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1.	 Introduction 

Redroot pigweed (Amaranthus retroflexus L.) is a globally pervasive row crop 
weed (Holm et al., 1997). Redroot pigweed exhibits rapid apical growth and can 
produce more than 250,000 seeds plant-1; these biological traits are reduced in 
the presence of a crop but the plants still exhibit relatively rapid growth and high 
fecundity (Khan et al., 2021). If not controlled, redroot pigweed can reduce corn 
and soybean yield up to 40% (Knezevic et al., 2004). Traditionally, herbicides 
have been effective for controlling redroot pigweed (Ducar et al., 2004). However, 
overreliance on herbicides has selected for herbicide-resistant weed populations 
(Beckie, 2006). Redroot pigweed was one of the first weeds to evolve herbicide 
resistance; the species has evolved resistance to three herbicide groups (acetolactate 
synthase [ALS; Group 2]-, photosystem II [PSII; Group 5]- and protoprophyriogen 
oxidase [PPO; Group 14]-inhibting herbicides) and multiple herbicide-resistant 
populations exist (Heap, 2024; Radosevich, 1977). Recently, two distinct ALS- and 
PPO-inhibiting herbicide-resistant populations were confirmed in North Carolina 
(Jones et al., 2023). 

Some herbicide-resistant weeds exhibit multiple resistance to non-related 
herbicides (Beckie, Tardif, 2012). Multiple herbicide resistance increases 
control complexity as weeds can be resistant to herbicides that have never been 
applied (Takano et al., 2023). Many weeds that exhibit resistance to non-related 
herbicides possess non-target site mutations (Letouzé, Gasquez, 2003). This is 
a concern as one of the herbicide-resistant redroot pigweed populations from 
North Carolina exhibited non-target site resistance to fomesafen (Jones et 
al., 2023). Previous research has demonstrated that atrazine-resistant redroot 
pigweed can exhibit cross resistance with other PSII-inhibiting herbicides 
(Eleftherohorinos et al., 2000). Knowledge of these multiple herbicide-
resistant redroot pigweed populations exhibit resistance to non-related 
herbicides is crucial for effective weed control. Farmers also need to know 
what postemergence herbicides will effectively control these populations to 
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ensure sustainable weed management (Jussaume et al.,  
2021). The hypothesis of the study was there may 
be limited effective herbicides to control multiple 
herbicide-resistant redroot pigweed populations. The 
objective of the research was to determine effective 
postemergence herbicides from Groups 4 (synthetic 
auxins), 5 (PSII), 9 (5-enolypyruvateshikimate-3-
phosphate synthase [EPSPS]-inhibiting herbicides), 10 
(glutamine synthetase [GS]-inhibiting herbicides), and 
27 (4-hydroxyphenylpyruvate dioxygenase [HPPD]-
inhibiting herbicides) to control the North Carolina 
herbicide-resistant redroot pigweed populations.

2.	 Materials and Methods

2.1  Discrimination assay 

Four redroot pigweed populations were evaluated to 
determine which postemergence herbicides would provide 
effective control: Camden County (resistant, ALS: Trp-574-
Leu; PPX2: Arg-98-Gly), Pasquotank County (resistant, 
ALS: Pro-197-His; PPX2: Non-target site), Wake County, 
and Yadkin County; the Wake and Yadkin were putatively 
susceptible in previous research (Jones et al., 2023). Seeds 
from the Camden and Pasquotank County population 
were collected from plants that survived recurrent 
applications of ALS- and PPO-inhibiting herbicides from 
soybean fields during the 2019 and 2020 growing seasons, 
respectively. Seeds from Wake and Yadkin County were 
collected from soybean fields in 2019. The harvested 
seedheads were stored at ambient air temperature  
(10 to 25 C) for approximately 1 month to reduce plant 
moisture content while maintaining seed viability. After 
the storage period, the harvested plants were threshed 
by hand to remove seeds from the florets, and seeds were 
separated from plant residues using sieves and a forced-air 
column separator (South Dakota Seed Blower, Seedburo 
Equipment, Chicago, IL, USA). Seeds from approximately 
10 individual plants were pooled for the locations where 
they were collected. The collected seeds were placed in a 
petri dish with approximately 5 mL of water and stored at 
5 C for 2 wk to break dormancy. The petri dishes, without 
lids, were then placed into a dryer at 65 C for 48 h to 
reduce seed moisture content before storage (Leon et al., 
2006). Seeds were stored at 5 C until needed.

Seeds from each population were sown into separate 
21 cm by 28 cm flats containing a 4:1 ratio of Sunshine® 
Mix #2 (Sun Gro Horticulture, Agawam, MA, USA) potting 
soil and sand with approximately 5 g of Osmocote® Flower 
Food Granules (14-14-14) (Scotts Company, Marysville, 
OH, USA). Plants were maintained in a glasshouse at 
30/24 C diurnal fluctuation and topically watered to 
maintain field capacity water content. Sunlight was 
supplemented with 600 to 1,000 μmol m−2 s −1 PPFD of 
artificial light set to a 14-h photoperiod. Two plants were 
then transplanted at approximately 2 cm in height to 

5-cm (125 cm3) pots containing the same potting media 
with 1 g of pellet fertilizer.

The herbicides used in the assay are provided in Table 1. 
Each herbicide was applied at 1/2x of the labeled field use 
rate. This rate was selected for all herbicides as susceptible 
plants should be controlled while putative resistant 
plants should exhibit differential survival (Beckie et al., 
2000). Plants were treated at an approximate height of 
7.6 cm (approximately 4-leaf) and the herbicides were 
applied with a CO2-pressurized cabinet-mounted track 
sprayer (DeVeries Manufacturing, Hollandale, MN) 
calibrated to deliver 140 L ha-1 at 241 kPa with a Teejet 
8002EVS nozzle (TeeJet Technologies, Wheaton, IL, USA) 
46 cm above the target weed height. The experimental 
design was completely randomized with each treatment 
replicated four times. The experimental unit was a 5-cm 
pot containing two plants. The experiment was conducted 
twice, where each experimental run was conducted in a 
different glasshouse. Twenty-one days after treatment, 
plant survival was recorded on a binomial scale: where 
0 equaled plant death (no green vegetative tissue) and 1 
equaled plant survival (green vegetative tissue present). 
Injury was evaluated 21 days after treatment as well on 
a rating scale ranging from 0 to 100; where 0 equals no 
control and 100 equals complete control. 

2.2  Dose-response assay 

Redroot pigweed populations that exhibited higher 
survival deviations from the other populations to select 
herbicides were subjected to whole-plant dose-response 
assays to further characterize the susceptibility of each 
population. Seeds from the original seed lot were re-sown 
and curated as described above. The herbicides (atrazine, 
glyphosate, and mesotrione) and rates used in each  
dose-response assay are provided in Table 2. Herbicides 
were applied to plants as described above. The experimental 
design and survival evaluation were the same as  
described above.

2.3  Statistical analysis

Discrimination assay. Plant survival data were subjected 
to analysis of variance (α = 0.05) using the GLIMMIX 
procedure in SAS 9.4 (Statistical Analysis Software, Cary, 
NC) and means were separated using Fisher’s HSD (P ≤ 0.05).  
Population and herbicide were considered main effects while 
run and replication were considered random effects. Injury 
and survival data were subjected to Pearson’s correlation 
coefficients using the Corr procedure in SAS 9.4 between 
the evaluations. The nontreated control and treatments 
that exhibited no variance (i.e., complete survival or 
control) were excluded from the statistical analyses due to 
the violation of analysis of variance assumptions.

Dose-response. Plant survival data were subjected to 
analysis variance (α = 0.05) using the GLIMMIX procedure 
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3.	 Results and Discussion

3.1  Discrimination assay

The Pearson’s correlation coefficient between the 
injury and survival data for all herbicides was negatively 
correlated (R > -0.9; P < 0.001). Therefore, only the survival 
data will be discussed. Due to high mortality incurred by 
plants from each population after treatment with the 
various herbicides, the constant variance assumption 
of ANOVA was violated. Therefore, descriptive statistics 
of plant survival are described for each population. 
Plants from Camden (13%), and Yadkin County (28%) 
survived dicamba 21 DAT (Table 3). Only plants from 
Wake County (31%) survived 2,4-D 21 DAT (Table 3). No 
plants survived glufosinate (Table 3). The Camden County 
population exhibited 14% survival when treated with 
mesotrione (Table 3). The Pasquotank County population 
exhibited 12 and 37% survival when treated with atrazine 
and mesotrione, respectively (Table 3). The Yadkin County 
population exhibited 13% survival when treated with 
glyphosate and mesotrione, respectively (Table 3).

3.2  Dose-response assay

Atrazine. The Camden, Yadkin, and Wake County 
populations were similarly controlled with atrazine; where 
the LD50 values for all populations were approximately  
70 g ai ha-1 (Table 4). The LD50 value for the Pasquotank 
County population was 30 g ai ha-1, less than the LD50 
values of the other populations (Table 4). While there was 
a differential susceptibility between the populations, the 
LD50 values across populations were similar to susceptible 
populations from previous research (Fuerst et al., 1980). 

Glyphosate. The LD50 value for the Yadkin County 
population was 151 g ae ha-1 which was greater than 
the LD50 values of the Camden (52 g ae ha-1) and Wake  
(72 g ae ha-1) County populations (Figure 1; Table 4). The 
Camden and Wake County populations were controlled 

in SAS 9.4 (Statistical Analysis Software, Cary, NC) for 
each herbicide. Population and rates were considered main 
effects while the experimental run and repetition were 
considered random effects.

Dose-response curves for plant survival were fit with 
a three-parameter log-logistic equation in SigmaPlot 14.0 
(Systat Software, Palo Alto, CA) [1]

y = a/[1 + (x / x0)b]   [1]

where a is the upper asymptote, x is the herbicide 
rate, x0 equals the LD50 (lethal dose to control 50% of the 
population [survival]) rate, and b is the slope at x0. The 
LD50 for each population was derived from the regression 
equations. The three-parameter log logistic model was 
selected based on previous dose-response literature 
and relatively lower root mean square error values  
(Seefeldt et al., 1995). Differential LD50 values and 
susceptibility across herbicide rates between putative 
herbicide-resistant and susceptible can elucidate if a 
population is resistant (Burgos et al., 2013). 

Table 1 - Herbicides used to determine what would effectively control the herbicide-resistant redroot pigweed populations. 
The herbicides were applied postemergence at 1/2x of the labeled rate. A non-treated control (not shown) was included in the 

experiment

Herbicide Rate (g ai or ae ha-1) Herbicide Group

2,4-D 280 4

Atrazinea 560 5

Dicamba 280 4

Glufosinateb 327 10

Glyphosateb 632 9

Mesotrionebc 53 27
a Included crop oil concentrate at 1% v v-1

b Included ammonium sulfate at 10 g L-1

c Included methylated seed oil at 1% v v-1

Table 2 - Herbicides and rates used in the dose-response 
experiments to determine if selected redroot pigweed 

populations collected from North Carolina exhibited 
resistance. A non-treated control (not shown) was included 

in the experimenta

Herbicide Rate (g ai or ae ha-1)

Atrazineb 56, 177, 560, 1770, 5600, 17,700

Glyphosatec 3.16, 10, 31.6, 100, 316, 1000, 3160

Mesotrionec,d 10.5, 33, 52, 105, 330, 1050

a Rates in bold represent a field-use rate
b Included crop oil concentrate at 1% v v-1

c Included ammonium sulfate at 10 g L-1

d Included methylated seed oil at 1% v v-1
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Amaranthus spp. in previous research (Singh et al., 2018). 
The differential LD50 values and survival responses across 
rates suggest the Pasquotank County population is 
mesotrione-resistant (Burgos et al., 2013).

Dose-response assays were not conducted for 2,4-D or 
dicamba despite relatively high realized survival (Table 3). 
While most of the plants that survived herbicide application 
were successfully propagated for seed increases, the plants 
that survived 2,4-D and dicamba all plants died 28 DAT 
(data not shown). The selected 2,4-D and dicamba rates 
may not have been discriminating within the evaluation 
period and more research is needed to determine if any of 
these population exhibit resistance to either herbicide. 

However, it is impossible to discern whether the plants 
died from transplant shock or from the slow activity of 
the herbicides. This anecdotal result further bolsters 
that the fact that more research is needed to determine 
the susceptibility of these herbicides in the tested 

with the 100 g ae ha-1 rate, demonstrating a difference 
in susceptibility between these two populations and the 
Yadkin County population (Figure 1). The Yadkin County 
population survived rates deemed lethal in previous 
research (Vieira et al., 2018). The differential LD50 values 
and survival responses across rates suggest the Yadkin 
County population is likely low-level glyphosate-resistant 
(Burgos et al., 2013). 

Mesotrione. The LD50 value for the Pasquotank County 
population was 918 g ai ha-1 (Figure 2; Table 4). The LD50 

values for the Camden (28 g ai ha-1) and Wake (10 g ai ha-1)  
were lesss than the Pasquotank County population 
(Figure 2; Table 4). The rates used in this experiment 
were not great enough to control the Pasquotank 
County population, while the Camden and Wake County 
populations were controlled with rates ranging from 105 
to 330 g ai ha-1 (Figure 2). The mesotrione rates that the 
Pasquotank County survived were lethal to susceptible 

Table 3 - Survival of redroot pigweed collected from North Carolina with various herbicides applied at a discriminating rate  
21 days after treatmenta

Populationb 2,4-D Dicamba Atrazine Glyphosate Glufosinate Mesotrione

% (±SE)

Camden County 0 (0) 13 (2) 0 (0) 0 (0) 0 (0) 14 (2) 

Pasquotank County 0 (0) 0 (0) 12 (2) 0 (0) 0 (0) 37 (3)

Wake County 31 (3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Yadkin County 0 (0) 28 (3) 0 (0) 13 (2) 0 (0) 13 (2)
a Discriminating rates: 2,4-D: 280 g ae ha-1; dicamba: 280 g ae ha-1; atrazine: 560 g ai ha-1; glyphosate: 632 g ae ha-1; glufosinate: 327 g ai ha-1; mesotrione: 
53 g ai ha-1

b Herbicide-resistant: Camden and Pasquotank County; Herbicide-susceptible: Wake and Yadkin County
c Mean separations were not conducted due to the nonconstant variance of the survival data for all herbicides

Table 4 - Parameter estimates from the three-parameter logistic regression for plant survival of the redroot pigweed 
populations treated with atrazine, glyphosate, and mesotrione. Populations were selected based on the responses from the 

discriminating rate assay

Herbicide Population
Regression parametersa

a x0 b r2 LD50 (SE)b

Atrazine

Camden County 99.7 69.9 1.4 0.99 70 (7)

Pasquotank County 99.9 29.3 0.9 0.99 30 (10)

Wake County 99.9 68.2 2.1 0.99 68 (1)

Yadkin County 100.3 79.2 2.1 0.98 79 (11)

Mesotrione

Camden County 97.3 27.6 1.5 0.95 28 (8)

Pasquotank County 101.7 917.7 0.6 0.9 918 (403)

Wake County 98.9 10.1 0.5 0.77 10 (18)

Glyphosate

Camden County 100 52 3.9 0.99 52 (3)

Wake County 94 72 44.3 0.99 72 (0)

Yadkin County 100.4 150.8 2.7 0.99 151 (2)

a a is the upper asymptote, x0 equals the LD50, and b is the slope at x0

b Abbreviation: LD50, lethal dose (g ai or ae ha-1) to control 50% of the population
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Biomass reductions may have been another insightful 
response variable that could determine the susceptibility 
to the selected herbicides across the redroot pigweed 
populations. However, biomass was not collected as 
surviving plants were propagated for seed increases to be 
used in future research.

These results provide confirmation of the first case of 
a mesotrione-resistant redroot pigweed globally (Heap, 

2024); additionally, this population was resistant to 
ALS- and PPO-inhibiting herbicides as characterized in 
previous research (Jones et al., 2023). Currently, only 
three other species (Palmer amaranth [Amaranthus palmeri 
S. Wats.], waterhemp [Amaranthus tuberculatus Moq. 
J.D. Sauer], and wild radish [Raphanus raphanistrum L.])  
have evolved resistance to HPPD-inhibiting herbicides 
(i.e., mesotrione) (Jhala et al., 2014; Lu et al., 2020; 
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Figure 2 - Survival of North Carolina redroot pigweed populations (Camden [Resistant]: circle; Pasquotank [Resistant]: upside down 
triangle; Wake [Susceptible]: open triangle) to various rates of mesotrione 21 days after treatment
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Figure 1 - Survival of North Carolina redroot pigweed populations (Camden [Resistant]: circle; Wake [Susceptible]: open triangle; 
Yadkin [Susceptible]: square) to various rates of glyphosate 21 days after treatment
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McMullan, Green, 2011). All these species also exhibit 
resistance to atrazine (Jhala et al., 2014; Lu et al., 2020). 
Additionally, the Yadkin County population represents 
the first case of glyphosate-resistant redroot pigweed 
(Heap, 2024). While the level of glyphosate resistance 
is low in this population, other confirmed glyphosate-
resistant weeds exhibited similar levels of susceptibility 
differences (Zhang et al., 2021). Future research should 
focus on determining the mechanism(s) of resistance to 
glyphosate and mesotrione in the respective populations. 
Future research should also determine the effectiveness 
of preemergence herbicides on these herbicide-resistant 
populations. Previous research has demonstrated that 
weeds resistant to similar herbicides can exhibit reduced 
susceptibility to soil applied herbicides (Strom et al.,  
2019; Wuerffel et al., 2015). Additional research 
should include evaluating the effectiveness of various 
postemergence herbicide mixtures on the herbicide-
resistant redroot pigweed populations (Barbieri et al., 
2022; Hugie et al., 2008).

4.	 Conclusions

Inevitably, these herbicide-resistant redroot pigweed 
populations will further complicate weed control in 

North Carolina. While there are effective postemergence 
herbicides to control these populations, these herbicides 
need to be correctly stewarded (Owen, 2016). Closely 
related weedy Amaranthus spp. have evolved resistance 
to 2,4-D, dicamba, and glufosinate that effectively 
controlled the populations, demonstrating that 
resistance can evolve to these herbicides (Bernards et al.,  
2012; Priess et al., 2022; Shergill et al., 2018). 
Herbicide mixtures, multiple application timings, and 
implementation of nonherbicide management tactics 
will be crucial to control and reduce selection pressure 
(Norsworthy et al., 2012; Renton et al., 2023). 
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