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INTRODUCTION 

 

 

Weed scientists generally have done an excellent job of documenting herbicide-

resistant weeds. Over 400 unique cases of herbicide resistance, involving over 200 

weed species in 65 countries, have been reported (Heap 2014). Oftentimes, evolved 

resistance in weeds is due to a mutation in a gene encoding the herbicide target site, 

and weed scientists also have done a good job of identifying these mutations. For 

example, 132 unique cases of mutations in the acetolactate synthase (ALS) gene are 

catalogued (Tranel et al. 2014).  

In addition to target-site-based mechanisms of herbicide resistance, there are 

also non-target-site (NTS)-based mechanisms whereby weeds can be resistant to 

herbicides (Yuan et al. 2007). In contrast to target-site herbicide resistance, NTS 

herbicide resistance is poorly understood at the molecular level. NTS herbicide 

resistance can be controlled by multiple genes, with each gene providing only a modest 

level of herbicide insensitivity. This quantitative nature of NTS herbicide resistance 

makes it more difficult to study. From a weed management standpoint, NTS herbicide 

resistance is of considerable concern because selection by one herbicide sometimes 

leads to resistance to other herbicides with different modes of action. In other words, 

NTS resistance in weeds can render some weeds resistant to multiple herbicides, 

including herbicides that are yet to be commercialized. 

In recent years, there has been increased appreciation for NTS herbicide 

resistance in weeds (Délye 2013). This has occurred for several reasons. For one, 

knowledge of target-site resistance has enabled development of molecular-based 

assays for rapid diagnosis of it, thereby making it easier to identify herbicide-resistant 

populations and individual plants within a population that do not have target-site 

resistance. As a consequence, NTS resistance is now known to occur more frequently 
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than previously thought. Secondly, increased use of genetics in weed science has 

revealed that sometimes weed populations contain multiple resistance mechanisms, 

and not just the more easily detected target-site mechanisms. Thirdly, with increased 

occurrence of multiple herbicide resistance in weeds, coupled with the lack of 

commercialization of new herbicides – particularly herbicides with unique modes of 

action – there is increased concern that NTS resistance will contribute to weed 

populations that cannot be effectively controlled with any available herbicide options. 

And finally, advances in genomics technologies have enabled identification of specific 

genes that mediate NTS herbicide resistance.  

 

 

OVERVIEW OF NTS HERBICIDE-RESISTANCE MECHANISMS 

 

 

NTS herbicide resistance encompasses any mechanism that reduces the 

amount of herbicide that reaches its target site within the plant. Such mechanisms 

include reduced herbicide uptake, reduced herbicide translocation, and increased 

herbicide detoxification. Of these, herbicide detoxification (also called herbicide 

metabolism) is thought to be by far the most common and will be discussed in more 

detail. Before doing so, however, a NTS resistance mechanism not based on 

enhanced herbicide metabolism is worth noting because it involves the important 

herbicide glyphosate.  

Several different glyphosate-resistance mechanisms have evolved in weeds, 

including target-site mechanisms (both target-site gene mutation and gene 

amplification) and NTS mechanisms (reviewed by Sammons and Gaines 2014). Most 

plants do not readily metabolize glyphosate and, consequently, herbicide metabolism 

has not evolved as an effective glyphosate-resistance mechanism. Instead, the most 

common NTS glyphosate-resistance mechanism appears to be reduced herbicide 

translocation. In at least some cases, the reduced glyphosate translocation is due to 

sequestration of glyphosate into plant vacuoles (Ge et al. 2010). The molecular details 

of how glyphosate is sequestered into vacuoles in resistant plants are yet to be 
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elucidated, but altered expression or substrate specificity of ABC transporters is 

suspected (Nol et al. 2012; Peng et al. 2010; Yuan et al. 2010). 

 

Herbicide metabolism. For many herbicides, the basis for crop-weed selectivity 

is rooted in differential herbicide metabolism. In other words, a herbicide can be used 

in a crop because the crop species rapidly detoxifies the herbicide whereas the weed 

does not. Thus, there obviously is genetic variability for rates of herbicide metabolism, 

and so it should come as no surprise that an increased rate of herbicide metabolism is 

a selectable herbicide-resistance mechanism.  

Herbicide metabolism was suspected as a resistance mechanism in the 1980s, 

when several weed populations, particularly of Lolium rigidum (rigid ryegrass) and 

Alopecurus myosuroides (blackgrass), were identified with resistances to herbicides 

spanning multiple sites of action (Yu and Powles 2014). In the 1990s, numerous 

reports began implicating the enzyme systems – primarily cytochrome P450 

monooxygenases (P450s) and glutathione S-transferases (GSTs) – responsible for the 

enhanced herbicide metabolism (Devine and Preston 2000). Nearly all early cases of 

herbicide metabolism as a resistance mechanism involved grass weeds, with GST-

based metabolism of atrazine in Abutilon theophrasti (velvetleaf) and P450-based 

metabolism of mecoprop in Stellaria media (common chickweed) being notable 

exceptions (Anderson and Gronwald 1991; Coupland et al. 1990). To date, enhanced 

herbicide metabolism continues to be more common in grass weeds, but additional 

cases involving eudicot weeds are emerging (Yu and Powles 2014). 

In addition to P450s and GSTs, glycosyltransferases (GTs) also have been 

implicated to mediate enhanced herbicide metabolism (reviewed in Yuan et al. 2007). 

Each of these three enzyme systems is encoded by large gene families. For example, 

about 250 P450 genes have been annotated from the Arabidopsis thaliana genome. 

The existence of multiple enzymes within each of these families has hindered efforts 

to identify the specific genes responsible for resistance. Thus, although early studies 

relied primarily on the use of inhibitors and analysis of metabolites to identify the types 

of enzymes responsible for resistance, only recently – with the use of molecular biology 

and genomics technologies – have specific genes responsible for evolved, 

metabolism-based herbicide resistance been implicated.  
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Identification of genes mediating metabolism-based herbicide resistance. Two 

specific P450 genes (CYP71AK2 and CYP72A254) were found to be induced by the 

ALS inhibitor bispyribac and to be more highly expressed in a bispyribac-resistant 

population of Echinochloa phyllopogon (late watergrass) relative to a sensitive 

population (Iwakami et al. 2013). Subsequently, two other P450 genes (CYP81A12 

and CYP81A21) were found to mediate resistance to bensulfuron in E. phyllopogon 

(Iwakami et al. 2014). Expression of these two genes in a heterologous system 

confirmed their involvement in herbicide resistance. However, the factor that causes 

increased expression of the two genes in the resistant E. phyllopogon population 

remains unknown. 

Working with L. rigidum, Gaines et al. (2014) identified several candidate NTS 

resistance genes based on RNA-seq analysis of differential gene expression among 

plants from an F2 population segregating for diclofop resistance. Four of the genes 

identified (two P450s, a nitronate monooxygenase, and a glucosyl transferase) also 

were found to be overexpressed in multiple, geographically separated field populations 

with NTS resistance and are targets of further research.  

The identification of genes mediating herbicide metabolism in E. phyllopogon 

and L. rigidum serves as a launching point for studies to further understand 

metabolism-based resistance in these and other weed species. A few of the more 

significant questions include: What are the relative contributions of differential 

expression vs. differential substrate specificity in mediating resistance?  What are the 

relative contributions of broad substrate specificity vs. multiple genes in mediating 

herbicide cross resistance? What is the molecular difference between resistant and 

sensitive biotypes that confers altered gene expression? Ultimately, answers to these 

questions may not only help in rapidly diagnosing NTS herbicide resistance, but 

hopefully will also provide for novel strategies to mitigate and manage the resistance.  
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CASE STUDY: The rise of nts herbicide resistance in Amaranthus tuberculatus 

 

 

In the midwestern United States, A. tuberculatus (waterhemp) is a troublesome 

weed species notorious for its ability to evolve herbicide resistance (Tranel et al. 2011). 

Amaranthus tuberculatus has evolved resistances to herbicides from six different site-

of-action groups, and many populations exhibit multiple resistance to herbicides from 

two or more of these groups. In the most, extreme case, a single population is resistant 

to herbicides spanning five sites of action (ALS, PSII, HPPD, EPSPS, and PPO; 

Schultz et al. 2014).  

The first cases of herbicide resistance in A. tuberculatus were found to be due 

to target-site alterations (reviewed in Tranel et al. 2011). These included target-site 

resistances to triazines, ALS inhibitors, and PPO inhibitors. However, a survey of A. 

tuberculatus populations for resistance to atrazine identified several populations that 

segregated for atrazine resistance. Because each population in this study was seed 

collected from a single female plant, segregation suggested that resistance was not 

due to an altered site of action (Patzoldt et al. 2002). The gene encoding the atrazine 

target site is maternally inherited in most plants and, therefore, plants from a common 

mother should not segregate for the target site mutation. Further research confirmed 

NTS resistance, and suggested resistance instead was due to herbicide metabolism 

(Patzoldt et al. 2003).  

Amaranthus tuberculatus was the first weed to evolve resistance to HPPD 

inhibitors (Hausman et al. 2011; McMullan and Green 2011). In a HPPD-inhibitor 

resistant population from Illinois (designated MCR), resistance to HPPD inhibitors was 

shown to be due, at least in part, to enhanced P450 activity. The MCR population also 

is resistant to atrazine, and this resistance likely is due to GST-based metabolism (Ma 

et al. 2013). Furthermore, this same population is resistant to ALS inhibitors. Some 

plants within the population have a target-site mutation previously identified in A. 

tuberculatus and other weeds; however, other plants within the population have NTS 

resistance to ALS inhibitors (Guo et al. 2013). Thus, the MCR population has multiple 

NTS resistance mechanisms mediating resistance to herbicides from three site-of-

action groups.  
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Resistance to glyphosate in A. tuberculatus is due to target-site alterations 

(either point mutation or gene amplification) in some cases, but also can be mediated 

by NTS mechanisms (Bell et al. 2013; Nadula et al. 2013). Specifically, NTS resistance 

may be due to reduced glyphosate uptake and/or translocation. The sixth herbicide 

group to which A. tuberculatus has evolved resistance is the auxinic herbicides: a 

population from Nebraska is resistant to 2,4-D (Bernards et al. 2012). The mechanism 

of this resistance is not yet known, and could be due to either target or non-target-site 

mechanisms.   

The chronology of herbicide resistance in A. tuberculatus indicates a shift from 

target-site to non-target-site mechanisms being more commonly selected. This shift 

probably can be attributed in part to changes in the predominantly used herbicides. 

For example, target-site resistance readily evolves to triazines and ALS inhibiting 

herbicides, but may be more difficult to evolve for glyphosate and HPPD-inhibiting 

herbicides. The shift also might be somewhat artifactual, in that target-site resistance 

is easier to elucidate and, therefore, was discovered first. For example, both target-

site and non-target-site resistance mechanisms to atrazine and ALS inhibitors exist in 

waterhemp. Although the target-site resistances in these cases were discovered first, 

it is not clear that their evolution preceded that of NTS mechanisms. Regardless, it is 

now clear that NTS resistance to several herbicides is common in A. tuberculatus, and 

NTS resistance is not a problem restricted to grass weeds. 

 

 

CONCLUSIONS 

 

 

The evolution in weeds of NTS mechanisms, particularly enhanced herbicide 

metabolism, increasingly is being recognized as a significant threat to sustainable 

weed management. Unlike target-site resistance, NTS resistance can confer broad 

and seemingly unpredictable cross resistance to a broad range of herbicides. 

Proteins contributing to NTS are likely to include P450s, GSTs, GTs, and ABC 

transporters. Although NTS mechanisms can be multigenic and vastly more difficult 
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to elucidate than target-site mechanisms, the use of advanced molecular biology and 

genomics approaches are beginning to provide novel insights. NTS resistance 

previously was thought to be associated primarily with grass weeds. However, as 

illustrated with A. tuberculatus, NTS resistance is a serious challenge in broadleaf 

weeds as well, and is probably much more common than many recognize. We can 

expect significant advances in our understanding of NTS herbicide resistance over 

the next few years. 
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