation 
in soil, low persistence in the environment, favorable toxicology and ecotoxicology 
profiles, and differentiated receptor binding at the molecular level when compared to 
regular auxins reinforces the promise florpyrauxifen-benzyl has as a new tool for weed 
control in rice, including biotypes with target-site resistance to ALS and ACCase 
herbicide modes of action and quinclorac, propanil and glyphosate. 
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Control of glyphosate-resistant Conyza canadensis in a corn/soybean/winter 
wheat rotation

N Soltani*; PH Sikkema
University of Guelph Ridgetown Campus, Ridgetown, ON, Canada 

Glyphosate-resistant (GR) Conyza canadensis (Canada fleabane) was first reported in 
Ontario, Canada in 2010 when it was found on eight farms in one county. Over four 
years it has spread to 25 counties over a distance of greater than 800 km. Multiple 
resistant (Group 2 and 9) C. canadensis has been documented on more than 10% of 
affected farms. It is an extremely competitive weed and lack of control in corn, soybean 
and wheat can lead to significant yield losses. More than 50 field experiments were 
conducted during 2011-2015 to determine the best herbicide options (among registered 
herbicides in Ontario) for the control of GR C. canadensis in corn, soybean and wheat. 
All experiments were arranged in a completely randomized block design with four 
replications. Among corn pre-plant herbicides evaluated, dicamba, dicamba/atrazine, 
mesotrione+atrazine and saflufenacil/dimethenamid-P provided 88, 94, 89 and 91% 
control of GR C. canadensis, respectively. Among corn POST herbicides evaluated, 
dicamba, diflufenzopyr/dicamba, dicamba/atrazine and bromoxynil+atrazine provided 
96, 91, 96 and 91% control of GR C. canadensis, respectively. The best herbicide 
option for enhanced burndown of GR C. canadensis in soybean was glyphosate plus 
saflufenacil which provided 77% control. In winter wheat, 2,4-D, dicamba, 
dicamba/MPCA, dicamba/MPCA/mecoprop-P, clopyralid and pyrasulfotole/bromoxynil 
provided 89, 91, 94, 92, 96 and 92% control of GR C. canadensis, respectively. Based 
on these results, an integrated weed management program which employs a three-crop 
rotation and multiple herbicide modes of action can be used for commercially 
acceptable control of GR C. canadensis in corn, soybean and winter wheat. 

Global Herbicide Resistance Challenge 2017 Proceedings page 174



Glyphosate-resistant Amaranthus palmeri biotypes in Argentina: 2,4-D choline vs. 
dicamba DMA dose response in post-emergence applications 

R Frene; M Ravotti; M Baez Buchanan; L Serafini
Dow AgroSciences Argentina S.R.L., Buenos Aires, Argentina 

Glyphosate-resistant Amaranthus biotypes (A. palmeri and A. quitensis) continue to 
spread across the major crop production regions of Argentina. Since it is possible that 
both glufosinate-, glyphosate- and 2,4-D- tolerant, and glyphosate- and dicamba- 
tolerant soybean varieties may be available in the near future, an objective is to 
determine how effective these technologies are on Amaranthus palmeri (AMAPA). A 
starting point is to determine dose responses of AMAPA to 2,4-D and dicamba 
applications. Four field trials were conducted on AMAPA in Argentina (2 trials near 
Vicuña Makenna, Córdoba, during 2014 and 2015 crop season and 2 trials near Monte 
Buey, Córdoba, in 2015 and 2016 crop season) utilizing 2,4-D choline salt (456 g a.e./L) 
and dicamba dimethylamine salt (DMA; 480 g a.e./L). Post-emergence treatments were 
applied to AMAPA between 5 and 20 cm in height. Visual percent control evaluations 
were made 35 days after application. The 2,4-D choline at 720, 900 and 1100 g a.e./ha 
provided 60, 79, and 80%, respectively, AMAPA control that was superior to control 
provided by dicamba at 140, 280, and 560 g a.e./ha providing 25, 42; and 67%, 
respectively. The addition of glyphosate at 1200 g a.e./ha improved all 2,4-D and 
dicamba treatments compared to 2,4-D and dicamba treatments applied without 
glyphosate. Glufosinate alone at 600 g a.e./ha provided control 70%. The addition of 
2,4-D choline at 900 g a.e./ha to glufosinate significantly (p<0.05) increased AMAPA 
control to 86%. Fomesafen at 250 g ae/ha with glyphosate at 1200 g ae/ha only 
provided 36% AMAPA control. Utilization of 2,4-D choline in glufosinate-, glyphosate- 
and 2,4-D- tolerant soybean crop programs provides a valuable tool to control 
glyphosate-resistant AMAPA biotypes. Glufosinate applied with 2,4-D choline is an 
excellent option to control AMAPA in glufosinate-, glyphosate- and 2,4-D- tolerant 
soybean program control technology. 
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Weed control programs for Conyza sumatrensis glyphosate-resistant biotypes in 
glufosinate-, glyphosate- and 2,4-D- tolerant soybeans in Argentina 

R Frene*; M Baez Buchanan; M Ravotti; L Serafini 
Dow AgroSciences Argentina S.R.L., Buenos Aires, Argentina 

In Argentina around 90% of soybeans are produced under a no-till cropping system. 
Though initially very effective, glyphosate-resistant weed populations have become an 
important problem in many no-till fields. Conyza sumatrensis, which infested around 10 
millon ha in the 2015/16 season, has become one of the key weeds in Argentina due to 
increasingly high levels of glyphosate resistance and few effective alternative herbicide 
modes of action. As C. sumatrensis continues expanding, new technologies are needed 
to achieve effective controls in soybeans. The introduction of glufosinate-, glyphosate- 
and 2,4-D- tolerant soybean technology and 2,4-D choline salt herbicide will provide an 
alternative. Eleven field trials were conducted in 2014, 2015 and 2016 seasons in 
Pergamino, Argentina to evaluate herbicide programs utilizing 2,4-D choline plus 
glyphosate in glufosinate-, glyphosate- and 2,4-D- tolerant soybean targeting 
glyphosate-resistant C. sumatrensis. The program approaches included pre-emergence 
(PRE) treatments of glyphosate plus: chlorimuron + 2,4-D, diclosulam + 2,4-D and 
diclosulam + halauxifen-methyl followed by 2,4-D choline plus glyphosate applied post-
emergence (POST); a sequential application of glufosinate followed by 2,4-D choline 
plus glyphosate was also included in POST and named the double knock-down 
strategy. Finally, a program using glyphosate alone POST was included to represent the 
current standard treatment. PRE treatments were applied to C. sumatrensis at 10 cm 
height. Visual percent control evaluations were made 60 days after PRE. Programs that 
received 2,4-D choline plus glyphosate POST provided high control, along with 
diclosulam plus Arylex (93%), the double knock-down strategy (97%), diclosulam plus 
2,4-D (85%) and chlorimuron plus 2,4-D (81%). The program using glyphosate alone 
POST provided 53% control. These results indicate that the utilization of 2,4-D choline 
and glufosinate POST in glufosinate-, glyphosate- and 2,4-D- tolerant soybean provide 
an effective tool capable of controlling glyphosate-resistant C. sumatrensis, offering a 
sustainable program to manage weeds in soybeans. 
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Is the switch to residual herbicides for Alopercurus myosuroides control in the 
UK building up resistance problems for the future? 

R Hull*1; S Moss2 
1Rothamsted Research, Harpenden, Herts, UK; 2Stephen Moss Consulting, Harpenden, 
Herts, UK 

The use of pre-emergence residual herbicides for Alopecurus myosuroides control in 
the UK has increased rapidly over the last 10 years as a consequence of widespread 
resistance to post-emergence herbicides.  For example, the area treated with flufenacet 
in the UK increased from 330,191 ha in 2004 to 1,802,455 ha in 2014.  Two studies 
were set up to answer; 1) whether repeated use of flufenacet can select for resistance 
in A. myosuroides and 2) do non-target site resistance (NTSR) mechanisms conferring 
increased resistance to ALS actives also confer cross-resistance (XR) to flufenacet?  In 
a container selection experiment, two populations were exposed to an annual dose of 
180 g ai/ha of flufenacet, with seeds from the survivors re-sown each year.  After 7 
years, compared to the parent baseline population, control decreased by 37-38% in the 
selected lines.  Other experiments have shown that enhanced metabolism of flufenacet 
was responsible. Therefore, repeated use of flufenacet can select for increased 
resistance at least under controlled conditions.  Two populations with no ALS TSR were 
selected for 2 years with mesosulfuron+iodosulfuron in containers.  These selected 
lines, when tested in a full dose response experiment, both showed increased 
resistance to mesosulfuron+iodosulfuron (RI 9.7 and 14.1), but no increase in 
resistance to flufenacet (RI 1.03 and 0.84).  This indicates that the NTSR selected by 
mesosulfuron+iodosulfuron is specific to that class, and does confer XR to flufenacet.  
This data demonstrates that resistance to flufenacet can evolve in A. myosuroides at 
least under controlled conditions.  However, previous work based on an analysis of 375 
agchem company trials, found only a small (<1 / year) decline in efficacy between 2001 
and 2013.  Flufenacet is vital for long term control of A. myosuroides and, fortunately, it 
appears that resistance is slow to develop to this herbicide. 
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Monitoring multiple resistance to glyphosate and chlorimuron in Conyza 
populations from grain-producing areas of Paraná, Brazil 

RR Mendes*1; HK Takano¹; RS Oliveira Jr¹; J Constantin¹; RF López-Ovejero²
¹State University of Maringá, Maringá, PR, Brazil; ²Monsanto, São Paulo, SP, Brazil 

Species within the genus Conyza are among the most important weeds in Brazil, 
especially throughout the grain-producing areas. Some populations of those species are 
resistant to glyphosate and, more recently, ALS inhibitor-resistant populations have also 
been selected in Paraná, one of the three southern states. The objective of this work 
was to monitor and analyze the frequency and spread of those populations within the 
period of 2014-2015 in the state of Paraná, Brazil. Seeds were randomly collected in 
cropping sites where escapes were found after herbicide application. Seeds were sown 
in pots under greenhouse conditions and after plant emergence (at the 5-7 leaf stage) 
both glyphosate (960 g a.e. ha-¹) and chlorimuron (20 g a.i. ha-¹) were independently 
applied as discriminatory treatments. Based on weed control evaluations at 14 and 28 
days after applications, populations were ranked as susceptible or resistant. From a 
total of 112 populations (2014) and 127 populations (2015), 87.5% and 77.2%, 
respectively, were classified as resistant to glyphosate. For chlorimuron, lower 
frequency was found in 2014 (10.7%) but a considerable increase in R populations was 
found in 2015 (36.2%). Multiple resistant (glyphosate end chlorimuron) populations 
increased from 9.8% (2014) to 33.9% (2015). Only 4.5% (2014) and 10.2% (2015) of 
populations in this study were classified as susceptible to both herbicides. The increase 
in multiple resistance to glyphosate and chlorimuron seems to reflect the increase in 
ALS inhibitor fall applications and as a pre-emergence option in soybean fields. 
Continuous monitoring of the phenotypic shift may come up with more appropriate 
recommendations for Conyza control in Paraná. 
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Ambrosia trifida (giant ragweed) resistance to glyphosate in Nebraska

SZ Knezevic*1; JE Scott2; A Datta3 
1Haskell Agricultural Laboratory, University of Nebraska, Concord, NE; 2University of 
Belgrade, Belgrade, Serbia, 3Asian Institute of Technology, Bangkok, Thailand 

Extensive use of glyphosate and glyphosate-resistant crops have changed farming 
practices over the last 15 years. Repeated use of glyphosate on over 100 million 
hectares has led to the development of glyphosate resistance in 13 weed species in the 
United States. The current suspected glyphosate-resistant (GR) Ambrosia trifida (giant 
ragweed) population was found in a corn and soybean production system with the 
history of glyphosate use for weed management in David City, NE. Therefore, field 
experiments were initiated in 2012 to determine the level of glyphosate resistance in this 
population. The experiments were conducted twice with four replications. Trial by 
treatment interactions were not significant, therefore, data were combined over 
experimental runs. Weed control was assessed visually at 7, 14, and 21 DAT, and dry 
matter data was recorded. Dose-response studies were conducted with five glyphosate 
rates (0, 1X, 4X, 8X, and 16X of label rates) applied post-emergence at two application 
timings (10 and 20 cm). Glyphosate resistance was determined by the ED80 and ED90 
values of the population. The estimated level of glyphosate resistance at 21 DAT for 10 
and 20 cm tall giant ragweed was 14X and 36X, respectively, compared to susceptible 
giant ragweed. To achieve 90% control of this population, at least 14 times the label 
use-rate (1060 g ai/ha) was needed, indicating that the suspected giant ragweed 
population was glyphosate-resistant.  
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Resistance management of Amaranthus tuberculatus in 2,4-D and dicamba 
tolerant soybean using tank-mixtures

SV Stepanovic1; GR Kruger2 
1University of Nebraska-Lincoln, Perkins County Extension, Grant, NE, USA; 2University 
of Nebraska-Lincoln, West Central Research and Extension Center, North Platte, NE, 
USA  

Evolution of glyphosate-resistance in common waterhemp [Amaranthus tuberculatus in 
the past 20 years limited the options that soybean [Glycine max (L.) Merr .] producers 
have for effective postemergence (POST) weed control. A greenhouse study was 
conducted at University of Nebraska–Lincoln weed science greenhouse complex in 
2013 to evaluate efficacy of tank-mixtures of 2,4-D or dicamba with glufosinate or 
lactofen applied at different carrier volumes (94 to 188 L/ha) in controlling glyphosate 
resistant common waterhemp and investigate the nature of the herbicide interactions 
within those tank-mixtures. The results showed no evidence that change in carrier 
volumes from 94 to 188 L/ha influenced performance of herbicides. When applied 
individually 2,4-D and dicamba were less effective (82-83 % weed control) then 
glufosinate and lactofen (>96 % weed control) at 28 days after treatment (DAT). When 
2,4-D and dicamba were tank-mixed with either glufosinate or lactofen, control of 
glyphosate-resistant common waterhemp was >96% regardless of the tank-mix, thereby 
maintain the efficacy of individually-applied component herbicides. Absence of 
antagonistic responses between 2,4-D and dicamba and other commonly used 
postemergence (POST) herbicides in soybean is important trait in delaying evolution of 
herbicide resistance and developing product labels and herbicide programs for effective 
weed control in 2,4-D- and dicamba-tolerant soybean cropping system.  Although, tank-
mixtures of dicamba and 2,4-D may provide benefits to the cropping system, they 
should be integrated with other (non-chemical) weed management practices for best 
results. 
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Recent developments of herbicide resistance in New Zealand

TK James*1; KC Harrington2; H Ghanizadeh2; RJ Chynoweth3  
1AgResearch, Hamilton, New Zealand; 2Massey University, Palmerston North, New 
Zealand; 3Foundation for Arable Research, Christchurch, New Zealand 

In New Zealand, herbicide-resistant weeds were first found in 1979 in maize, which was 
grown as a monoculture. This was quickly followed by the occurrence of several 
herbicide-resistant weeds in pasture land. Although there has been a steady trickle of 
resistance cases since then, they have mostly been found in minor crops or turf. 
Recently however, several instances of herbicide resistance have been found in 
situations where they are likely to have a greater impact. These include resistance to 
glyphosate in permanent crops (e.g., vineyards) and to both ALS inhibitors and ACCase 
inhibitors in cereal crops. The latter have occurred in our rotational cropping systems, 
which until now were thought to be relatively safe from the evolution of herbicide 
resistance. 
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Current status and management strategies for herbicide-resistant weeds in India, 
Sri Lanka, and the Philippines

V Kumar*1; RK Malik2; RS Chhokar3; S Herath4; A Abeysekera4; LM Juliano5; EC 
Martin6 
1International Rice Research Institute, Los Baños, Philippines; 2International Maize and 
Wheat Improvement Center, India office, New Delhi; 3Indian Institute of Wheat and 
Barley Research, Karnal, Haryana, India; 4Rice Research and Development Institute, 
Bathalagoda, Sri Lanka; 5Agronomy, Soils and Plant Physiology Division, Philippine 
Rice Research Institute, Maligaya, Science City of Munoz, Nueva Ecija, Philippines; 6 

Crop Protection Division, Philippine Rice Research Institute, Maligaya, Science City of 
Munoz, Nueva Ecija, Philippines 

Rice is a principal crop in Asia and is widely grown as puddled transplanted rice (PTR). 
Water, labor and energy are becoming scarce and expensive, making conventional PTR 
less profitable. These factors are causing shifts from PTR to direct seeded rice (DSR) in 
Asian countries. In DSR, weed control is difficult; hence dependence on herbicides has 
increased. Reasons for surge in herbicide usage in Asian countries include increase in 
area under DSR, reduced labor availability for hand-weeding, and rising labor wages 
which are making herbicide-based weed control more attractive. Although herbicides 
play an important role in weed control and in facilitating adoption of resource-efficient 
practices such as DSR, over-reliance has exacerbated problems of herbicide resistance 
in weeds. In countries where DSR is widely adopted, cases of resistance started 
appearing with DSR introduction. In Sri Lanka, where DSR is adopted on >90% area, it 
is reported that Echinochloa crus-galli against propanil (1997) and Ischaemum rugosum 
(2004) against bispyribac-sodium have evolved resistance because of their continuous 
use. On-going preliminary results from Sri Lanka are showing that Cyperus difformis 
has also evolved resistance to MCPA and bispyribac+metamifop. In Philippines, 
resistance cases of Sphenoclea zeylanica (1983) against 2,4-D and E. crus-galli (2010) 
against propanil and butachlor have been reported. In India, no case of herbicide 
resistance has been reported in rice. However, in wheat, Phalaris minor, has evolved 
resistance to isoproturon in 1991 and has now developed multiple-resistances to 
commonly available post-emergence herbicides, hence posing threat to wheat 
sustainability. Recently, Rumex dentatus (2014) has also evolved resistance to 
metsulfuron and Polypogon monspeliensis to sulfosulfuron in wheat in India. They have 
shown cross-resistance to other ALS inhibiting herbicides (mesosulfuron+iodosulfuron, 
pyroxsulam). Integrated weed management strategies including chemical and non-
chemical will be discussed to manage these resistant populations and to delay/prevent 
further evolution of herbicide resistant cases. 
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Evolution and management of glyphosate-resistant weeds in wheat-fallow in 
Montana, USA 

VK Kumar; P Jha; J Anjani; CA Lim; S Leland 
Montana State University-Bozeman, Southern Agricultural Research Center, Huntley, 
MT, USA  

Glyphosate-resistant (GR) weeds are an increasing management concern for growers 
in the US Great Plains region. Kochia scoparia (L.) Schrad. (kochia) was the first weed 
species to evolve resistance to glyphosate in Montana, reported in 2012. A recent 
survey confirmed the occurrence of GR K. scoparia in seven counties in Montana. GR 
K. scoparia biotypes had 4- to 15-fold resistance to glyphosate, conferred by 3- to 14-
fold increases in the EPSPS gene copy number. Additionally, GR Conyza canadensis L.
and Salsola tragus L. biotypes were confirmed in chemical fallow fields in the eastern
and northern parts of the state, respectively, in 2015. GR S. tragus biotype had up to 6-
fold resistance to glyphosate. Alternative POST herbicides for controlling three GR
weeds in wheat–fallow rotations were evaluated. Paraquat, paraquat + linuron,
carfentrazone + 2,4-D, saflufenacil alone or with 2,4-D, and bromoxynil + fluroxypyr
were effective on GR K. scoparia. Bicyclopyrone + bromoxynil, bromoxynil + fluroxypyr,
bromoxynil + pyrasulfotole, bromoxynil + MCPA, paraquat, paraquat + metribuzin,
saflufenacil, saflufenacil + 2,4-D, and 2,4-D + bromoxynil + fluroxypyr effectively
controlled GR S. tragus. An IWM approach for mitigating GR weeds needs to be
implemented. Soil-residual herbicides such as sulfentrazone, metribuzin, flumioxazin,
pyroxasulfone + carfentrazone, or pendimethalin + dimethenamid applied in spring (in
fallow) or fall (post-harvest wheat) provided extended residual control of GR K. scoparia

and S. tragus. Integration of pulse crops into the wheat-based rotation would add weed
control diversity. Targeted tillage (using wide blades or sweeps) can be used to control
GR weeds during chemical fallow, thereby reducing herbicide selection, and still
maintaining the moisture conservation benefits of summer fallow in dryland (less than
35 cm rainfall) cereal production systems of this region. Precision (optical sensor-
based) weed control technologies will play a crucial role in the near future.
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Improving winter crop yield through no-till agronomy and summer weed 
management in the scenario of herbicide resistance in Western Australia 

M Amjad*; A Hashem  
Department of Agriculture and Food Western Australia, Northam WA Australia 

Summer weeds such as Conyza bonariensis, Boerhavia coccinea, Sonchus oleraceus, 
and Dactyloctenium radulans emerge in spring to early summer and grow vigorously, 
which depletes moisture and nutrients from the soil profile and reduces the yield 
potential of the following winter crop. These emerging weeds are also becoming 
increasingly resistant to different herbicide modes of action and as a consequence their 
infestation is now increasing in winter crops. This study examined the efficacy of 
herbicides to control emerging summer weeds during summer season and improve the 
following winter crop yield through tactical agronomy by varying seed rate, tillage, and 
row spacing in Western Australia. Herbicides applied alone, as a tank mix, or in 
sequence on these summer weeds at 11 sites during 2015 and 2016 showed that all 
treatments involving double knockdowns (glyphosate alone or a mixture of glyphosate 
and synthetic auxins followed by paraquat based herbicide) provided 98-100% control 
of these emerging summer weeds. A combination of agronomic factors such as degree 
of soil disturbance (tillage), row spacing and seed rate aimed to suppress summer 
weeds emerging late spring has increased crop competition by reducing the competitive 
effect of Lolium rigidum. A decrease in row spacing of winter wheat has increased 
wheat yield from 2.07 t/ha to 2.38 t/ha. The 180 mm wide sweep points (minimum 
tillage) yielded 7% greater than 20 mm wide points (zero tillage) and 9% greater than 
full cut tillage. These agronomic factors have also minimised the emergence and 
establishment of the summer emerging weeds. Therefore, it is concluded that strategic 
high soil disturbance, increased seeding rate, and narrow row spacing increased crop 
competition, minimized the establishment of summer weeds, reduced competitive effect 
of winter weeds, increased wheat yield and will reduce the impact of herbicide 
resistance within the cropping systems. 
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Influence of long-term herbicide use on weed shifts in permanent corn and in 
rotation with soybean under different methods of soil tillage in Ukraine 

V Zadorozhnyi*; S Kolodiy  
National Academy of Agrarian Sciences of Ukraine, Vinnitsa, Ukraine 

The acreage of corn and soybean under no-till systems is permanently increasing in 
Ukraine. The potential risk of the appearance of resistant weed biotypes is a serious 
danger for weed control systems based on herbicide use. The goals of these trials were 
to gain insights into the long term efficacy of herbicides under different methods of soil 
tillage, possible changes in the weed flora, and corn and soybean yield under the 
conditions of Forest-Step zone of Ukraine. Field trials were carried out in 2009-2014, 
including plowing, disking, and no-till. Five weed control treatments were used, including 
1) acetochlor PRE fb glyphosate, 2) mesotrione + glyphosate POST; 3) glyphosate fb
glyphosate; 4) glyphosate fb dicamba + glyphosate; and 5) topramezone + dicamba.
No-till variants were treated every year before corn planting with glyphosate.
Conventional corn hybrid DKS-3511 was planted in all trials. Inter-row spaces were
treated with glyphosate, and weeds in the row were hand-weeded. In the seasons of
2015-2016 corn was grown in the rotation with soybean. Weed control in corn was
treatment 5, and soybean weed control was bentazon + thifensulfuron-methyl +
quizalofop-P-ethyl. Weed species included the grasses Setaria glauca L. and
Echinochloa crus-galli (L.) Roem and the broadleaf weeds Chenopodium аlbum L.,
Amaranthus retroflexus L., Polygonum aviculare L., Polygonum lapathifolium L.,
Galinsoga parviflora L., and Thlapsi arvense L. The best weed control efficacy was
observed in treatment 1. Elуtrigia repens disappeared in all glyphosate treatments
whereas Erigeron canadensis L. and Portulaca oleraceae L. started to appear. The
composition of the annual weed flora did not change even under the no-till system in
treatment 2 where glyphosate was used 16 times during the test period. No tendency
towards a decrease in efficacy was observed. Corn and soybean yield in no-till variants
was lower than under plowing.
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Glyphosate resistance in the UK? An epidemiological assessment of glyphosate 
sensitivity in UK populations of Alopecurus myosuroides 

D Comont1*; R Hull1; L Crook1; H Hicks2; R Freckleton2; D Childs2; P Neve1 
1Rothamsted Research, Harpenden, Hertfordshire, UK; 2University of Sheffield, South 
Yorkshire, UK 

Alopecurus myosuroides is the predominant weed species affecting arable cropping in 
the UK; its impact currently being exacerbated by evolved resistance to multiple 
herbicides. The low diversity of available herbicides and the high frequency of 
resistance has led to an increasing reliance on glyphosate as a means to control this 
weed. To date, there are no confirmed cases of glyphosate resistance in A.

myosuroides, though there is precedence for increased glyphosate use in comparable 
systems to result in the evolution of resistance. This study utilises a network of 132 UK 
A. myosuroides populations to establish the extent of population-level variation in
glyphosate sensitivity. The study is novel in taking a proactive approach to glyphosate
resistance management, testing the hypothesis that shifts in glyphosate sensitivity may
pre-empt evolution of resistance. Results confirm that none of the tested populations
exhibit resistance to glyphosate at the field rate. Nevertheless, we demonstrate
significant variability in glyphosate sensitivity with an approximate 2.5-fold difference in
LD50 between the most and least sensitive populations, and with high levels of survival
in some populations at close to field application rates. Our analyses investigate the
correlation between resistance to glyphosate and other herbicide modes of action.
Intriguingly, populations with high levels of non-target site resistance were, on average,
less sensitive to glyphosate, though there is no evidence of a single cross-resistance
mechanism. Further analyses utilise up to 10 years of historical field management data
collected for each population, relating glyphosate sensitivity to population size,
glyphosate use history, and to a range of other weed and crop management practices.
Hence, we present an epidemiological analysis that correlates historical management
factors and population size with current glyphosate sensitivity, to provide a pre-emptive
assessment of putative risk factors for the evolution of glyphosate resistance in the UK.
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Impacts of environmental and biological stressors on the population dynamics of 
multiple herbicide-resistant Avena fatua (L.) 

EA Burns*; BK Keith; WE Dyer; F Menalled 
Montana State University, Bozeman, MT, USA 

Multiple herbicide-resistant (MHR) weed populations pose significant threats to 
agriculture, and demand the development of alternative, ecologically-based tactics for 
management. The short-term impact of these tactics can be investigated by field 
experiments, but evaluations of their long-term consequences require the use of 
predictive population dynamics models. Furthermore, models can be tested via elasticity 
analyses to identify specific weed life stages in which variation has the largest negative 
impact on the population’s growth rate, and thus can be the focus of management 
efforts. The objective of this study was to construct a population dynamics model using 
demographic information collected in a three-year field study of two MHR Avena fatua 
populations resistant to five herbicide modes of action and an herbicide susceptible 
population.  Annual flucarbazone applications were combined with factorial 
combinations of abiotic (nitrogen fertilizer rates; 56, 112, 168, or 224 kg N ha-1) and 
biotic (spring wheat Triticum aestivum seeding density; 67.3 or 101 kg ha-1) stressors. A 
stochastic density-dependent model was constructed to project A. fatua populations 
forward 20 years under the above treatment combinations and two scenarios: 
continuous T. aestivum cropping and T. aestivum/chemical fallow rotations. Elasticity 
analysis identified that regardless of treatment or cropping system, the most elastic 
parameter in both MHR populations was density dependent seed production. 
Overwinter seed survival was the second most elastic parameter across treatments. 
Based on model projections, the most effective management practices we tested were 
nitrogen application of 168 kg ha-1 in combination with high T. aestivum planting density, 
or nitrogen application of 224 kg ha-1 in combination with either T. aestivum density.  
Under these conditions, both MHR populations declined rapidly within 5 years. The 
knowledge gained from our results will lead to ecologically-based weed management 
programs that reduce and prevent MHR weed invasions by exploiting the identified life 
history traits. 
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Herbicide resistance in rice in Italy: is its evolution associated with agronomic 
and environmental conditions?  

E Mascanzoni*1; M Acutis2; A Ferrero3; S Panozzo4; A Perego2; L Scarabel4; C 
Schillaci2, M Sattin4  
1DAFNAE, Padua University, Legnaro (PD); Italy; 2DISAA, Milan University, Milano (MI); 
Italy; 3DISAFA, Turin University, Grugliasco (TO) Italy; 4IBAF, National Research 
Council, Legnaro (PD), Italy  

More than 95% of rice fields in Italy are treated with ALS-inhibiting herbicides at least 
once per year. Herbicide resistance, mostly to ALS inhibitors, was first confirmed in 
1995. It is now widespread and represents the major weed control issue. Several weed 
species are affected: Echinochloa spp., Oryza sativa (weedy or red rice), Alisma

plantago-aquatica, Cyperus difformis and Schoenoplectus mucronatus. Rice production 
is concentrated in north-western Italy in an area of approximately 200,000 ha. By using 
the dynamic mapping system available on the Italian Herbicide Resistance Working 
Group website (GIRE; http://5.135.187.175/agri_test/index.php/mappe/pagedef/EN) we 
discovered recently that herbicide resistance in rice did not evolve at all in certain 
pockets of this area, regardless of weed species or type of resistance. The mapping 
system uses the GIRE database that, since 1997, has been based on complaint 
monitoring and then greenhouse testing with 3-4 herbicides sprayed at two doses. A 
total of 380 populations proved to be resistant and were mapped according to the 
municipality where they had been sampled. Data on crop rotation/monoculture, soil 
characteristics and water management (i.e. dry-seeded or paddy rice) were collected for 
the whole 200,000 ha area and statistically compared with the presence or absence of 
resistance to check possible correlations among factors. Logistic regression and 
boosted regression trees were used to predict the presence/absence of resistance at 
municipality scale, as a function of the three above-mentioned independent variables 
also aggregated at municipality scale. To confirm the data based on complaint 
monitoring, a random survey on Echinochloa spp. was conducted in the pockets where 
no resistance had been detected. A resistance test is ongoing. Preliminary statistical 
analyses seem to indicate a relation between the set of predictors and the 
presence/absence of resistance, highlighting the effects of rotation, soil texture and 
water management.  
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Exploiting the phenology of herbicide-resistant Ambrosia trifida to manage the 
weed seed bank 

JJ Goplen*1; CC Sheaffer1; RL Becker1; JA Coulter1; FR Breitenbach2; LM Behnken2; 
GA Johnson1; JL Gunsolus1 
1University of Minnesota, Saint Paul, MN, USA; 2University of Minnesota, Rochester, 
MN, USA 

In the Midwestern United States, biotypes of Ambrosia trifida resistant to multiple 
herbicide biochemical sites of action have been identified, necessitating the 
development of alternative weed control strategies. In a series of experiments, we 
determined the effects of diverse crop management practices on managing herbicide-
resistant Ambrosia trifida. Experiments determined the effect of crop rotation on 
Ambrosia trifida seed bank depletion and emergence, the effect of spring tillage on 
emergence patterns, the economic net return associated with crop rotations in the 
presence of herbicide-resistant Ambrosia trifida, and the potential for harvest weed seed 
control methods to capture or destroy seed from weed escapes. Results indicate that 
96% of the Ambrosia trifida seed bank is depleted in two years in any crop rotation 
when maintaining a zero-weed threshold. Alfalfa was the best crop to include in crop 
rotations as it reduced Ambrosia trifida emergence, eliminated weed escapes through 
regular harvests, and resulted in the greatest net return. Ambrosia trifida emergence 
models were validated across experiments, and confirmed that Ambrosia trifida is an 
early-emerging weed that can be managed with spring tillage when planting is delayed. 
In the event of weed escapes, 80% of seed was retained on October 11, when 75% of 
soybean harvest was completed in the study area, indicating there is sufficient time to 
remove escaped weeds before harvest and that harvest weed seed control methods 
would be an effective management tactic for Ambrosia trifida seedbank management. 
Our research indicates that diverse crop rotations, proper timing of field operations, and 
preventing weed seed bank inputs can all be utilized to successfully manage herbicide-
resistant Ambrosia trifida. 
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How well will stacked transgenic herbicide resistances delay weeds from 
evolving resistance?

J Gressel*1; MDK Owen2 
1Weizmann Institute of Science, Rehovot, Israel; 2Iowa State University, Ames IA, USA 

High herbicide dose rates typically select for monogenic target site resistance, 
especially when the herbicide persists and is season-long phytotoxic in the field or the 
farmer persists in repeated applications throughout the season. The same high doses 
preclude the evolution of minor gene quantitative resistance, as multiple mutations 
would have to be present simultaneously to confer resistance. Conversely, near sub-
lethal low rates select for incrementally creeping quantitative resistance, allowing 
multiple mutations or gene amplifications to accrue in the weed. The evolution of all 
types of resistance can be especially exacerbated by having large weed populations in 
the field where economic threshold treatment strategies are being used. Weed evolution 
can be delayed by varying between high and low doses, rotating herbicides (especially 
with ones exerting negative cross resistance) along with practices that keep weed seed 
bank populations very low, such as crop and herbicide rotation regimes, using herbicide 
mixtures that meet the criteria for delaying resistance, along with sanitation, genetic 
engineering for resistance to rarely used herbicides, as well as non-chemical cultivation. 
Although many commonly used mixtures are effective in general weed control, they may 
not meet the criteria for delaying resistance. To effectively meet these criteria, mixing 
partners must control the same weed species, have similar persistences, have different 
modes of action and pathways of degradation. If mixtures meet all these criteria, they 
may overcome the dose conundrum, and be the most effective chemical method of 
delaying resistance. Even then, it is best to augment mixtures with other methods of 
control to keep low seed bank populations. 
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How to integrate the management of resistant weed biotypes in a DSS? The case 
of the Spanish version of CPOWeeds

JM Montull*1; P Rydahl2; O Bøjer2; JM Llenes3; A Taberner1,3

1Universitat de Lleida, Lleida, Spain; 2IPM Consult Aps, Denmark; 3Department of 
Agriculture, Government of Catalonia, Spain 

CPOWeeds is a Danish Decision Support System (DSS) designed to optimize herbicide 
use. It has been available to farmers since 1991. A version adapted to Spanish 
conditions started development in 2009. The objective was to have a good tool for the 
prevention and management of resistance. Therefore, several aspects that were 
considered important in order to achieve this goal were raised. The first one was to 
determine expected efficacy values. Thus the use of sub-lethal doses can be avoided in 
order to not develop NTSR biotypes. Also, if treatments were performed at late 
phenological stages when a single herbicide may be insufficient, the program 
recommends a tank- mixture to achieve the target efficacy level. The second aspect 
was how to distinguish between susceptible and resistant biotypes for a given weed 
species. For this, it was decided to define resistant weed biotypes as different species, 
e.g., Lolium rigidum fop-Resistant. Then the DSS takes into account what herbicides
are affected by each mechanism of resistance and makes the recommendation
accordingly. Finally, the DSS can be told not to mix specific herbicides in order to avoid
recommending antagonistic herbicides or ones having the same mechanism of
detoxification. The aim is to facilitate the work to advisers and farmers, improving their
decision making and utilizing the best management of herbicide resistant biotypes.
Moreover it is intended to make a more sustainable use of herbicides from both
environmental and economic points of view.
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Target and non-target site mechanisms confer resistance to glyphosate in 
Canadian populations of Conyza canadensis 

ER Page*1; C Grainger2; F Tardif2; I Rajcan2; M Laforest3; RE Nurse1 
1Agriculture and Agri-Food Canada, Harrow, ON Canada; 2Department of Plant Agriculture, 
University of Guelph, Guelph, ON Canada; 3Agriculture and Agri-Food Canada, Saint Jean-
sur-Richelieu, QC Canada 

In the decade since the introduction of herbicide tolerant crops, an increasing number of 
weed species have been identified with resistance to the widely utilized herbicide 
glyphosate. In the USA, there are now 14 weed species with confirmed resistance to the 
non-selective herbicides utilized in these systems. Similarly, in Canada, there are 5 
weed species that exhibit glyphosate resistance (GR); two of which were documented in 
the last year alone. Conyza canadensis has developed GR in both countries and its 
capacity for long-distance dispersal raises the potential of cross-border movement of 
herbicide resistant traits. The objective of this research was to examine the origins of 
GR C. canadensis populations from SW Ontario and explore their mechanism(s) of 
resistance. New and historic populations of C. canadensis were collected throughout 
the counties comprising the most SW portion of the province of Ontario, as well as from 
bordering states of the USA. Eight microsatellite markers were used to characterize the 
relatedness of these populations and the target site gene for glyphosate (EPSPS2) was 
also sequenced. Dose-response studies were carried out to ascertain or confirm the 
resistance levels of the various populations. Results from the microsatellite and dose 
response studies indicate that the majority of Canadian GR populations are distinct from 
the American populations tested and exhibit notably higher resistance. Sequencing of 
EPSPS2 confirmed that, while GR in American populations is mediated by non-target 
site mechanisms, the predominant mechanism of resistance in Canadian populations of 
C. canadensis is target site mediated. These results represent the first report of target
site mediate resistance to glyphosate in C. canadensis and clearly expose
geographically distinct mechanisms of GR on a regional scale within a single highly
mobile species.
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Scouting for metabolic resistance in weeds 

S Jamali1; R Beffa2; A Collavo*2 
1Georg-August-Universität Göttingen, Germany; 2Bayer, Crop Science Division, 
Germany 

As a consequence of chemical weed control using herbicides mainly belonging to a few 
modes of action (MoAs), plants have been selected for resistance. In winter and spring 
cereals, grass weeds are mainly controlled with ACCase and ALS inhibitors in post-
emergence treatments. Lolium ssp. (LOLSS) and Alopecurus myosuroides (ALOMY) 
are among the most wide-spread grasses in central and southern Europe, including 
many resistant biotypes. Among the various herbicide resistance mechanisms, ACCase 
and ALS inhibitors are mainly affected by target-site (TS) mutations and enhanced 
herbicide metabolism via different complexes of enzymes such as P450s and GSTs.  
Enhanced metabolic resistance (EMR) is a threatening mechanism since it can confer 
resistance to different MoAs as enzymes catalyze chemical reactions according to the 
herbicide molecular structure regardless of the MoA. The aim of this research was to 
select metabolic resistant biotypes. Sixty-seven LOLSS and 34 ALOMY biotypes were 
chosen as candidates in a greenhouse experiment and were sprayed with ACCase and 
ALS inhibitors. Cycloxydim and foramsulfuron were included as compounds known to 
be slowly metabolized. Thus weeds surviving these treatments most likely bear a 
modified TS protein and are therefore probably target-site resistant (TSR). Weeds dying 
after this treatment but surviving a treatment with compounds known to be quickly 
metabolized are likely metabolic resistant (MR) and were selected for further 
characterisation. Eighteen LOLSS and 24 ALOMY biotypes were chosen for 
pyrosequencing to exclude any TS mutation. Four biotypes of ALOMY and five biotypes 
of LOLSS lacking TS mutation and four biotypes of LOLSS with a low frequency of TS 
mutations were chosen for measuring herbicide metabolism. According to the analytical 
results (HPLC), all the biotypes were able to metabolize the test compounds to a higher 
percentage than the susceptible biotypes. To identify the possible complex of enzymes 
responsible for metabolic resistance, the candidate biotypes were treated with the 
insecticide malathion, which is known to be a strong P450 inhibitor. This restored the 
efficacy of some active ingredients as shown by a reduction of biomass indicating the 
involvement of P450 in the herbicide degradation process. The selected populations 
were then included in a dose-response experiment with different ACCase and ALS 
inhibitors in order to calculate the resistance index, LD50, LD80, GR50 and GR80. 
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Exploring genotype-phenotype relations in non-target site resistant Alopecurus

myosuroides populations 

C Lowe1*; D Comont1; R Beffa2; R Edwards3; P Neve1 
1Rothamsted Research, Harpenden, Herts, UK; 2Bayer Crop Science, Frankfurt am 
Main, Germany; 3Newcastle University, Newcastle, UK 

Herbicide resistant Alopecurus myosuroides presents a substantial threat to wheat 
yields in the United Kingdom. Two types of resistance are observed within A.

myosuroides populations; non-target-site resistance (NTSR) and target-site resistance 
(TSR).  Although the mechanisms of TSR have been well characterised, understanding 
of NTSR is still emerging. In particular, NTSR is a quantitative trait and it is unclear if it 
has the same mechanistic and genotypic basis in all A. myosuroides populations. The 
resistance phenotype of a broad range of A. myosuroides populations to fenoxaprop-P-
ethyl, cycloxydim and mesosulfuron/iodosulfuron has been determined for 132 UK 
populations. Based on these data, a subset of 25 populations have been selected to 
encompass a range of resistance levels, with selected populations thought to represent 
contrasting levels of NTSR. Previous RNA-Seq experiments have established several 
genetic markers associated with NTSR in A. myosuroides. Of these, a set of seven 
contigs associated with several different phases of herbicide metabolism have been 
selected. Here, we aim to investigate whether there is a uniform change in expression 
of this set of markers in contrasting populations. Three replicates of ten individuals from 
the 25 selected populations were grown in a controlled environment for three weeks 
prior to harvesting. The constitutive expression of the NTSR-linked genetic markers was 
analysed in these plants by qPCR and herbicide metabolism was quantified by HPLC 
and mass spectrometry.  Resistance phenotype (greenhouse bioassays), expression of 
the seven markers and herbicide metabolism results will be compared to establish the 
correlation between marker expression, resistance phenotype (level of herbicide 
resistance) and the intensity of herbicide metabolism. We address the important 
question; is NTSR-based herbicide resistance the same in all populations and does this 
vary according to cross-resistance phenotype, management history and the level of 
herbicide metabolism? 
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Limited induction of ethylene and cyanide biosynthesis appears to be involved in 
resistance to quinclorac in Echinochloa crus-gallibiotype found in Uruguay 

C Marchesi*3; M Diez1; N Saldain2; V Bonnecarrere4; P Diaz1 
3INIA Tacuarembó, Tacuarembó, Uruguay; 1Facultad de Agronomía, UdelaR, 
Montevideo, Uruguay; 2INIA Treinta y Tres, Treinta y Tres, Uruguay; 4INIA Las Brujas, 
Canelones, Uruguay 

Echinochloa crus-galli is one of the most noxious weeds in Uruguayan rice fields and 
has evolved resistance to quinclorac and imazapyr + imazapic. Quinclorac is a selective 
herbicide used to control annual grasses with a good crop safety. Several quinclorac-
resistant E. crus-galli biotypes were recently confirmed in Uruguay. A resistance factor 
of 52 between biotypes E7 (quinclorac-resistant) and A33P2 (quinclorac-susceptible) 
was obtained in dose-response in vitro assays The aim of this study was to compare the 
induction of ethylene and cyanide biosynthesis by quinclorac and the activity of the β-
cyanoalanine synthase (β-CAS) in susceptible and resistant biotypes. Also, the 
contribution of the oxidative stress in response to quinclorac was studied.  E. crus-galli 
plants were grown in hydroponic medium for ethylene assessment. For the other 
determinations, vermiculite-sand substrate was utilized. In both cases, plants were 
grown until the second leaf-stage and quinclorac was added to the media reaching 
10µM of final concentration. Every two days after the quinclorac application, vegetal 
material was harvested and immediately frozen in liquid nitrogen. Ethylene 
accumulation was quantified using gas chromatography. Spectrophotometric assays 
were utilized for the determination of cyanide accumulation, β-CAS activity, lipid 
peroxidation and antioxidant enzyme activity. Quinclorac stimulated ethylene and 
cyanide formation in susceptible plants, but only marginally in resistant plants. The 
activity of the β-CAS was stimulated in the susceptible biotype; meanwhile, in the 
resistant one, no stimulation was detected. Quinclorac oxidative stress was observed 
only in the susceptible biotype. Based on the obtained results resistance to quinclorac in 
E7 may be caused by insensitivity in the auxin signal transduction pathway, which 
results in reduced synthesis of ethylene and cyanide. The pathway of the β-CAS 
enzyme and the oxidative stress observed (a late side effect in the quinclorac response) 
mechanisms would not be involved in this biotype. 
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Non-target-site resistance evolution in Apera spica-venti 

D Rissel*; L Ulber
Julius Kühn Institut, Braunschweig, Germany 

Apera spica-venti is a genetically diverse cross-pollinated grass weed species for which 
increasing numbers of resistance cases towards ALS herbicides are reported in 
Germany. Herbicide resistance has been proposed to evolve rapidly in response to 
repeated application of low doses of herbicide. To elucidate the evolution of ALS 
resistance in Apera spica-venti, a susceptible biotype (A77) from an organic field with 
no herbicide application within the last twenty years was used. From this biotype, 
individual plants with lower herbicide sensitivity were selected using 5g of iodosulfuron 
(0.5x the recommended field rate). Thirty-five percent of individual plants survived this 
herbicide dose and thirty surviving plants were consequently transplanted, grown to 
maturity and bulk-crossed to produce the A77 iodosulfuron-selected progeny A77-1. In 
a subsequent dose-response experiment the selected A77-1 progeny exhibited a 
decreased sensitivity to iodosulfuron compared to the original A77 biotype. The ED50 
value increased from 0.27855 (± 0.1821) g ha-1 iodosulfuron for A77 to 0.56937 (± 
0.0768) g ha-1 iodosulfuron for A77-1. Only 53% of the individuals surviving the dose-
response experiment exhibited an ALS target-site resistance (Pro197Asn). So, we 
assume that non-target-site mechanisms have evolved simultaneously. This hypothesis 
was further supported by the fact that the co-application of iodosulfuron and the 
cytochrome P450 inhibitor malathion led to a approx. 60% reduction in biomass of A77-
1 plants compared to the plants solely treated with iodosulfuron. To further elucidate the 
involvement of cytochrome P450s in iodosulfuron resistance in A77-1, individuals were 
cloned and treated with various concentrations of iodosulfuron. The ALS gene of 
survivors was checked for presence of target-site resistance and plants lacking target-
site mutations were propagated. Currently, the progeny of these plants are cloned to 
subject these individuals to co-application of iodosulfuron and malathion. Subsequently, 
potential target genes involved in non-target-site resistance are to be identified. 
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Detection of Bidens pilosa with resistance to atrazine and imazethapyr in Brazil 

GBP Braz*1; HK Takano1; RS Oliveira Jr1; J Constantin1; RR Mendes1; NR Burgos2 
1State University of Maringá - Maringá, Paraná, Brazil; 2University of Arkansas - 
Fayetteville, AR, USA 

Resistance to herbicides is a serious threat to crop production worldwide, especially in 
agronomic crops and cereals. This research evaluated the possible occurrence of 
Bidens pilosa resistant to imazethapyr and atrazine in Brazil. The resistant biotype was 
collected from an area with a history of repeated application of photosystem II (PSII) 
and ALS inhibitor herbicides while the susceptible biotype was collected from an area 
with no history of herbicide application. The level of resistance was determined in the 
greenhouse. The treatments were arranged in a 3 x 8 factorial scheme, where the first 
factor was populations [susceptible (S), parent resistant (PR), and resistant F1 (RF1)]; 
and the second factor was herbicide dose (0, 375, 750, 1500, 3000, 6000, 12000 and 
24000 g ha-1 for atrazine; or 0, 12.5, 25, 50, 100, 200, 400 and 800 g ha-1 for 
imazethapyr). The resistance factor to atrazine was 2.83 for PR and 5.55 for RF1. This 
population was more resistant to imazethapyr (>21-fold) than it was to atrazine. The 
recommended maximum dose of the herbicides did not control this B. pilosa population 
adequately. The data support the claim that B. pilosa population from this field in Quarto 
Centenário, Parana is resistant to two herbicide modes of action - PSII inhibitor (i.e. 
atrazine) and ALS inhibitor (i.e. imazethapyr). This is the first report of such case for this 
species, globally. Cross-resistance to other ALS inhibitors and other PS II inhibitors as 
well as the respective mechanisms of resistance to each herbicide are being 
investigated. 
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Non-target-site resistance in HPPD-resistant Amaranthus tuberculatus from 
Nebraska

MC Oliveira1; T Gaines2; F Dayan2; E Patterson2; SZ Knezevic1 
1University of Nebraska-Lincoln, Concord, NE, USA; 2Colorado State University, Fort 
Collins, CO, USA 

Previous studies with HPPD-resistant Amaranthus tuberculatus (Moq.) J.D.Sauer 
suggested that resistance resulted from enhanced herbicide metabolism. It was also 
reported that the metabolism-based resistance was inhibited by the cytochrome P450 
inhibitor malathion (i.e., malathion synergized mesotrione). However, our field study with 
HPPD-resistant A. tuberculatus from Nebraska showed no evidence of malathion 
synergizing mesotrione. Therefore, greenhouse and field studies were conducted to 
assess whether target-site resistance or metabolism-based resistance might be the 
mechanism of resistance in the Nebraska population. Both the HPPD-resistant and 
susceptible A. tuberculatus biotypes were treated with three cytochrome P450 
inhibitors, including malathion (2000 g ai ha-1), piperonyl butoxide (2000 g ha-1) and 
amitrole (69 g ha-1). The cytochrome P450 inhibitors were applied 3 hours before 
application of mesotrione (105 g ha-1), tembotrione (92 g ha-1), and topramezone (24.5 g 
ha-1) in a factorial design. Based on visual control and biomass reduction, malathion did 
not synergize mesotrione but synergized amitrole. Tembotrione synergized with all 
cytochrome P450 inhibitors, malathion, piperonyl butoxide and amitrole. Topramezone 
synergized with piperonyl butoxide, moderately synergized amitrole, and malathion. In 
the HPPD-susceptible biotype, all treatments provided >95% control. For HPPD-
resistant A. tuberculatus, malathion and piperonyl butoxide synergized tembotrione, 
while topramezone and amitrole synergized mesotrione and tembotrione. These results 
provided some evidence that multiple genes conferring enhanced metabolism exist in 
the HPPD-resistant A. tuberculatus from Nebraska. Ongoing research is evaluating if 
resistance is a target-site mechanism by assessing A. tuberculatus HPPD gene copy 
number and sequence. Additional studies assessing non-target resistance mechanisms 
through liquid chromatography with mass spectrometry techniques are also being 
conducted to determine mesotrione metabolism in this A. tuberculatus biotype. 
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Glyphosate-resistant Ambrosia trifida: Non-target site resistance mechanisms 
and physiology of rapid tissue death response 

ML Moretti*1; CR Van Horn2; R Robertson3; BG Young3; WG Johnson3; RD Sammons4; 
D Wang4; X Ge5; A d’Avignon5; TA Gaines2; P Westra2; AC Green6; T Jeffery6; MA 
Lespérance6; FJ Tardif6; PH Sikkema6; J Hall6; MD McLean6, MB Lawton6; SC Weller3 
1Oregon State University, Corvallis, OR, USA; 2Colorado University, Fort Collins, CO, 
USA; 3Purdue University, West Lafayette, IN, USA; 4Monsanto Company, Saint Louis, 
MO, USA; 5Washington University, Saint Louis, MO, USA; 6University of Guelph, 
Guelph, ON, Canada 

Glyphosate-resistant (GR) A. trifida is a challenge for weed management in the Midwest 
of the USA and southeastern Ontario, Canada. There are two major GR phenotypes 
identified: the rapid response (RR) that presents rapid tissue death following glyphosate 
treatment, and the non-rapid response (NRR). The mechanism of resistance in both 
phenotypes are unclear. We explore physiology of the rapid response and the 
involvement of reduced translocation and vacuolar sequestration as non-target-site 
resistance (NTSR) mechanisms. GR RR leaf discs accumulated hydrogen peroxide 
within minutes of glyphosate exposure, but only in mature leaf tissue. The rapid 
response required energy either as light or exogenous sucrose. Combination of 
phenylalanine and tyrosine inhibited the rapid response in a dose dependent manner, 
presumably by alleviating glyphosate toxicity. Reduced glyphosate translocation was 
observed in GR RR, but only when associated with tissue death caused by the rapid 
response. In-vivo NMR studies using 31P-glyphosate indicated that glyphosate entered 
the cytoplasm and reached chloroplasts as indicated by the accumulation of shikimate, 
However, glyphosate was not moved into the vacuole of GR RR, GR NRR or 
glyphosate susceptible A. trifida. GR RR mechanism of resistance is not associated with 
vacuole sequestration of glyphosate, and the reduced translocation is probably a result 
of rapid tissue death. The rapid response does not seem to be triggered by the 
glyphosate molecule, but possibly by its toxicity or ROS generating agents. If the rapid 
response is not specific to glyphosate, this NTSR mechanism could confer cross 
resistance to other herbicides. 
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A novel mechanism that confers reduced glyphosate sensitivity in Kochia

scoparia 

N Soni*, K Ravet; M Fleming; FE Dayan; SJ Nissen; P Westra; TA Gaines 
Colorado State University, Fort Collins, CO USA 

Glyphosate has been very effective to control Kochia scoparia, which is one of the most 
problematic annual weeds in agriculture fields. However, due to an increase in selection 
pressure in K. scoparia populations, several cases of evolved resistance to glyphosate 
have been reported. Glyphosate inhibits the enzyme 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS). Previous research reported one of the mechanisms for 
glyphosate resistance in K. scoparia is gene amplification of EPSPS. We identified two 
populations of K. scoparia (P1 and P8) that showed a reduction in glyphosate sensitivity 
without increased EPSPS gene copy number. Therefore, we hypothesized that P1 and 
P8 have evolved a different resistance mechanism. We conducted absorption, 
translocation, and metabolism experiments to compare P1 and P8 with known 
glyphosate-susceptible and -resistant K. scoparia populations. The absorption and 
translocation experiments were conducted using [14C]-glyphosate on three plants per 
population at 6 different time points (6, 12, 24, 48, 96, and 192 h). Metabolism 
experiments aimed to quantify the glyphosate metabolite aminomethylphosphonic acid 
(AMPA) at 1, 3, 7, and 14 days after treatment. Results from these experiments 
suggested that P1 and P8 showed a reduction in glyphosate translocation compared to 
the susceptible and resistant populations. Investigations into AMPA concentration and 
glyphosate metabolism are ongoing. Understanding the additional glyphosate 
resistance mechanism could lead to a better approach for weed control and the 
development of techniques for early detection of resistance in other K. scoparia 
populations. 
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Characterizing the phenotypic response to Fluroxypyr in Putative Resistant 
Kochia scoparia 

OE Todd*; A Barker; F Dayan; T Gaines 
Colorado State University, Fort Collins, CO 

Fluroxypyr is a group O (4) herbicide. Herbicides in the synthetic auxin group mimic 
indole acetic acid (IAA), an endogenous, auxinic plant hormone that is integral to gene 
expression regulation. To date, there have been only five reported cases of fluroxypyr 
resistance in four different species. Several phenotypic responses following fluroxypyr 
treatment were measured in a putative fluroxypyr-resistant line of Kochia scoparia from 
eastern Colorado (CO-R). This line was collected from the field and subjected to one 
generation of fluroxypyr selection in the greenhouse, resulting in resistance to twice the 
label rate (1x = 156.9 g/ha) when compared to a susceptible line (CO-S). Shoot 
gravitropism measurements are expected to show CO-R reorienting towards vertical at 
a slower rate than CO-S (degrees per hour). Root gravitropism experiments are 
expected to show faster growth (degrees per hour) in CO-S when compared to CO-R. 
Root growth inhibition assays with the CO-R line are expected to show less sensitivity to 
media containing the equivalent 2x fluroxypyr rate than the CO-S line. These 
experiments will characterize the basic physiology of the putative fluroxypyr-resistance 
in K. scoparia from Colorado. 
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Evidence for multiple herbicide-resistant Lolium multiflorum populations in 
northern California 

P Tehranchian*1; T Deveaud1; I Heap2; M Jasieniuk1 
1University of California, Davis, CA; 2The International Survey of Herbicide Resistant 
Weeds 

Lolium multiflorum Lam. is a major weed in California cropping systems. In 2005, a 
survey of 118 populations from orchards, vineyards, and crop fields throughout the 
Central Valley revealed 54 populations (46%) with individuals that survived glyphosate 
treatment at the recommended rate (866 g ae ha-1). To determine whether the 
frequency of glyphosate resistance changed over the past 10 years, the 118 ryegrass 
populations were resampled for seed in 2015 using the 2005 GPS coordinates. 
Populations were then retested for resistance to glyphosate and also evaluated for 
resistance to three additional herbicides [glufosinate (560 g ai ha-1), sethoxydim (998 g 
ai ha-1), and paraquat (560 g ai ha-1)] used in California orchards and vineyards. All 
herbicide treatments were applied to 2- to 3-leaf stage plants. Tests for resistance to the 
four herbicides were conducted both in the greenhouse and a controlled environment 
plant growth chamber. Numbers of alive and dead plants were recorded 21 days after 
treatment and the percentages of plants that survived the herbicide treatments were 
calculated for each population. Target-site resistance to glyphosate was assessed for 
10 randomly selected populations that revealed >70% plant survival following 
glyphosate treatment. Compared to 2005, the frequency of L. multiflorum populations 
containing plants resistant to glyphosate increased significantly from 46% to 79% over 
the last ten years. Only eight populations contained individuals that survived glufosinate 
treatment. Multiple resistance to sethoxydim, glyphosate, and paraquat was confirmed 
in four populations sampled from the northern Central Valley in orchards and roadsides. 
All sequenced glyphosate-resistant individuals exhibited missense mutations at the 
Pro106 codon. This research confirms multiple-resistant L. multiflorum populations in 
the Central Valley of California and also reveals that glyphosate-resistant L. multiflorum 
has become widespread in northern California cropping systems.
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