
ABSTRACT 

PAYNTER, RAYMOND ERIC. Investigating Novel Combinations of Herbicides with 

Transport Inhibitors for Greater Control of Palmer Amaranth. (Under the direction of Dr. 

Wesley Everman and Dr. James Burton). 

 

Herbicide resistant weed species are an ever-increasing problem in modern 

agricultural practices.  The onset of herbicide resistant weed species can be attributed to the 

over use of certain modes of actions of herbicides.  The repetitive use of a single mode of 

action for consecutive seasons leads to a high selection pressure, which in turn allows weed 

resistant genotypes to dominate the agricultural landscape.  Increasing use of underutilized 

modes of action for herbicides is necessary to control herbicide resistant weed species.  

Research was conducted under a greenhouse setting at the North Carolina State University 

Method Road Greenhouses in Raleigh, North Carolina. Four experiments were performed, 

first to understand the amount of herbicidal control possible with auxin transport inhibitors.  

Additives were then added to herbicides factorally to determine possible synergistic 

properties.  Dose response of Palmer amaranth plants were treated with Diflufenzopyr (DFF) 

at 7, 14, 28, 56, 112 g a.e./ha. Napthalam(NPA) at 212, 424, 848, 1696, 3392, 6784 g a.i./ha 

or 0.25x, 0.5x, 1x, 2x, or 4x, 8x. Cyclanalide (CYC) at 178.1 , 356.2, 712.32, 1424.64, 

2849.28, 5698.56, 11397.12, 17808 g a.i/ha or 0.5x, 1x, 2x, 4x, 8x, 16x, 64x. 

Using dose response data, rates for synergistic combinations were as follows DFF at 

7, 14, 28, 56, 112 g a.e./ha. NPA at 66.25, 132.5, 265, 530, 1060 g a.i./ha or 0.25x, 0.5x, 1x, 

2x, or 4x. CYC at 1113, 2226, 4452, 8904, 17808 g a.i/ha or 0.125x, 0.25x, 0.5x, 1x, or 2x.  

PPO inhibitor treatments consisted of the combination of fomesafen at 2.7 g a.i./ ha, 

lactofen at 2.6 g a.i./ ha, or aciflurofen at 2.8 g a.i./ha with four rates of plant transport 

inhibitors.  



Synthetic auxin treatments consisted of the combination of 2, 4-D at 56 g a.e./ ha or 

dicamba at 77 g a.e/ ha with four rates of plant transport inhibitors.  

HPPD inhibitor treatments consisted of the combination of topramezone at 5 g a.i./ 

ha, mesotrione at 26 g a.i./ ha, or isoxaflutole at 22 g a.i/ha with four rates of plant transport 

inhibitors. All treatments were applied via a spray chamber alone with appropriate adjuvants.  

Palmer plants were rated at 24, 48, 72 hours after treatment (HAT), and 7 days after 

treatments (DAT) for percent control, using a scale ranging from 0 (no control) to 100 (plant 

death).  Fresh weights of the plants were taken at the 7-day rating. HPPD experiments were 

extended to have a 10 DAT rating and harvest, due the slower nature of HPPD herbicides.  

Plants were then placed in an oven for 72 hours to dry; dry weights for plants were then 

recorded.   

A significant increase in herbicidal control or a decrease in fresh and dry weight was 

noted when plant transport inhibitors were combined with herbicides.  A synergistic effect 

was observed with when fomesafen plus diflufenzopyr at 112 g a.e./ ha 7 DAT..  Lactofen 

plus cyclanalide at 17,808 g a.i/ha increased Palmer amaranth control by 35% compared to 

lactofen alone 7 DAT.  Dicamba plus difflufenzopyr at 28 g a.e./ha significanltly increased 

control to 63% compared to 45% with dicamba alone 7 DAT.  2,4-D plus cyclanalide at 

17,808 to 58% 7 DAT.  Topramizone plus cyclanalide from 2,226 to 17,808 significantly 

increased control of Palmer amaranth to 55 to 65% respectively 10 DAT.  Mesotrione plus 

cyclanalide at 17,808 g a.i/ ha significantly increased activity to 85% compared to 20% with 

mesotrione alone 10 DAT. 
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LITERATURE REVIEW 

There are 404 herbicide resistant weed species worldwide, with 196 species being 

monocot and 208 species being dicot (Heap 2013).  This shift toward environmental adaption 

has been exacerbated by the introduction of herbicide resistant crops (Owen 2007) and the 

lack of new novel modes of actions being introduced (Powles et at 1997).  Herbicide resistant 

weeds possess the potential to diminish the success in herbicide technology.  The rapid 

increase in herbicide resistant weeds places serious jeopardy on existing herbicides, as well 

as the agricultural industry as a whole (Powles et al 1997; Heap and LeBaron 2001; Delye et 

al 2013; Busi et al. 2013).   

 Herbicide resistance can be attributed to over usage of certain modes of actions or 

herbicides leading to a high selection pressure for advantageous mutations in weed species 

(Powles et al 1997; Jasieniuk et al 1995).  Herbicide resistance is defined as previously 

herbicide susceptible species evolving the ability to resist an herbicide and complete its life 

cycle when an herbicide is used in an agricultural setting at a normal rate (Heap and LeBaron 

2001).  According to the Weed Science Society of America herbicide resistance is defined as 

the inherited ability of a plant to survive and reproduce following exposure to a dose of 

herbicide normally lethal to the wild type.  In a plant, resistance may be naturally occurring 

or induced by such techniques as genetic engineering or selection of variants produced by 

tissue culture of mutagenesis (WSSA 1998).  Different adaptations within the plant to 

herbicides allow for different mechanisms for herbicide resistance exist.  The most common 

resistance mechanism is a target-site mutation, which is the modification of the herbicide-

binding site, usually an enzyme, disallowing the herbicide to bind effectively.  Nontarget-site 
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resistance is due to mechanism(s) that enable enhanced metabolism, reduced rates of 

herbicide translocation, and/ or sequestration. Thus less herbicide reaches the intended target 

site (Heap and LeBaron 2001; Delye et al 2013).  Resistance to multiple herbicides can be 

ascertained from a single resistance mechanism known as a cross-resistance.  More 

specifically, target-site cross-resistance occurs when different herbicides bind to the same 

target site (Heap and LeBaron 2001; Delye et al 2013). Not all resistance mechanisms are 

conferred by site mutations.  Nontarget-site cross resistance also occurs through a single 

mechanism enabling resistance to herbicides with different modes of actions.  When two or 

more resistance mechanisms are present this is known as multiple-resistance (Heap and 

LeBaron 2001; Delye et al 2013).      

  Most, if not all, herbicide resistant weed species can be attributed to high selection 

pressure of a single herbicide or single mode of action (Powles et al 1997; Jasieniuk et al 

1995).   Different populations of weeds have been found to be resistant to a variety 

herbicides and modes of actions.  One of the oldest examples of weed species having 

resistance to an herbicide worldwide is atrazine, a photosystem II inhibitor (Heap 2013).  

Other populations of weed species to have known resistance issues include the chemicals or 

modes of actions but are not limited to acetolactate synthase inhibitors (ALS) (B), a certain 

chemical class of mitotic inhibitors known as dinotroanalines (K1), protox (PPO) inhibitors 

(E), 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors (F2), and most recently a 

chemical from glycine class known as glyphosate (G) (Heap 2013). 

  Glyphosate resistant crops were first introduced in 1996 and followed by rapid 

grower acceptance which created an increase in hectares of glyphosate resistant crops and an 
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increase in glyphosate usage (Owen 2007).  Glyphosate is a highly effective, non-selective 

herbicide that targets 5-enolpyruvylshikimate-3-phosphate synthases (EPSPS) enzyme (Duke 

and Powles 2008).   Easy adoption was facilitated by the simplicity of a single non-selective 

herbicide, like glyphosate, to effectively control various weed species (Owen 2010).  

Although easier for growers, utilizing a single herbicide allows higher selection pressures on 

given populations of weeds, allowing for a shift or selection toward resistant biotypes at a 

much quicker pace (Owen 2007).  One resistant weed species in particularly that has given 

the Southern United States great difficulty is Palmer amaranth (Amaranthus palmerii).  

Glyphosate-resistant Palmer amaranth has quickly spread throughout the south.  Dominating 

the agricultural landscape due in part by its rapid growth, prolific seed production, genetic 

diversity, and the ability to acclimate itself to many environments/ conditions (Ward et al. 

2013).  Moreover, Palmer amaranth has been found to be resistant to not only glyphosate but 

also ALS inhibitors, HPPD inhibitors, atrazine and dinitroanalides (Heap 2013).  In some 

cases certain genotypes of Palmer amaranth are resistant to multiple modes of action within 

the same population, thus adding much more gravity to the control of Palmer amaranth (Heap 

2013). 

 Palmer amaranth has been observed to have 100% germination on day 0 of 

experimentation, when compared to other Amaranthus spp., which can germinate 50% of 

seeds at 3 to 8 days after planting (Steckel et al. 2004).  Therefore, Palmer amaranth can 

establish a population rapidly.  Palmer amaranth has been noted to have root greater growth 

potential compared to other amaranth species, possibly due in part to Palmer amaranth’s 

extensive root growth and greater thermostability of photosynthetic structure (Guo and Al-
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Khatib 2003).  The adaptability of Palmer amaranth was researched performed by Jha et al. 

in 2008 observed the acclimation of Palmer amaranth to shading. Palmer amaranth notably 

could adapt both photosynthetically and morphologically to 87% or less shading (Jha et al. 

2008).   Klingaman and Oliver reported that soybean canopies ranged from 77 cm in a weed-

free check to 35 cm in plots with 10 Palmer amaranth plants/ m of row 12 weeks after 

emergence.  Furthermore they found that yields were reduced to 68% where Palmer amaranth 

densities of 0.33 plants/ m increased to 10 plants/ m (Klingaman and Oliver 1994).  Soybeans 

are not the sole crop affected by Palmer amaranth.  In a study by Massinga et al. (2001), corn 

yields were reduced from 11 to 91% as density increased from 0.5 to 8 plants/ m. 
 
Burke et 

al. (2007) observed peanut pod weight decreased linearly 2.89 kg/ha with each gram of 

increase in Palmer amaranth biomass per meter of crop row (Burke et al. 2007). Full-season 

Palmer amaranth compititon in corn water use efficiency and light interception in a fully 

developed corn canopy decreased as Palmer amaranth densities increased from 0, 0.5, 1, 2, 4, 

and 8 plants/ m (Massinga 2003).  Cotton (Gossypium hirsutum) yields were decreased from 

13 to 54% when grown in competition with 1 to 10 Palmer amaranth plants/ 9.1 m of row 

(Morgan et al. 2001).  Glyphosate-resistant Palmer amaranth was shown to even affect tillage 

practices (Price et al. 2011).   Palmer amaranth is not only a problem in row crops, in a study 

by Garvey et al.(2013) the influence of Palmer amaranth on the critical period of weed 

control on plasticulture-grown tomatoes found tomato shoot dry weight was reduced 23, 7, 

and 11g/ plant for each week Palmer amaranth removal was delayed from 0 to 10 weeks after 

transplanting in 1996, 1997, and 1998 respectively.  Tomato yield was reduced from 87,000 

to 41,000 kg/ ha when Palmer amaranth removal was delayed 0 to 10 weeks after transplant 
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and 28,000 to 88,000 kg/ ha for weed establishment treatments of 0 to 6 weeks after 

treatment (Garvey et al. 2013).   

The spread of Palmer amaranth has been rapid and unending.  Palmer amaranth is not 

only a problem of Southern agriculture, recently glyphosate-resistant Palmer amaranth has 

been discovered as far north as Pennsylvania and Michigan, and as far west as California 

(Heap 2014).  Pollen mediated gene flow is believed to be a leading cause of rapid infestation 

of the Southeast United States (Sosnoskie et al. 2013).  50 to 60% of the offspring from 

mother plants 1- and 5- meters from male plants were resistant to glyphosate, whereas 20 to 

40% of the offspring were resistant at the furthest distances (200 meters) (Sosnoskie et al. 

2013).   

There are herbicides, other than glyphosate, that can control Palmer amaranth (Beckie 

2011; Whitaker 2010; Devine et al. 1994; Ward et al. 2013).  Protoporphyingen oxidase 

(PPO) or Protox inhibiting herbicides have been observed to control Palmer amaranth 

(Whitaker 2010; Theodoridis et al 2012; Devine et al 1993).  Protoporphyingen oxidase is an 

enzyme that catalyzes the oxidation of protoporphyrinogen IX to protoporphyrin IX by 

molecular oxygen (Whitaker 2010; Theodoridis et al 2012; Devine et al 1993).  By inhibiting 

the PPO enzyme, an accumulation of the enzyme product protoporphyrin IX occurs.  In the 

presence of light, protoporphyrin IX generates large amounts of singlet oxygen, which results 

in the peroxidation of unsaturated bonds of the fatty acids found in cell membranes.  The 

peroxidation process results in loss of membrane integrity and leakage, pigment breakdown, 

and necrosis of the leaf, leading to the death of the plant.  This process is relatively fast with 

symptoms of application, such as flaccid wet appearance of the plant, observed within hours 
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of plant exposure to the protox herbicide under sunlight (Whitaker 2010; Theodoridis et al 

2012; Devine et al 1993). 

 The research on PPO inhibiting chemicals reached a peak in the early 1990s and has 

been on a slow decline due to the introduction of glyphosate- resistant crops.  However, 

selection of glyphosate-resistant weeds has renewed interest in protox inhibitors in recent 

years (Theodoridis et al. 2012).  A major class of protox inhibiting herbicides are the 

diphenel ethers.  Diphenel ethers are more effective when applied post emergence 

(Theodoridis et al 2012).  In recent discoveries involving protox inhibitors the agrochemical 

company BASF recently synthesized the benzoic acid derivative compound known as 

saflufenacil (Theodoridis et al 2012).  Most soybeans are naturally tolerant to protox 

inhibiters (Anonymous 2012; Anonymous 2012, Li and Nicholl 2005).  The presence of 

glyphosate-resistant Palmer amaranth has led growers to rely heavily on protox-inhibiting 

herbicides as the primary alternative for post emergence control (Riggins and Tranel 2012).   

Multiple reports of protox-inhibition resistance in a close relative to Palmer amaranth, tall 

waterhemp (Amaranthus rudis) has been reported (Shoup et al. 2003).  Protox resistant tall 

waterhemp has been found in Kansas (2001), Illinois (2002), Missouri (2005), and Iowa 

(2009) (Heap 2014).  Furthermore, research suggests that herbicide resistance can be 

transferred from tall waterhemp to Palmer amaranth (Wetzel et al 1999).  It is also likely that 

Palmer amaranth can develop a resistance mechanism to protox- inhibition without cross 

pollination with tall waterhemp (Riggins and Tranel 2012). 

Synthetic auxins such as 2,4-D or dicamba, are a class O (HRAC classification) 

herbicides which control dicotyledonous plants, including Palmer amaranth (Ward et al. 
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2013; Devine et al. 1993) .  Natural auxins are plant hormones that regulate plant cell growth, 

primarily cell elongation and differentiation. Chemically, auxin herbicides have been 

separated into two groups, one with an oxygen bridge between an aromatic substituent and a 

carboxylic acid and the second group with a carboxyl group directly attached to the aromatic 

rings.  However, all auxin herbicides do possess a free carboxyl group that is required for 

auxin transport and activity (Devine et al. 1993; Walsh and Schmitzer 2012).   Synthetic 

auxin binds to the Skp1, Cul1, and an F-box protein, commonly known as the SCF complex.  

Synthetic auxins specifically bind to the F-box segment (TIR1) of the complex (Devine et al. 

1993; Walsh and Schmitzer 2012).  Binding to the complex promotes an interaction with 

target auxin transcriptional repressors to form a triplet complex (Devine et al. 1993; Walsh 

and Schmitzer 2012).  The resulting E3 Ubligase (SCF
TIR1/AFB

) complex ubiquitinates the 

bound auxin transcriptional repressor by an E2 UB-ligase, resulting in the destruction of the 

26S proteasome.  Auxin response factor (ARF) is then released from repression and binds to 

the auxin- response element of auxin responsive genes, allowing for the possibility of 

transcription (Devine et al. 1993; Walsh and Schmitzer 2012).   

The prevailing reason that auxin active chemicals act as an herbicide is due to the 

lack of control over auxin intracellular concentration, meaning auxin levels become so 

excessively high that interactions with other plant hormones in the regulation of plant 

metabolism and morphogenesis is disturbed.  Thus the greater concentration of synthetic 

auxin leads to higher herbicidal activity associated.   

The symptomology of auxin herbicides after application is first noted with 

uncontrolled growth, leading to stem and petiole elongation and curling, stem and petiole 
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thickening, and differentiation of new cells and organs.  Mobilization of metabolic reserves is 

needed to fuel the excessive growth brought on by auxin herbicides, leading to loss of 

cellular functions, cellular integrity, and repair capacities. Additionally, loss of membrane 

functions such as semi-permeability and compartmental separation causes autolysis, 

desiccation, and eventual disintegration of the tissue (Devine et al. 1993; Walsh and 

Schmitzer 2012).   

New advancements in technology have brought about a new tool to be utilized in 

combating resistant weed species using previously discovered modes of action.  Specifically 

with synthetic auxins is the creation soybeans and cotton resistant to 2,4-D or dicamba 

(Behrens et al. 2014, Duke and Cerdeira 2010, Wright et al. 2010).  These new technologies 

extend the use of glyphosate by allowing a wider array or range of modes of actions to be 

utilized by growers (Green et al. 2009).  No instance of resistance has been noted in Palmer 

amaranth for synthetic auxin herbicides at this time.  However, 2,4-D resistance has been 

found in tall waterhemp (Amaranthus rudis) (Heap 2009) in Nebraska.  Given the tall 

waterhemp and Palmer amaranth are both are in the amaranth family, it has been noted by 

researchers that herbicide resistance can be transferred between the two species (Wetzel et al. 

1999).     

4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors are an herbicide family that 

causes bleaching in treated plants (Hamprecht and Witschel 2011; Devine et al 1993; 

Witschel 2012).  A large group of HPPD herbicides fall under the chemical family of 

triketones.  HPPD is the enzyme that catalyzes the oxidative decarboxylation and 

rearrangement of p-hydroxyphenlpyruvate (HPP) to homogentisic acid (HGA). HGA is 
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oxidized by HGA oxidase to 4-maleylacetoacetate, which is then deteriorated by 4-

malelactoacetate isomerase and 4-fumarylacetoacetate lyase to fumarate and acetoacetate 

(Hamprecht and Witschel 2011; Witschel 2012; Devine et al 1993).  More importantly, HGA 

is an important precursor in the synthesis of plastoquinone (PQ) (Hamprecht and Witschel 

2011; Devine et al 1993; Witschel 2012).   

PQ is an essential electron acceptor in the phytoene desaturase reaction of carotenoid 

biosynthesis, a molecule which serves as an accessory light-harvesting pigment in the light-

harvesting antenna structure; although principally responsible for photo-protection. PQ is 

synthesized from HGA by first decarboxlation and prenylated, the addition of a hydrophobic 

molecules, by HGA solaneyltranferase and HGA phytyltransferase to 2-methyl-6-solanesyl-

1,4-benzoquinone (MSBQ) and 2-methyl-6-phytyl-1,4-benzoquinone(MPBQ).  Both 

MSBQ/MPBQ are further methylated by methyltransferase to create PQ (Hamprecht and 

Witschel 2011; Devine et al 1993; Witschel 2012.)   

HPPD blocking of PQ biosynthesis causes stunting and bleaching symptoms 

(Hamprecht and Witschel 2011; Devine et al 1993; Witschel 2012).  The depletion of 

carotenoids is associated with a light-dependent generation of singlet oxygen, which damages 

lipids and proteins and causes disassembly of the photosynthetic complex and the release of 

free chlorophyll.  Furthermore, free chlorophyll is photodynamically photodestructive and 

generates singlet oxygen, which leads to further leaf pigment destruction and white bleaching 

(Hamprecht and Witschel 2011; Devine et al 1993; Witschel 2012).  HPPD inhibiting 

herbicides are most effective in newly developing tissues, presumed to be a consequence of a 

failure to properly assemble photosynthetic units in the absence of carotenoids.   
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   Recently new technologies have created HPPD resistant soybeans (Matringe et al 

2005; Green et al 2008).  This resistance in crops has a high probability to extend the usage 

of glyphosate in agricultural systems, by offering a wider choice of herbicide mixtures to the 

grower specifically in using multiple modes of action that were impossible to use together 

previously (Green et al. 2008).  Three possible mechanisms have been developed to create 

these HPPD resistant crop types, over production of the target enzyme, bypassing HPPD for 

homogentistate synthesis and increasing p-HPP flux (Matringe et al 2005; Green et al 2008).   

HPPD resistance has already been identified in populations of Palmer amaranth in both 

Kansas and Nebraska (Heap 2013). 

These new herbicide resistant crops have been created to address the increasing 

challenge of controlling resistant weeds. Currently no new modes of action are available, so 

other methods have been developed to control resistant weed biotypes.  Crop rotations, 

alternating of chemical modes of action, change in application rates, and site specific 

applications have been found to be beneficial in controlling herbicide resistant weeds (Beckie 

2006; Walsh and Powles 2007; Peterson 1999). Tank mixtures of herbicides or applications 

of herbicides with differing modes of actions at the same time have been found to be 

effective in reducing selection pressure, thus reducing the probability of herbicide resistant 

weeds (Beckie 2006; Walsh and Powles 2007; Peterson 1999).   

Novel combinations of herbicide additives with currently available herbicides could 

provide an additional tool for controlling herbicide resistant weeds, specifically Palmer 

amaranth (Beckie 2006; Walsh and Powles 2007; Peterson 1999).  Evidence has shown that 

additives effecting auxin transport can have synergistic properties with herbicides (Patzoldt 
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et al. 2010; Deibert and Lym 2005; Burton et al. 2008; Pedersen 2006).  Cyclanilde has been 

shown to inhibit auxin apical dominance and induce lateral branching in apple trees (Elfving 

and Visser 2005) and is registered with ethylene for defoliation in cotton (Anonymous 2011).  

In a study by Pedersen et al. (2006), ethephon alone induced bean leaf defoliation, however 

ethephon combined with cyclanilde induced greater defoliation than ethephon alone.  A study 

by Burton et al (2008), found cyclanilide inhibited the movement of [
3
H]IAA efflux in 

etiolated corn coleoptiles by 10µM cyclanilide.  Although the exact mechanism in which 

cyclanalide works is not completely understood at this time.    

A recent patent outlined specific uses of the auxin transport inhibitor 1-naphthylacetic 

(naptalam) combined with another synthetic auxin herbicide to have a synergistic effect in 

controlling troublesome weeds (Patzoldt et al. 2010).  Naptalam is a potent inhibitor of auxin 

efflux or the removal of auxin from the plant cell from the cytoplasm to the periplasm.  

Naptalam binds with high affinity to a plasma membrane protein in both monocotyledonous 

and dicotyledonous plants (Subramanian et al. 1997; Hakman et al. 2009; Petrasek et al 2006; 

Rubery 1990).  When applied, plant growth and development is impeded, specifically in the 

plants response to gravity and also the inhibition of lateral root development (Muday and 

Haworth 1994; Lomax et al. 1995).  Reportedly when zucchini plasma membrane vesicles 

were treated with Triton X-100 resulted in detergent-insoluble pellet enriched in cytoskeletal 

components, suggesting that napatalam binding subunits are associated with the cytoskeleton 

(Cox and Muday 1994). Further experimentation using phalloidin, cytochalasin D, taxol to 

stabilize F-actin, G-actin, and microtubules, respectively, have shown a more direct 

interaction between the naptalam binding protein and the active cytoskeleton (Butler 1995).    
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A third auxin transporter, diflufenzopyr was found to have synergistic properties with 

synthetic auxins.  Diflufenzopyr enhanced the activity of synthetic auxins by growth 

inhibition, hydrogen peroxide overproduction and progressive tissue damage (Grossmann et 

al. 2002).  Diflufenzopyr increased control of leafy spurge (Euphorbia esula) and Canada 

thistle (Cirsium arvense) when combined with synthetic auxins, although influence of 

diflufenzopyr was varied by synthetic auxin (Lym and Deibert 2005).  In the case of all three 

additives, they make up a group of chemicals known as phytotropins (Kateker et al. 1981; 

Brunn et al. 1994).  Certain auxin transport inhibitors were found to have herbicidal effects 

alone (Dhonukshe et al. 2007; Hakman et al. 2009)  

Phytotropins affect normal auxin flow by blocking the polar transport of auxin (Tsuda 

2010; Hakman et al 2009; Patrasek et al 2006).  The polar transport of auxin is the 

coordinated process in which auxin is transported in a cell to cell process from site of 

synthesis to the site of action, moving in a basipetal or downward direction from the shoot 

apex to the roots. Once auxin reaches the roots, auxin can move either basipetal or acropetal, 

upward, directions in roots (Friml 2003; Swarup and Bennet 2003).  There are three principle 

protein groups that allow for this type of movement:  AUX1, PIN, and PGP (Blakeslee et al 

2005, Sieberer and Leyser 2006, Teale et al 2006).  PIN proteins are localized within the cell 

membrane asymmetrically, allowing for directionality in cell-to-cell auxin flow (Zazimalova 

et al. 2007).  PIN `proteins have been shown to have a rate-limiting role in the catalysis of 

efflux of auxin from plant cells (Zazimalova et al 2007).  Auxin movement into the cell 

occurs by diffusion of the protonated form of auxin, but auxin also utilizes AUX1/LAX 

carrier proteins.  These proteins are proton symporters that facilitate the movement of auxin 



13 

 

across the plasma membrane in to the cytoplasm (Marchant et al 1999; Kramer and Bennett 

2006; Yang et al 2006; Kerr and Bennett 2007).  PGPs, P-glycoproteins, are members of the 

ATP-binding cassette (ABC) membrane transporters (Luschnig 2002).   

These proteins are related to multidrug resistant proteins found in animals (Noh et al 

2001; Murphy et al 2002; Blakeslee et al 2005).  PGPs are capable of acting both 

independently or in concert with PIN proteins (Blakeslee et al 2007).  Furthermore PGPs 

have been observed to have a detoxification function (Geislet and Murphy 2005).  Given 

these other functions, it has been observed that PGPs have an effect on applied herbicides to 

plants (Buss and Callaghan 2008).  The precise mechanism of PGP action is still unclear, 

however a model has been introduced, in which the proteins acts as a “flippase”.  In this 

model, a substrate, either in the cytoplasm or within the lipid bilayer, binds to a chamber 

within the PGP molecule.  Through conformation changes, the foreign substrate is “flipped” 

to the extracellular medium, thus detoxifying the cell.  The flipping process does require 

energy, which is provided by the hydrolysis of ATP (adenosine triphosphate) (Buss and 

Callaghan 2008; Higgens and Gottesman 1992).  Given this information it could be 

hypothesized that herbicide families other than synthetic auxins and/or other herbicides used 

to control Palmer amaranth could benefit from the inhibition of these protein channels (Buss 

and Callaghan 2008).  

In conclusion herbicide resistant weeds, specifically Palmer amaranth, is a problem in 

crop production that must be dealt with sooner rather than later and if not managed properly 

could lead to significant reduction in yields or a hindrance in general crop practices (Powles 

et al 1997; Heap and LeBaron 2001; Delye et al 2013; Busi et al. 2013; Ward et al. 2013).  



14 

 

From these findings, it is possible that herbicidal action within the plant can be altered with 

the addition of certain plant transport inhibitors, like difflufenzopyr, napthalam, or 

cyclanalide.  Inhibiting auxin transport coupled with the already known potency of specific 

herbicides could lead to creating a new tool to better manage herbicide resistant Palmer 

amaranth.  With additional information on PGP proteins a whole new understanding of tank 

mix herbicides could be utilized.  All this information could lead to beneficial findings to aid 

in the control of Palmer amaranth, particularly herbicide resistant Palmer amaranth.  
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INVESTIGATING DOSE RESONSE TO AUXIN TRANSPORT INHIBITORS ON 

PALMER AMARANTH 

Raymond E. Paynter, Wesley J. Everman, and James D. Burton 

 

Herbicide resistant weed species are an ever-increasing problem in modern crop 

production.  The selection of herbicide resistant weed species can be attributed to the over 

use of certain modes of actions of herbicides.  Over use of a single mode of action within one 

season or in consecutive seasons, leads to a high selection pressure, which in turn drives 

weed resistant genotypes to dominate the agricultural landscape.  The use of alternative 

modes of action is necessary to control herbicide resistant weed species.  Research was 

conducted under a greenhouse setting to determine dose response of diflufenzopyr (DFF), 

napthalam (NPA), and cyclanalide (CYC) on 10 cm Palmer amaranth.  DFF was applied at 7, 

14, 28, 56, 112 g a.e./ha, NPA was applied at 212, 424, 848, 1696, 3392, 6784 g a.i./ha, CYC  

was applied at 178 , 356, 712, 1424, 2849, 5698, 11397, 17808 g a.i/ha Diflufenzopyr, 

cyclanalide, and napthalam were found to have herbicidal effects when applied at all applied 

levels.  These herbicides could possibly be used in combination with other herbicides to 

create a synergistic effect of herbicidal control.  Furthermore, underused modes of actions 

could be very beneficial in controlling herbicide resistant herbicides.   

Introduction 

There are 404 herbicide resistant weed species worldwide, with 196 species being 

monocot and 208 species being dicot (Heap 2013).  This shift toward environmental 

adaptation has been exacerbated by the introduction of herbicide resistant crops (Owen 2007) 

and the lack of novel modes of actions being introduced (Powles et at 1997).  The rapid 
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increase in herbicide resistant weeds places serious jeopardy on existing herbicides, as well 

as the agricultural industry as a whole (Powles et al 1997; Heap and LeBaron 2001; Delye et 

al 2013; Busi et al. 2013).  

 Herbicide resistance can be attributed to over usage of certain modes of actions or 

herbicides leading to a high selection pressure for advantageous mutations in weed species 

(Powles et al 1997; Jasieniuk et al 1995).  According to the Weed Science Society of 

America, herbicide resistance is defined as the inherited ability of a plant to survive and 

reproduce following exposure to a dose of herbicide normally lethal to the wild type.  In a 

plant, resistance may be naturally occurring or induced by such techniques as genetic 

engineering or selection of variants produced by tissue culture of mutagenesis (WSSA 1998).

 One resistant weed species in particular that has given the Southern United States 

great difficulty is Palmer amaranth (Amaranthus palmerii).  Glyphosate-resistant Palmer 

amaranth has quickly spread throughout the south dominates the agricultural landscape due 

in part by its rapid growth, prolific seed production, genetic diversity, and the ability to 

acclimate to many environments (Ward et al. 2013; Jha et al. 2008).  Moreover, Palmer 

amaranth has been found to be resistant to not only glyphosate but also ALS inhibitors, 

HPPD inhibitors, atrazine and dinitroanalides (Heap 2013).  In some cases certain genotypes 

of Palmer amaranth are resistant to multiple modes of action within the same population, thus 

adding a sense of urgency to control Palmer amaranth.  Palmer amaranth has been found to 

reduce yields in many row and non- row crops (Klingaman and Oliver 1994; Massinga et al. 

2001; Garvey et al. 2013).   The spread of Palmer amaranth has been rapid and unending.  

Palmer amaranth is not only a problem of Southern agriculture, recently glyphosate-resistant 
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Palmer amaranth has been discovered as far north as Pennsylvania and Michigan, and as far 

west as California (Heap 2014).   

Novel combinations of herbicide additives to currently available herbicides therefore 

could have a profound effect in controlling herbicide resistant weeds, specifically Palmer 

amaranth.  Evidence has shown that additives affecting auxin transport can have synergistic 

properties with herbicides (Patzoldt et al. 2010; Deibert and Lym 2005; Burton et al. 2008; 

Pedersen 2006).    

Diflufenzopyr was found to have synergistic properties with synthetic auxins.  

Diflufenzopyr enhanced the activity of synthetic auxins by growth inhibition, hydrogen 

peroxide overproduction and progressive tissue damage (Grossmann et al. 2002).  

Diflufenzopyr was also observed to increase control in leafy spurge (Euphorbia esula) and 

Canada thistle (Cirsium arvense) in synthetic auxins, although influence of diflufenzopyr was 

varied by synthetic auxin (Lym and Deibert 2005).  In a study by Pedersen et al. (2006), 

ethephon alone induced bean leaf defoliation, however when ethephon was applied with 

cyclanilde, the combination induced greater defoliation that ethephon alone.     

A recent patent outlined specific uses of the auxin transport inhibitor 1-naphthylacetic 

(naptalam) with another synthetic auxin herbicide with the intent to have a synergistic effect 

in controlling troublesome weeds (Patzoldt et al. 2010).  Naptalam is a potent inhibitor of 

auxin efflux or the removal of auxin from the plant cell from the cytoplasm to the periplasm.  

Naptalam binds with high affinity to a plasma membrane protein in both monocotyledonous 

and dicotyledonous plants (Subramanian et al. 1997; Hakman et al. 2009; Petrasek et al 2006; 

Rubery 1990).  When applied, plant growth and development is impeded, specifically in the 
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plants response to gravity and also the inhibition of lateral root development (Muday and 

Haworth 1994; Lomax et al. 1995).   

In the case of all three additives, they make up a group of chemicals known as 

phytotropins (Kateker et al. 1981; Brunn et al. 1994).  Furthermore, certain auxin transport 

inhibitors were found to have herbicidal effects alone (Dhonukshe et al. 2007; Hakman et al. 

2009). 

Phytotropins affect normal auxin flow by blocking the polar transport of auxin (Tsuda 

2010; Hakman et al. 2009; Patrasek et al. 2006).  The polar transport of auxin is the 

coordinated process in which auxin is transported in a cell to cell process from site of 

synthesis to the site of action, moving in a basipetal or downward direction from the shoot 

apex to the roots. Once auxin reaches the roots, auxin can move either basipetal or acropetal, 

upward, directions in roots (Friml 2003; Swarup and Bennet 2003).  There are three principle 

protein groups that allow for this type of movement:  AUX1, PIN, and PGP (Blakeslee et al. 

2005, Sieberer and Leyser 2006, Teale et al. 2006).  PIN proteins are localized within the cell 

membrane asymmetrically, allowing for directionality in cell-to-cell auxin flow (Zazimalova 

et al. 2007).  Auxin movement into the cell occurs by diffusion of the protonated form of 

auxin, but auxin also utilizes AUX1/LAX carrier proteins (Marchant et al. 1999; Kramer and 

Bennett 2006; Yang et al. 2006; Kerr and Bennett 2007).  PGPs, P-glycoproteins, are 

members of the ATP-binding cassette (ABC) membrane transporters (Luschnig 2002).  

It has been observed that PGPs have an effect on applied herbicides to plants (Buss 

and Callaghan 2008).  The precise mechanism of PGP action is still unclear, however a 

model has been introduced, in which the proteins acts as a “flippase”.  In this model, a 
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substrate, either in the cytoplasm or within the lipid bilayer, binds to a chamber within the 

PGP molecule.  Through conformation changes, the foreign substrate is “flipped” to the 

extracellular medium, thus detoxifying the cell.  The flipping process does require energy, 

which is provided by the hydrolysis of ATP (adenosine triphosphate) (Buss and Callaghan 

2008; Higgens and Gottesman 1992).  Given this information it could be hypothesized that 

herbicide families other than synthetic auxins and/or other herbicides used to control Palmer 

amaranth could benefit from the inhibition of these protein channels (Buss and Callaghan 

2008). 

 Therefore, it is hypothesized that when Palmer amaranth is exposed to these auxin 

inhibitors that an herbicidal effect should occur. 

Materials and Methods 

Research was conducted under a greenhouse setting at the North Carolina State 

University Method Road Greenhouses in Raleigh, North Carolina.  Palmer amaranth were 

planted in 10 X 10 cm flat inserts
1
 filled with Fafard 2B potting mix

2
 and grown under 

1000W metal halide bulbs (19,000 lx) with a day-length of 14 hours and at average day and 

night temperatures of 31ºC / 25ºC respectively.  Palmer amaranth was watered and fertilized 

with Peter’s 20-20-20
3
 as needed.  Palmer amaranth plants were thinned to four plants per pot 

and grown to a size of 10 cm. The experimental design was set up in a random complete 

block design, consisting of five replications per experiment and repeated over time. DFF
4
 

was applied at 7, 14, 28, 56, 112 g a.e./ha. Diflufenzopyr rate was based on the 2.5:1 additive 

to herbicide ratio found in a commercial dicamba + diflufenzopyr premix (Anonymous 

2009). NPA
5
 was applied to Palmer amaranth at 212, 424, 848, 1,696, 3,392, and 6,784 g 
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a.i./ha while CYC
6
 was applied at 178 , 356, 712, 1,424, 2,849, 5,698, 11,397, and 17,808 g 

a.i/ha.  Non-ionic surfactant at 0.5% v/v was added to all treatments.  Treatments were 

applied via a spray chamber
7
 calibrated to deliver 140 L/ ha of solution at 206.8 kPa through 

a TT 8002 EVS nozzle.  Control of Palmer amaranth plants was rated at 24, 48, 72 hours 

after treatment (HAT), and 7 days after treatments (DAT) expressed as a percentage, using a 

scale ranging from 0 (no control) to 100% (plant death).  Plants were harvested and fresh 

weights were taken after the 7 DAT rating.  Plants were then placed in an oven for 72 hours 

to dry and dry weights were recorded. 

Statistical analysis was conducted in SAS 9.3
8
, with analysis of variance conducted 

using the PROC GLM procedure and means were separated using Fisher’s Protected LSD 

(p≤0.05).  

Results and Discussion 

Dose Response of Additives 

 Ratings prior to 7 DAT will not be discussed due to the increasing herbicidal activity 

after application as time goes on.  By analyzing the final rating timing, the complete extent of 

the herbicidal damage of these chemicals, within the recorded rating periods, can be 

determined.   This is due to the fact that increases in activity were noted with all rates applied 

at each rating period.  The use of the final rating time data only, will be usful in determining 

the equivalent rate of CYC and NPA compared to the 1x rate of DFF.  

Palmer amaranth treated with DFF resulted in a rapid rise to maximum response of 

12% 7 DAT with no significant differences in control as rates increased from 14 to 112 g 

a.e./ ha (Figure 1A).  Fresh weight of Palmer amaranth treated with DFF was noted to be 
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reduced by 1.5g, from the lost dose to the highest applied dose respectively, when compared 

to the non-treated control (Figure 1B).  Fresh and dry weights however, did not see a 

significant decrease in weight.  This is likely due DFFs ability to disrupt apical dominance 

causing branching in secondary nodes and thus increase plant biomass or it could be due to 

the short (7 DAT) time frame following application of sublethal doses. 

Palmer amaranth response to CYC rate resulted in an exponential resonse curve 

where control increased as CYC rate increased when evaluated 7 DAT (Figure 2A).  The 

lowest rate of CYC resulted in 4.6% control of Palmer amaranth 7 DAT. Palmer amaranth 

control increased from 8 to 50% as CYC rate was increased from 356 to 17,808 g a.i./ha, 

respectively.  Palmer amaranth fresh weight was reduced by 4g when treated with the 17,808 

g a.i./ ha of CYC compared to applicantion of CYC at 356 g a.i./ha (Figure 2B).  Dry weights 

of Palmer amaranth decreased by 0.5g when CYC was applied at 17808 g a.i./ha compared to 

CYC applied at 356 g a.i./ha.  This is likely due to CYC ability to disrupt apical dominance 

causing branching in the plant thus more biomass. 

Palmer amaranth control with NPA 7 DAT (Figure 3A) at the lowest rate was 11.5%.  

No significant changes to control as rates increased from 424 to 6,784 g a.i./ha.  Fresh weight 

(Figure 3B) was reduced by 1.5g when treated with the 6,784 g a.i./ha rate of NPA, 

compared to the lowest rate of NPA.  Dry weights of Palmer amaranth however were not 

observed to have fluctuations in weight with any rate of additive.  NPA has the ability to 

disrupt apical dominance causing branching of secondary nodes in the plant, which may in 

turn create an increase in biomass.   
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In conclusion, these experimental results confirm the results from Dhonukshe et al. 

(2007) and Hakman et al. (2009) that certain auxin transport inhibitors have herbicidal effects 

when applied alone.  These marginal herbicides could possibly be used in combination with 

other herbicides to create a synergistic effect of herbicidal control.  Furthermore, underused 

modes of actions are needed to help manage herbicide resistant weeds.  More information is 

needed to perfect these potential herbicide additives in combination with currently labeled 

products. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



34 

 

Source of Materials 

1
Pots, Wyatt- Quarles, Garner, NC 27529 

2
Soil Medium, Sun Gro Horticulture, Agawam, MA 01001 

3
Fertilizer, JR Peters Inc., Allentown, PA 18106 

4
Diflufenzopyr Additive, BASF Corporation, Research Triangle Park, NC 27709 

5
Napthalam Additive, Crompton Manufacturing Company, Middlebury, CT 06749 

6
Cyclanalide Additive, Bayer Cropscience LP, Research Triangle Park, NC 27709 

7
Spray Chamber, DeVries Manufacturing, Hollandale, MN 56045 

8
SAS Statistical Software, Version 9.3, Cary, NC 27513 
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Figure 1. A) Palmer amaranth response to difflufenzopyr. B) Palmer amaranth 

biomass response to difflufenzopyr. 
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Figure 2. A) Herbicidal effects of cyclanalide on 10 cm Palmer amaranth. B) Palmer 

amaranth biomass response to Palmer amaranth. 
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Figure 3. A) Palmer amaranth response to napthalam. B) Palmer amaranth biomass 

response to napthalam. 
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NOVEL HERBICIDE COMBINATIONS OF PPO INHIBITORS WITH 

PLANT TRANSPORT INHIBITORS FOR IMPROVING PALMER AMARANTH 

CONTROL  

 

Raymond E. Paynter, Wesley J. Everman, and James D. Burton 

 

Over use of a single mode of action has led to herbicide resistant weed species that 

are becoming a serious detriment to modern crop production.  The use of multiple herbicidal 

modes of action at one application is beneficial to control herbicide resistant weed species.  

The need for new herbicide combinations could be utilize to better manage Palmer amaranth.  

Research was conducted under a greenhouse setting at the North Carolina State University.  

Palmer amaranth was treated under a factorial experimental design with PPO inhibitors and 

transport inhibiting additives via a spray chamber.  Treatments consisted of the combination 

of fomesafen at 2.7 g a.i./ ha, lactofen at 2.6 g a.i./ ha, or aciflurofen at 2.8 g a.i./ha with four 

rates of plant transport inhibitors.  Diflufenzopyr (DFF) at 7, 14, 28, 56, 112 g a.e./ha 

corresponding to 0.25x, 0.5x,1x, 2x, or 4x.  Napthalam (NPA) was applied at 0.25x, 0.5x,1x, 

2x, or 4x with 1x corresponding to 265 g a.i./ha. Cyclanalide (CYC)
 
was applied at 0.125x, 

0.25x, 0.5x, 1x, or 2x with 1x corresponding to 8,904 g a.i./ha.  

 Combinations of DFF at the 112 g a.e./ ha or CYC at the 2x  with fomesafen resulted 

in a significant increase in herbicidal control when compared to fomesafen alone.  Significant 

synergism was noted in fomesafen plus diflufenzopyr were applied 0.25x, 1x, 2x, or 4x.  

Synergistic effects were observed fomesafen combined with cyclanalide was noted to have 

synergistic effects with treatments at 0.25x or 0.5x.  Fomesafen combined with napthalam 
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was noted to have synergistic effects across all levels of treatment. An unexpected outcome 

could be attributed to fomesafen could be considered additive instead of synergism.  

Lactofen plus diflufenzopyr at 0.25x or 2x were noted to be significantly higher 

herbicidal control than lactofen by itself.  Lactofen plus cyclanalide at 0.5x, 1x, or 2x were 

noted at having significant increases in herbicidal control when compare to lactofen alone.  

No synergism was determined for a level of diflufenzopyr that was added to lactofen.  

However significant antagonism was noted with lactofen plus diflufenzopyr at the 0.25x. 

Antagonism was observed to occur in lactofen plus napthalam rates of 0.25x, 0.5x, 1x, or 2x.  

Significant synergism or antagonism was noted at any rate of cyclanalide plus lactofen.   

At 7 days after treatment, aciflurofen combined with cyclanalide at 0.5x, 1x, or 2x 

was noted to be significantly higher in herbicidal activity than aciflurofen alone.  Although 

during a second experimental trial treatments of aciflurofen combined with cyclanalide at 

0.5x, 1x, 2x were observed to have a significant herbicidal control.  As well as treatments 

0.25x or 4x of napthalam, 0.5x of cyclanalide, or all rates of diflufenzopyr when combined 

with aciflurofen.  During the first experimental run aciflurofen plus diflufenzopyr showed 

significant antagonism with diflufenzopyr at 0.5x or 2x.  Cyclananide plus aciflurofen at of 

0.5x or 1x was noted to be synergistic.  Neither significant synergism nor antagonism was 

noted at any rate of napthalam plus aciflurofen.  During the second experimental run 

aciflurofen plus diflufenzopyr was noted to have neither synergism nor antagonism at any 

rate. Cyclanalide plus aciflurofen was noted to have antagonism at of 0.125x, 0.25x, 1x, or 

2x.  All rates of napthalam were noted to be antagonistic when combined with aciflurofen in 

the second experimental run. 
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Introduction 

  Protoporphyingen oxidase (PPO) or Protox inhibiting herbicides have been 

observed to provide excellent control of many broadleaf weed species, including resistant 

biotypes (Whitaker 2010, Theodoridis et al. 2012; Devine et al. 1993).  Protoporphyingen 

oxidase is an enzyme that catalyzes the oxidation of protoporphyrinogen IX to 

protoporphyrin IX by molecular oxygen (Theodoridis et al 2012).  By inhibiting the PPO 

enzyme, an accumulation of the enzyme product protoporphyrin IX occurs.  In the presence 

of light, protoporphyrin IX generates large amounts of singlet oxygen, which results in the 

peroxidation of unsaturated bonds of the fatty acids found in cell membranes.  The 

peroxidation process results in loss of membrane integrity and leakage, pigment breakdown, 

and necrosis of the leaf, leading to the death of the plant.  This process is relatively fast with 

symptoms of application, such as flaccid wet appearance of the plant, observed within hours 

of plant exposure to the protox herbicide under sunlight (Theodoridis et al. 2012). 

 The research on PPO inhibiting chemicals showed a peak in discovery and use in the 

early 1990s and has been on a slow decline due to the introduction of glyphosate- resistant 

crops.  However, the selection of glyphosate-resistant weeds has renewed interest in protox 

inhibitors in recent years (Theodoridis et al. 2012).  A major class of protox inhibiting 

herbicides are the diphenel ethers. The PPO enzyme has been found to be particularly 

sensitive to diphenel ethers, with I50 concentrations in the nanomolar range (Devine et al. 

1993).  Particularly sensitive areas within the plant cell to diphenl eithers are the chloroplast 

and mitochondrion (Devine et al. 1993).  Diphenel ethers are more effective when applied 

post emergence (Theodoridis et al 2012).  The presence of glyphosate-resistant Palmer 
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amaranth has led growers to rely heavily on protox-inhibiting herbicides as the primary 

alternative for postemergence control (Riggins and Tranel 2012).    

Research has concluded that additives affecting on auxin transport can have 

synergistic properties with herbicides (Patzoldt et al. 2010; Deibert and Lym 2005; Burton et 

al. 2008; Pedersen 2006).  With novel combinations of herbicides with auxin transport 

inhibitors, or similar acting compounds could have an effect in controlling herbicide resistant 

weeds, like Palmer amaranth.  Burton et al (2008), found that cyclanilide inhibited the 

movement of [
3
H]IAA efflux in etiolated corn coleoptiles by 10µM cyclanilide.  Although 

the exact mechanism in which cyclanalide works is not completely understood at this time.  

There are other inhibitors of auxin transport or signaling one of which was discussed in a 

recent patent.   

A recent patent outlined specific uses of the auxin transport inhibitor 1-naphthylacetic 

(naptalam) with another synthetic auxin herbicide with the intent to have a synergistic effect 

in controlling troublesome weeds (Patzoldt et al. 2010).  Naptalam is a potent inhibitor of 

auxin efflux or the removal of auxin from the plant cell from the cytoplasm to the periplasm.  

Naptalam binds with high affinity to a plasma membrane protein in both monocotyledonous 

and dicotyledonous plants (Subramanian et al. 1997; Hakman et al. 2009; Petrasek et al 2006; 

Rubery 1990).  When applied, plant growth and development is impeded, specifically in the 

plants response to gravity and also the inhibition of lateral root development (Muday and 

Haworth 1994; Lomax et al. 1995).      

A third auxin transporter, diflufenzopyr was found to have synergistic properties with 

synthetic auxins.  Diflufenzopyr enhanced the activity of synthetic auxins by growth 
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inhibition, hydrogen peroxide overproduction and progressive tissue damage (Grossmann et 

al. 2002).  Diflufenzopyr was also observed to increase control in leafy spurge (Euphorbia 

esula) and Canada thistle (Cirsium arvense) in synthetic auxins, although influence of 

diflufenzopyr was varied by synthetic auxin (Lym and Deibert 2005).  In the case of all three 

additives, they make up a group of chemicals known as phytotropins (Kateker et al. 1981; 

Brunn et al. 1994).  Furthermore, certain auxin transport inhibitors were found to have 

herbicidal effects alone (Dhonukshe et al. 2007; Hakman et al. 2009)  

 Phytotropins affect normal auxin flow by blocking the polar transport of auxin (Tsuda 

2010; Hakman et al 2009; Patrasek et al 2006).  The polar transport of auxin is the 

coordinated process in which auxin is transported in a cell to cell process from site of 

synthesis to the site of action, moving in a basipetal or downward direction from the shoot 

apex to the roots. Once auxin reaches the roots, auxin can move either basipetal or acropetal, 

upward, directions in roots (Friml 2003; Swarup and Bennet 2003).  There are three principle 

protein groups that allow for this type of movement:  AUX1, PIN, and PGP (Blakeslee et al 

2005, Sieberer and Leyser 2006, Teale et al 2006).  PIN proteins are localized within the cell 

membrane asymmetrically, allowing for directionality in cell-to-cell auxin flow (Zazimalova 

et al. 2007).  Auxin movement into the cell occurs by diffusion of the protonated form of 

auxin, but auxin also utilizes AUX1/LAX carrier proteins (Marchant et al 1999; Kramer and 

Bennett 2006; Yang et al 2006; Kerr and Bennett 2007).   

 PGPs, P-glycoproteins, are members of the ATP-binding cassette (ABC) membrane 

transporters (Luschnig 2002).  It has been observed that PGPs have an effect on applied 

herbicides to plants (Buss and Callaghan 2008).  The precise mechanism of PGP action is 
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still unclear, however a model has been introduced, in which the proteins acts as a “flippase”.  

In this model, a substrate, either in the cytoplasm or within the lipid bilayer, binds to a 

chamber within the PGP molecule.  Through conformation changes, the foreign substrate is 

“flipped” to the extracellular medium, thus detoxifying the cell.  The flipping process does 

require energy, which is provided by the hydrolysis of ATP (adenosine triphosphate) (Buss 

and Callaghan 2008; Higgens and Gottesman 1992).  Given this information it could be 

hypothesized that herbicide families other than synthetic auxins and/or other herbicides used 

to control Palmer amaranth could benefit from the inhibition of these protein channels (Buss 

and Callaghan 2008).  

Tank mixtures of herbicides or applications of herbicides with differing modes of 

actions at the same time have been found to be effective in reducing selection pressure, thus 

reducing the probability of herbicide resistant weeds (Beckie 2006; Walsh and Powles 2007; 

Peterson 1999).  One resistant weed species in particularly that has given the Southern 

United States a great difficulty is Palmer amaranth (Amaranthus palmerii).  Glyphosate 

resistant Palmer amaranth has quickly spread throughout the south dominates the agricultural 

landscape due in part by its rapid growth, prolific seed production, genetic diversity, and the 

ability to acclimate itself to many environments/ conditions (Ward et al. 2013; Jha et al. 

2008; Massinga 2003).  Palmer amaranth has been found to be resistant to not only be 

resistant to glyphosate but also ALS inhibitors, HPPD inhibitors, atrazine and dinitroanalides 

(Heap 2014).  In some cases certain genotypes of Palmer amaranth are resistant to multiple 

modes of action in within the same population.  Palmer amaranth also has had significant 

negative effects on crop yield (Klingaman and Oliver 1994; Massinga et al. 2001; Burke et 
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al. 2007; Garvey et al. 2013; Morgan et al. 2001).   Palmer amaranth is not only a problem of 

Southern agriculture, recently glyphosate-resistant Palmer amaranth has been discovered  as 

far north as Pennsylvania and Michigan, and as far west as California (Heap 2014).   

From these findings, it is possible that herbicidal action with in the plant can be 

altered with the addition of certain plant transport inhibitors.  With the obvious benefits from 

synthetic auxins with diflufenzopyr, NPA, and cyclanalide synergism is very possible.  With 

additional information on PGP proteins a whole new understanding of tank mix herbicides 

could be utilized.  All this information could lead to beneficial findings to aid in the control 

of Palmer amaranth, particularly herbicide resistant Palmer amaranth. 

Material and Methods 

Research was conducted under a greenhouse setting at the North Carolina State 

University Method Road Greenhouses in Raleigh, North Carolina.  Palmer amaranth were 

planted in 10 X 10 cm flat inserts
1
 with Fafard 2B potting mix

2 
and grown under 1000W 

metal halide bulbs with a day-length of 14 hours (19,000 lx) with a day-length of 14 hours 

and at average day and night temperature of 31°C / 25°C repectively.  Plants were watered 

and fertilized with Peter’s 20-20-20
3
 as needed, thinned to four plants pot, and grown to a 

size of 10 cm.  The experimental design was a random complete block, consisting of five 

replications per experiment and repeated over time. Main treatment factors were 3 PPO-

inhibiting herbicides (aciflourfen, fomesafen, and lactofen) and 3 plant transport inhibitors 

(cyclanalide, diflufenzopyr, and napthalam).  Treatments consisted of the combination of 

fomesafen
4
 at 2.7 g a.i./ ha, lactofen

5
 at 2.6 g a.i./ ha, or aciflurofen

6
 at 2.8 g a.i./ha with four 

rates of plant transport inhibitors. Herbicide rates were determined through preliminary dose 
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response experiments to find the rate where Palmer amaranth plants showed 50% injury (data 

not shown). DFF
7
 was applied at 7, 14, 28, 56, 112 g a.e./ha which corresponds to 0.25x, 

0.5x,1x, 2x, 4x. Diflufenzopyr rate was based on the 2.5:1 additive to herbicide ratio found in 

a commercial dicamba + diflufenzopyr premix (Anonymous 2009). CYC and NPA 1x rates 

were determined by dose response experiments to match the control observed with 1x rate of 

diflufenzopyr (data not shown).  NPA
8
 was applied at 0.25x, 0.5x,1x, 2x, or 4x with 1x 

corresponding to 265 g a.i./ha. CYC
9 

was applied at 0.125x, 0.25x, 0.5x, 1x, or 2x with 1x 

corresponding to 8,904 g a.i./ha.  Non-ionic surfactant at 0.5% v/v was added to all 

treatments.  Treatments were applied via a spray chamber
10

 calibrated to deliver 140 L/ ha of 

solution at 206 kPa through a TT 8002 EVS nozzle.  Control of Palmer amaranth plants was 

rated at 24, 48, 72 hours after treatment (HAT), and 7 days after treatments (DAT) expressed 

as percentage, using a scale ranging from 0 (no control) to 100 % (plant death).  Plants were 

harvested and fresh weights taken after 7 DAT rating.  Plants were then placed in an oven for 

72 hours to dry. Following the drying process dry weights for plants were then recorded. 

Statistical analysis was conducted in SAS 9.3
11

, ANOVA was conducted using PROC 

GLM procedure and means were separated using Fisher’s Protected LSD (p≤0.05).  Previous 

dose response data of transport inhibitiors was used to determine synergism with herbicides 

(data not shown).  The most widely used model for calculating synergism in herbicide mixes was 

developed by S.R. Colby in 1967.  He suggested the expected (E) percent inhibition of growth by 

Herbicide A plus Herbicide B.  A1 is the percent inhibition of growth by Herbicide A at Rate 1 and B1 

is the percent inhibition of growth by Herbicide B at Rate 1.  Creating the following formula: 

𝐸 = 𝐴1
𝐵1(100 − 𝐴1)

100
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Colby manipulated the previous formula by converting the percent inhibition values to percent of 

control: 

𝐸1 = 𝐴1𝐵1/100 

With E1 being expected growth and where A1 and B1 are defined as growth (percent of control) rather 

than inhibition of growth. 

A major limitation of Colby’s method is its lack of statistical test for deviations from the 

predicted response.  Thus Flint et al. developed an algorithm to analysis these deviations.  Regarding 

differing slopes are estimated by the responses of herbicides A or B alone (Appendix A).  Where 

A0B0 is a non-treated, AxB0 is Rate x Herbicide A alone, A0By is Rate y of Herbicide B alone, and 

AxBy is Rate x of Herbicide A combined with Rate y of Herbicide B alone.  Positive slope estimates 

indicate antagonism and negative slope estimates indicate synergism, when considering biomass as 

your growth indicator.  Significance is determined by using from an α= 0.05.  If the treatment is 

neither significantly antagonistic nor synergistic, the treatment is considered to be additive in nature.  

Significant synergistic or antagonistic data is coupled with significant visual control data to determine 

if synergistic or not.  If antagonism is determined and the treatment was observed to be significantly 

higher than the herbicide alone, the treatment is considered to be additively beneficial.   

 

Results and Discussion 

Effects of Transport Inhibitors with fomesafen 

 Fomesafen applied alone at 1x rate controlled Palmer amaranth 5%, 12%, and 11% 

when evaluated 24, 48, and 72 HAT, respectively (Figure 4A). When evaluated 7 days after 

treatment (DAT), fomesafen control of Palmer amaranth was 19% (Figure 4D).   The 

addition of DFF from 0.25x to 2x did not significantly increase Palmer amaranth control 24 
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HAT, however 4x DFF did significantly increase control to 12%.  The addition of DFF from 

0.25x to 2x did not significantly increase control of Palmer amaranth 48 HAT, however the 

addition of a 4x rate of DFF to fomesafen significantly increased control to 27% (Figure 4B).    

DFF applied at 0.5x and 4x significantly increased control to 21% and 37%, respectively 

when evaluated 72 HAT (Figure 4C). The addition of DFF at 0.25x from to 2x had no 

significant increase in control at 7 DAT, however at 4x control was significantly increased to 

55% (Figure 4D).      

A 2x rate of CYC significantly increased fomesafen activity on Palmer amaranth to 

15% 24 HAT while all other rates showed no significant response (Figure 4A). A similar 

response was observed when Palmer amaranth was evaluated at 48 HAT (Figure 4B).  

Similar to the response observed with DFF (4x), CYC at 2x rate significantly increased 

fomesafen activity to 23% while all other rates did not significantly increase control 48 HAT.  

The addition of CYC at the 2x rate significantly increased fomesafen activity to 27%, all 

other rates of CYC had no significant effect on fomesafen activity 72 HAT. The addition of 

CYC had no significant increase in activity from 0.125x to 1x, however at 2x, control 

significantly increased to 59% 7 DAT (Figure 4D).    

No increase in fomesafen activity on Palmer amaranth was observed when NPA was added at 

any rate 24, 48, 72 HAT, or 7 DAT.      

Fresh weight of Palmer amaranth when fomesafen was applied alone was 5.99 g 

(Figure 5A).  The addition of 0.25x to 2x DFF resulted in no significant difference in fresh 

weight, however when DFF was applied at 4x, Palmer amaranth fresh weight was 

significantly decreased to 4.00 g.  No significant difference in fresh weight was noted with 
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the addition of NPA to fomesafen.  The addition of CYC, no significantly decrease in fresh 

weight was noted from 0.125x to 1x, however at 2x fresh weight was reduced to 4.6g.  Dry 

weights of Palmer amaranth when treated with fomesafen were 1.18g (Figure 5B).  The 

addition of DFF to fomesafen resulted in no significant impact on weight for rates of 0.25x to 

2x, however when DFF was added at 4x, weight was significantly reduced to 0.82 g.  No 

significant differences were observed with the addition of NPA at any rate.  No significant 

difference in weight was noted when CYC was added from 0.125x to 1x, however at 2x dry 

weight was significantly decreased to 0.5 g.     

Using the method as proposed by Flint et al. 1988, biomass samples were used to 

determine the synergistic properties of additives when combined with fomesafen (Table 1).  

Significant synergism was observed on Palmer amaranth treated with fomesafen plus 

diflufenzopyr at the 0.25x, 1x, 2x, or 4x rates.  Similarly, the addition of 0.25x or 0.5x 

cyclanalide to fomesafen resulted in synergistic effects on Palmer amaranth.  Fomesafen 

combined with napthalam was noted to have synergistic effects across all levels of treatment.  

This could be due to fomesafen not having a significant effect on visual control of Palmer 

amaranth, but rather fomesafen plus plant transport inhibitors affecting only biomass.   

Effects of Transport Inhibitors with lactofen 

 Lactofen applied alone resulted in greater injury than fomesafen applied alone at all 

evaluation times (Figure 6A-D). When evaluated at 24 HAT, application of lactofen resulted 

in 22% control of Palmer amaranth.  Control of Palmer amaranth increased to 31% 48 HAT, 

and continued to increase to 39% when evaluated 72 HAT (Figure 6B and 6C). Palmer 
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amaranth control reached a maximum of 51% with lactofen applied alone when evaluated 7 

DAT (Figure 6D).  

The addition of DFF at rates of 0.25x, 0.5x, and 2x significantly increased Palmer 

amaranth control to 36%, 37%, and 38%, respectively 24 HAT.  The addition of DFF at 

0.25x, 0.5x, 1x, or 4x had no significant effect on control, however at the 2x rate significantly 

increased control to 47% 48 HAT.  The addition of DFF to fomesafen resulted in no 

significant difference in control when evaluated 72 HAT for the 0.25x, 1x, or 4x rates; 

however significant increases of 55% or 53% were observed where DFF was added at 0.5x or 

2x, respectively. The final rating at 7 DAT showed no significant difference in control when 

DFF was added at 0.25x, 1x, or 4x rates (Figure 6D).  Significant increases in control were 

observed when 0.5x or 2x DFF rates were added to lactofen, resulting in 65% control for 

both rates. 

CYC at rates of 0.25x to 2x significant increases in control was noted, with control 

being from 32% to 55%, respectively.  A peak in control with CYC at 1x was 60%.  The 

addition of CYC increased control with rates 0.5x, 1x, or 2x to 57%, 70%, or 72% 

respectively.  No other rates of CYC at 48 HAT had significant increases in control.  CYC 

had no significant increase in control with 0.125x or 0.25x however significant increases in 

control with 0.5x, 1x, or 2x to 60%, 72%, or 81% respectively. The addition of CYC had no 

significant increases in control with 0.125x or 0.25x, however significant increases with 0.5x, 

1x, or 2x to 69%, 75%, or 88% respectively.   
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No significant increase in control was noted with the addition of NPA at 24, 48, or 72 

HAT. Similarly, the final 7 DAT rating showed no significant differences in Palmer 

amaranth control lactofen was applied with NPA at any rate (Figure 6D).   

Fresh weight of Palmer amaranth (Figure 7A) applied with lactofen was 5.7g.  No 

significant decrease in fresh weight with DFF or NPA.  CYC had no significant decrease in 

fresh weight from 0.125x to 0.5x, however a significant decrease in fresh weight with 1x or 

2x to 4.1g or 2.8g respectively.  Dry weight of Palmer amaranth (Figure 7B) applied with 

lactofen was 1.4g. No significant decrease in dry weight with the addition of DFF or NPA.    

CYC had no significant decrease in weight with 0.125x or 0.25x was observed, however 

0.5x, 1x, or 2x had significant decreases in dry weight at 1.2, 0.8, or 0.5g.     

   Using the method as proposed by Flint et al. 1988, biomass was used to determine 

synergism of additives when combined with lactofen.  No synergism was found for any level 

of diflufenzopyr when added to lactofen.  However significant antagonism was noted with 

lactofen plus diflufenzopyr at the 0.25x rate. No significant synergism or antagonism was 

noted at any rate of cyclanalide plus lactofen.  Antagonism was observed in lactofen plus 

napthalam rates of 0.25x, 0.5x, 1x, or 2x.      

Effects of Transport Inhibitors with aciflurofen 

 24 HAT during the first experimental run, control of Palmer amaranth with 

aciflurofen was 5% (Figure 8A).  No significant increases in control with the addition of DFF 

or NPA.  No significant increases of CYC at 0.125x or 0.25x, however 0.5x to 2x were 

significantly increased in control at 38 to 42% respectively.  24 HAT in the second 

experimental run (Figure 8B) control of Palmer amaranth with lactofen was 17%.  No 
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significant increases in control with the addition of DFF or NPA.  of CYC had no significant 

increase in control with 0.125x or 0.25x, however 0.5x, 1x, or 2x to 22%, 27%, 20 28% was 

a significant increase.  48 HAT (Figure 8C) in the first experimental run control of Palmer 

amaranth with aciflurofen was 10%.  No significant increases in control with the addition of 

DFF or NPA.  Addition of CYC at 0.125x or 0.25x were not significantly increased in 

control, however 0.5x, 1x or 2x significantly increased control to 41%, 62%, or 62.5% 

respectively.  48 HAT during the second experimental run (Figure 8D) aciflurofen controlled 

Palmer amaranth was 18%.  No significant increases of control with the addition of DFF at 

0.25x, 0.5x, 2x, or 4x, however 1x had a significant increase in control to 22%.  No 

significant increase in control with the addition of NPA.  The addition of CYC at 0.125x or 

0.25x did not significantly increase control.  0.5x, 1x, or 2x did significantly increase control 

to 30%, 37%, or 40% respectively.  72 HAT during the first experimental run (Figure 9A) 

control of Palmer amaranth with lactofen was 17%.  No significant increases in control with 

DFF or NPA.  CYC applied at 0.125x or 0.5x had no significant increase in control, however 

0.5x, 1x, or 2x had significant increase to 48%, 75, or 76% respectively.  72 HAT (Figure 

9B) during the second experimental run control of Palmer amaranth with aciflurofen was 

19%.  No significant increase of control with the addition of DFF at 0.25x, 0.5x, 4x, however 

1x or 2x had significant increases to 30% or 29% respectively.  Addition of NPA from 0.5x 

to 4x had no significant increase in control, 0.25x however had significant increase in control 

at 23%.  CYC had no increase in control with 0.125x.  CYC did significantly increase in 

control linearly with 0.25x to 2x from 23% to 41% respectively. 7 DAT during experimental 

run 1 (Figure 9C) control of Palmer amaranth with aciflurofen was 19%.  No significant 
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increase of control in DFF or NPA additions.  The addition of CYC at 0.125x or 0.5x did not 

significantly increase control, however 0.5x, 1x, or 2x were significantly increased in control 

at 42%, 71%, or 71.5%.  7 DAT during the second experimental run (Figure 9D) control of 

Palmer amaranth with aciflurofen was 21%.  The addition of DFF had significant increases in 

control the highest being 1x at 40%.  No significant increase in control with NPA at 0.5 to 

2x, however 0.25x or 4x had increased control at 36% or 35% respectively.  CYC did not 

significantly increase in control at 0.125x, however 0.25x to 2x significantly increased 

linearly from 38% to 50%.   

Fresh weight of Palmer amaranth during the first experimental run (Figure 10A) when 

acifluorfen was applied was 6g.  No significant decreases in fresh weight for additions of 

DFF or NPA.  The addition of CYC had no significant decrease in fresh weight at 0.125x, 

0.25x to 2x had significant linear decreases in fresh weight from 4.1g to 1.8g respectively.  

Fresh weight of Palmer amaranth during the second experimental run (Figure 10B) when 

applied with aciflurofen was 7g.  No significant decrease in fresh weight for DFF or NPA.  

However at 0.25x of NPA a significant increase in fresh weight occurred.  The addition of 

CYC a significant decrease in fresh weight for 0.25x or 2x to 6.2 or 5.5g respectively.  All 

other CYC rates did not significantly decrease fresh weight.  Dry weight of Palmer amaranth 

during the first experimental run (Figure 10C) when applied with aciflurofen was 1.51g.  No 

significant decrease in dry weight with DFF or NPA.  CYC addition resulted in a significant 

linear decrease in dry weight for all rates.  Weights ranged from 1.2 to 0.48g respective to 

highest to lowest rate.  Dry weight of Palmer amaranth during the second experimental run 

(Figure 10D) when applied with aciflurofen was 1.6g.  No significant decrease in dry weight 
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for DFF or NPA.  No significant decrease in CYC with 0.125x to 1x, however a significant 

decrease in dry weight with 2x to 0.99g respectively.   

  Using the method as proposed by Flint et al. 1988, biomass samples were used to 

determine synergistic properties of additives when combined with aciflurofen.  During the 

first experimental run aciflurofen plus diflufenzopyr showed significant antagonism with 

diflufenzopyr at rates of 0.5x or 1x.  Cyclananide plus aciflurofen at rates of 0.5x or 1x was 

noted to be synergistic.  Neither significant synergism nor antagonism was noted at any rate 

of napthalam plus aciflurofen.  During the second experimental run aciflurofen plus 

diflufenzopyr was noted to have neither synergism nor antagonism at any rate. Cyclanalide 

plus aciflurofen was noted to have antagonism at rate levels of 0.125x, 0.5x, 1x, or 2x.  All 

rates of napthalam were noted to be antagonistic when combined with aciflurofen in the 

second experimental run. 

Conclusions  

Synergistic combinations of fomesafen with diflufenzopyr were observed at the 2x 

DFF rate.  Additionally, in the first experimental run of aciflurofen, a significant increase in 

visual control and a significant synergistic response of biomass was observed when 

aciflurofen was combined with cyclanalide at the 0.5x or 1x rate.  However no synergism 

was noted with these treatments during the second experimental run.  All other significant 

increases in herbicidal activity when an herbicide is combined with a specific additive could 

still be considered beneficial and a possible management tool for Palmer amaranth.   

During experimentation lower than 50% control was noted with herbicides alone, 

specifically with fomesafen and aciflurofen at 20% resepectivly.  These low levels of control 
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cause concern about lack of control due to potentially lower than nessessary rates.  These 

lower visual controls could be attributed to the variability in size of each palmer plant, the 

genetic diversity within the experimental palmer populations, or environmental factors such 

as light or water present during experminentation.  Herbicide rates could be increased to 

deter lower visual controls, however increasing herbicide rates too high could defeat the 

porpose of lower rates to note increases with activity when an additive is present. 

Additionally, given the increases noted with specific transport inhibitor rates + herbicide 

mixtures,   .   

Future experimentation could examine multiple combinations of auxin transport 

inhibitors or utilizing higher rates of additives with PPO inhibiting herbicides to enhance 

synergistic effects.  With, napthalam being primarly used  as a pre-emergant herbicide, 

further research could be considered in conjunction with one of the most widely used pre-

emergant herbicide in the PPO inhibiting class of herbicies.  Crop safety is a necessary 

consideration for these combinations to be fully effective, therefore further testing on crop 

tolerance is needed.  
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Source of Materials 

1
Pots, Wyatt- Quarles, Garner, NC 27529 

2
Soil Medium, Sun Gro Horticulture, Agawam, MA 01001 

3
Fertilizer, JR Peters Inc., Allentown, PA 18106 

4
Fomesafen Herbicide, Cheminova Inc., Research Triangle Park, NC 27709 

5
Lactofen Herbicide, Valent U.S.A Corporation, Walnut Creek, CA 94596 

6
Aciflurofen Herbicide, United Phosphorus Inc., King of Prussia, PA 19406 

7
Diflufenzopyr Additive, BASF Corporation, Research Triangle Park, NC 27709 

8
Napthalam Additive, Crompton Manufacturing Company, Middlebury, CT 06749 

9
Cyclanalide Additive, Bayer Cropscience LP, Research Triangle Park, NC 27709 

10
Spray Chamber, DeVries Manufacturing, Hollandale, MN 560453 

11
SAS Statistical Software, Version 9.3, Cary, NC 27513 
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Figure 4. Control with fomesafen alone (NA) or in combination with DFF, NPA, or 

CYC. A) 24 HAT. B) 48 HAT. C) 72 HAT. D) 7 DAT. * = significant increase in control. 
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Figure 5. Weights of Palmer amaranth with fomesafen alone (NA) or in combination 

with DFF, NPA or CYC. A) Fresh weight. B) Dry Weight. *= significant decrease in weight. 

CHK= Control 
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Figure 6. Control with lactofen alone (NA) or in combination with DFF, NPA, or 

CYC. A) 24 HAT. B) 48 HAT. C) 72 HAT. D) 7 DAT. *= significant increase in control. 
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Figure 7. Weights of Palmer amaranth with lactofen alone (NA) or in combination 

with DFF, NPA or CYC. A) Fresh weight. B) Dry Weight. *= significant decrease in weight. 

CHK= Control 
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Figure 8. Control with aciflurofen alone (NA) or in combination with DFF, NPA, or 

CYC. A) 24 HAT Experimental run 1 B) 24 HAT Experimental run 2 C) 48 HAT 

Experimental run 1 D) 48 HAT Experimental run 2. *= significant increase in control 
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Figure 9. Control with aciflurofen alone (NA) or in combination with DFF, NPA, or 

CYC. A) 72 HAT Experimental run 1 B) 72 HAT Experimental run 2 C) 7 DAT 

Experimental run 1 D) 7 DAT Experimental run 2. *= significant increase in control 
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Figure 10. Weights of Palmer amaranth with aciflurofen alone (NA) or in 

combination with DFF, NPA or CYC. A) Fresh weight Experimental run 1. B) Fresh weight 

Experimental run 2 C) Dry Weight Experimental run 1. D) Dry Weight Experimental run 2 

*= significant decrease in weight. **= Significant increase in weight. CHK= Control 
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Table 1. The estimated synergistic effects of additives (dry weights) when combined with 

fomesafen.  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, NPA= napthalam 

 

 

 

 

 

Fomesafen 
Additive Rate Estimate Standard 

Error 

t Value Pr > |t| Significant 

Increase in 

Control 

SYN, 

ANT, 

or 

ADD 

DFF at 0.25x 

DFF at 0.5x 

DFF at1x 

DFF at 2x 

DFF at 4x 

-0.1813 

-0.1189 

-0.1776 

-0.1846 

-0.3464 

0.07133 

0.07133 

0.07133 

0.07133 

0.07133 

-2.54 

-1.67 

-2.49 

-2.59 

-4.86 

0.0125 

0.0986 

0.0143 

0.0110 

<0.0001 

 

 

 

 

* 

ADD 

ADD 

ADD 

ADD 

SYN 

CYC at 0.125x 

CYC at 0.25x 

CYC at 0.5x 

CYC at 1x 

CYC at 2x 

-0.1366 

-0.1493 

-0.1478 

-0.02290 

-0.03613 

0.07261 

0.07261 

0.07261 

0.07261 

0.07261 

-1.88 

-2.06 

-2.04 

-0.32 

-0.50 

0.0628 

0.0422 

0.0443 

0.7530 

0.6198 

 

 

 

 

* 

ADD 

ADD 

ADD 

ADD 

ADD 

NPA at 0.25x 

NPA at 0.5x 

NPA at 1x 

NPA at 2x 

NPA at 4x 

-0.1299 

-0.1323 

-0.1456 

-0.1141 

-0.1377 

0.05399 

0.05399 

0.05399 

0.05399 

0.05399 

-2.41 

-2.45 

-2.70 

-2.11 

-2.55 

0.0179 

0.0159 

0.0082 

0.0369 

0.0122 

 ADD 

ADD 

ADD 

ADD 

ADD 
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Table 2. The estimated synergistic effects of additives (dry weights) when combined with 

lactofen.  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, NPA= napthalam 

Lactofen 
Additive Rate Estimate Standard 

Error 

t Value Pr > |t| Significant 

Increase in 

Control 

SYN, 

ANT, 

or ADD 

DFF at 0.25x 

DFF at 0.5x 

DFF at1x 

DFF at 2x 

DFF at 4x 

0.09129 

0.1810 

0.1783 

0.1823 

0.1406 

0.07832 

0.07832 

0.07832 

0.07832 

0.07832 

1.17 

2.31 

2.28 

2.33 

1.80 

0.2464 

0.0228 

0.0249 

0.0218 

0.0756 

 

* 

 

* 

 

ADD 

ADD 

ANT 

ADD 

ADD 

CYC at 

0.125x 

CYC at 0.25x 

CYC at 0.5x 

CYC at 1x 

CYC at 2x 

0.1842 

0.1162 

0.1387 

0.1418 

0.1552 

0.09335 

0.09335 

0.09335 

0.09335 

0.09335 

1.97 

1.24 

1.49 

1.52 

1.66 

0.0511 

0.2162 

0.1405 

0.1318 

0.0995 

 

 

* 

* 

* 

ADD 

ADD 

ADD 

ADD 

ADD 

NPA at 0.25x 

NPA at 0.5x 

NPA at 1x 

NPA at 2x 

NPA at 4x 

0.1724 

0.1905 

0.2476 

0.2374 

0.2286 

0.08763 

0.08763 

0.08763 

0.08763 

0.08763 

1.97 

2.17 

2.83 

2.71 

2.61 

0.0518 

0.0320 

0.0057 

0.0079 

0.0104 

 

 

 

ADD 

ANT 

ANT 

ANT 

ANT 
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Table 3. The estimated synergistic effects of additives (dry weights) when combined with 

aciflurefen. Experimental run 1.  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, 

NPA= napthalam 

Aciflurefen Run1 
Additive Rate Estimate Standard  

Error 

t Value Pr > |t| Significant 

Increase in 

Control 

SYN, 

ANT, 

or 

ADD 

DFF at 0.25x 

DFF at 0.5x 

DFF at1x 

DFF at 2x 

DFF at 4x 

-0.03518 

0.1272 

0.1055 

0.09450 

0.04033 

0.05169 

0.05169 

0.05169 

0.05169 

0.05169 

-0.68 

2.46 

2.04 

1.83 

.78 

0.4997 

0.0179 

0.0473 

0.0743 

0.4395 

 

ADD 

ANT 

ANT 

ADD 

ADD 

CYC at 0.125x 

CYC at 0.25x 

CYC at 0.5x 

CYC at 1x 

CYC at 2x 

0.00961

3 

-0.05018 

-0.1331 

-0.1976 

-0.09760 

0.06244 

0.06244 

0.06244 

0.06244 

0.06244 

0.15 

-0.80 

-2.13 

-3.16 

-1.56 

0.8784 

0.4260 

0.0386 

0.0028 

0.1252 

 

 

* 

* 

* 

ADD 

ADD 

ADD 

SYN 

ADD 

NPA at 0.25x 

NPA at 0.5x 

NPA at 1x 

NPA at 2x 

NPA at 4x 

0.1098 

0.1079 

0.07921 

0.1074 

0.07910 

0.05772 

0.05772 

0.05772 

0.05772 

0.05772 

1.90 

1.87 

1.37 

1.86 

1.37 

0.0636 

0.0682 

0.1769 

0.0693 

0.1775 

 

ADD 

ADD 

ADD 

ADD 

ADD 
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Table 4. The estimated synergistic effects of additives (dry weights) when combined with 

aciflurofen.  Experimental run 2  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, 

NPA= napthalam 

 

Aciflurofen Run 2 
Additive Rate Estimate Standard Error t Value Pr > |t| Significant 

Increase in 

Control 

SYN, 

ANT, 

or 

ADD 

DFF at 0.25x 0.04283 0.06671 0.64 0.5241 * ADD 

DFF at 0.5x 0.1321 0.06671 1.98 0.0539 * ADD 

DFF at1x 0.1068 0.06671 1.60 0.1165 * ADD 

DFF at 2x 0.04231 0.06671 0.63 0.5292 * ADD 

DFF at 4x 0.1281 0.06671 1.92 0.0612 * ADD 

CYC at 0.125x 

CYC at 0.25x 

CYC at 0.5x 

CYC at 1x 

CYC at 2x 

0.1747 

0.02874 

0.1531 

0.2124 

0.2205 

0.06501 

0.06501 

0.06501 

0.06501 

0.06501 

2.69 

0.44 

2.35 

3.27 

3.39 

0.0101 

0.6606 

0.0231 

0.0021 

0.0015 

 

* 

* 

* 

* 

ADD 

ADD 

ADD 

ADD 

ADD 

NPA at 0.25x 

NPA at 0.5x 

NPA at 1x 

NPA at 2x 

NPA at 4x 

0.1539 

0.1524 

0.1499 

0.1070 

0.1125 

0.05073 

0.05073 

0.05073 

0.05073 

0.05073 

3.03 

3.00 

2.95 

2.11 

2.22 

0.0041 

0.0044 

0.0050 

0.0407 

0.0318 

* 

 

 

 

* 

ADD 

ANT 

ANT 

ANT 

ADD 
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INVESTIGATING SYNTHETIC AUXIN COMBINATIONS WITH PLANT 

TRANSPORT INHIBITORS TO ENHANCE CONTROL OF PALMER AMARANTH 

 

Raymond E. Paynter, Wesley J. Everman, and James D. Burton 

 

The use of multiple herbicidal modes of action at one application is beneficial to 

control herbicide resistant weed species. Addtionaly using multiple herbicidal modes of 

action lessen the chance weeds adapting resistant biotypes.  Research was conducted under a 

greenhouse setting at the North Carolina State University Method Road Greenhouses.  

Palmer amaranth was treated under a factorial experimental design with synthetic auxins via 

a spray chamber.  Treatments consisted of the combination of 2, 4-D at 56 g a.e./ ha or 

dicamba at 77 g a.e/ ha with four rates of plant transport inhibitors.  Diflufenzopyr (DFF) at 

7, 14, 28, 56, 112 g a.e./ha corresponding to 0.25x, 0.5x,1x, 2x, or 4x.  Napthalam (NPA) 

was applied at 0.25x, 0.5x,1x, 2x, or 4x with 1x corresponding to 265 g a.i./ha. Cyclanalide 

(CYC)
 
was applied at 0.125x, 0.25x, 0.5x, 1x, or 2x with 1x corresponding to 8,904 g a.i./ha.    

 The only treatment to have any significant increase in herbicidal activity was 

2,4-D plus cylanalide at the 2x rate.  Only antagonism was noted for any combination of 

diflufenzopyr, cyclanalide, or napthalam when combined with 2,4-D.  On the first trail run, 

significant increases to herbicidal activity can be observed with dicamba plus cyclanalide at 

0.5x or 2x from dicamba alone.  In the second trial run however, an increase in control was 

observed in dicamba with diflufenzopyr at the 1x rate or napthalam at the 2x rate.  Dicamba 

plus any rate of diflufenzopyr resulted in antagonism.  Furthermore, antagonism was 

calculated in both cyclanalide and napthalam at all rates of each respective chemical. 
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Combinations that were noted to not be synergistic, yet showed significant increases in 

herbicidal activity could be considered additive. 

Introduction 

 Synthetic auxins such as 2,4-D or dicamba, are a class 4 (WSSA classification) 

herbicide control mostly dicotyledonous plants, including Palmer amaranth.  Natural auxins 

are plant hormones that regulate plant cell growth, primarily cell elongation and 

differentiation (Devine et al. 1993).   Synthetic auxin binds to the Skp1, Cul1, and an F-box 

protein, commonly known as the SCF complex.  Synthetic auxins specifically bind to the F-

box segment (TIR1) of the complex (Walsh and Schmitzer 2012).  Binding to the complex 

promotes an interaction with target auxin transcriptional repressors to form a triplet complex 

(Walsh and Schmitzer 2012).  The resulting E3 Ubligase (SCF
TIR1/AFB

) complex ubiquitinates 

the bound auxin transcriptional repressor by an E2 UB-ligase, resulting in the destruction of 

the 26S proteasome.  Auxin response factor (ARF) is then released from repression and binds 

to the auxin- response element of auxin responsive genes, allowing for the possibility of 

transcription (Walsh and Schmitzer 2012).   

The symptomology of auxin herbicides after application is first noted with 

uncontrolled growth, leading to stem and petiole elongation and curling, stem and petiole 

thickening, and differentiation of new cells and organs.  Mobilization of metabolic reserves is 

needed to fuel the excessive growth brought on by auxin herbicides, leading to loss of 

cellular functions, cellular integrity, and repair capacities. Additionally, loss of membrane 

functions such as semi-permeability and compartmental separation causes autolysis, 

desiccation, and eventual disintegration of the tissue (Devine et al 1993).   
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New advancements in technology have brought about a new tool to be utilized in 

combating resistant weed species using previously discovered modes of action.  Specifically 

with synthetic auxins is the creation soybeans and cotton resistant to 2,4-D or dicamba 

(Behrens et al. 2014, Duke and Cerdeira 2010, Wright et al. 2010).        

Evidence has shown that additives affecting on auxin transport can have synergistic 

properties with herbicides (Patzoldt et al. 2010; Deibert and Lym 2005; Burton et al. 2008; 

Pedersen 2006).  Burton et al (2008), found that cyclanilide inhibited the movement of 

[
3
H]IAA efflux in etiolated corn coleoptiles by 10µM cyclanilide.  Although the exact 

mechanism in which cyclanalide works is not completely understood at this time.  There are 

other inhibitors of auxin transport or signaling one of which was discussed in a recent patent. 

A recent patent outlined specific uses of the auxin transport inhibitor 1-naphthylacetic 

(naptalam) with another synthetic auxin herbicide with the intent to have a synergistic effect 

in controlling troublesome weeds (Patzoldt et al. 2010).  Naptalam is a potent inhibitor of 

auxin efflux or the removal of auxin from the plant cell from the cytoplasm to the periplasm.  

When applied, plant growth and development is impeded, specifically in the plants response 

to gravity and also the inhibition of lateral root development (Muday and Haworth 1994; 

Lomax et al. 1995 Subramanian et al. 1997; Hakman et al. 2009; Petrasek et al 2006; Rubery 

1990).     

A third auxin transporter, diflufenzopyr was found to have synergistic properties with 

synthetic auxins.  Diflufenzopyr enhanced the activity of synthetic auxins by growth 

inhibition, hydrogen peroxide overproduction and progressive tissue damage (Grossmann et 

al. 2002).  Diflufenzopyr was also observed to increase control in leafy spurge (Euphorbia 
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esula) and Canada thistle (Cirsium arvense) in synthetic auxins, although influence of 

diflufenzopyr was varied by synthetic auxin (Lym and Deibert 2005).  In the case of all three 

additives, they make up a group of chemicals known as phytotropins and have herbicidal 

effects alone (Kateker et al. 1981; Brunn et al. 1994; Dhonukshe et al. 2007; Hakman et al. 

2009).   

Phytotropins affect normal auxin flow by blocking the polar transport of auxin (Tsuda 

2010; Hakman et al 2009; Patrasek et al 2006).  The polar transport of auxin is the 

coordinated process in which auxin is transported in a cell to cell process from site of 

synthesis to the site of action, moving a downward direction from the shoot apex to the roots. 

Once auxin reaches the roots, auxin can move either basipetal or acropetal, upward, 

directions in roots (Friml 2003; Swarup and Bennet 2003).  There are three principle protein 

groups that allow for this type of movement:  AUX1, PIN, and PGP (Blakeslee et al 2005, 

Sieberer and Leyser 2006, Teale et al 2006).  PIN proteins are localized within the cell 

membrane asymmetrically, allowing for directionality in cell-to-cell auxin flow (Zazimalova 

et al. 2007).   Auxin movement into the cell occurs by diffusion of the protonated form of 

auxin, but auxin also utilizes AUX1/LAX carrier proteins (Marchant et al 1999; Kramer and 

Bennett 2006; Yang et al 2006; Kerr and Bennett 2007).  PGPs, P-glycoproteins, are 

members of the ATP-binding cassette (ABC) membrane transporters (Luschnig 2002).   

PGPs are capable of acting both independently or in concert with PIN proteins 

(Blakeslee et al 2007).  PGPs have been observed to have a detoxification function (Geislet 

and Murphy 2005).  Given these other functions, it has been observed that PGPs have an 

effect on applied herbicides to plants (Buss and Callaghan 2008).  In a model, a substrate, 
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either in the cytoplasm or within the lipid bilayer, binds to a chamber within the PGP 

molecule.  Through conformation changes, the foreign substrate is “flipped” to the 

extracellular medium, thus detoxifying the cell.  The flipping process does require energy, 

which is provided by the hydrolysis of ATP (adenosine triphosphate) (Buss and Callaghan 

2008; Higgens and Gottesman 1992).  Given this information it could be hypothesized that 

herbicide families other than synthetic auxins and/or other herbicides used to control Palmer 

amaranth could benefit from the inhibition of these protein channels (Buss and Callaghan 

2008).  

Methods other than herbicide resistant crops have been developed to control resistant 

weed biotypes.  Tank mixtures of herbicides or applications of herbicides with differing 

modes of actions at the same time have been found to be effective in reducing selection 

pressure, thus reducing the probability of herbicide resistant weeds (Beckie 2006; Walsh and 

Powles 2007; Peterson 1999).   

The rapid increase in herbicide resistant weeds places serious jeopardy on existing 

herbicides, as well as the agricultural industry as a whole (Powles et al 1997; Heap and 

LeBaron 2001; Delye et al 2013; Busi et al. 2013).  Lack of new novel modes of actions 

being introduced (Powles et at 1997).  Herbicide resistance can be attributed to over usage of 

certain modes of actions or herbicides leading to a high selection pressure for advantageous 

mutations in weed species (Powles et al 1997; Jasieniuk et al 1995).   

 One resistant weed species in particularly that has given the Southern United 

States a great difficulty is Palmer amaranth (Amaranthus palmerii).  Glyphosate resistant 

Palmer amaranth has quickly spread throughout the south dominates the agricultural 
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landscape due in part by its rapid growth, prolific seed production, genetic diversity, and the 

ability to acclimate itself to many environments/ conditions (Ward et al. 2013; Steckel et al. 

2004; Jha et al. 2008).  Palmer amaranth has been found to be resistant to not only glyphosate 

but also ALS inhibitors, HPPD inhibitors, atrazine and dinitroanalides (Heap 2013).  In some 

cases certain genotypes of Palmer amaranth are resistant to multiple modes of action in 

within the same population (Heap 2013).  Palmer amaranth has an effect on yields for a 

variety of crops (Klingaman and Oliver 1994; Massinga et al. 2001; Burke et al. 2007; 

Garvey et al. 2013).   

From these findings, it is possible that herbicidal action with in the plant can be 

altered with the addition of certain plant transport inhibitors.  With the obvious benefits from 

synthetic auxins with diflufenzopyr, NPA, and cyclanalide synergism is very possible.  With 

additional information on PGP proteins a whole new understanding of tank mix herbicides 

could be utilized.  All this information could lead to beneficial findings to aid in the control 

of Palmer amaranth, particularly herbicide resistant Palmer amaranth. 

Materials and Methods 

Research was conducted under a greenhouse setting at the North Carolina State 

University Method Road Greenhouses in Raleigh, North Carolina.  Palmer amaranth was 

planted in 10 X 10 cm flat inserts
1
 with Fafard 2B potting mix

2
 and grown under 1000W 

metal halide bulbs with a day-length of 14 hours (19,000 lx) and at average day and night 

temperatures of 31ºC/ 25ºC respectively.  Palmer amaranth was watered and fertilized with 

Peter’s 20-20-20
3
 as needed.  Palmer amaranth plants were thinned to four plants pot and 

grown to a size of 10 cm. The experimental design was set up in a random complete block 
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design, consisting of five replications per experiment and repeated over time.  Main 

treatment factors were 2 synthetic auxin herbicides (2, 4-D and dicamba) and 3 plant 

transport inhibitors (cyclanalide, diflufenzopyr, and napthalam).  Treatments consisted of the 

combination of 2,4-D
4
 at 56 g a.e./ ha or dicamba

5
 at 77 g a.e/ ha with four rates of plant 

transport inhibitors Herbicide rates were determined based off dose response experiments to 

approximate 50% control of Palmer amaranth with the herbicides alone (data not shown). 

DFF
6
 was applied at 7, 14, 28, 56, 112 g a.e./ha which corresponds to 0.25x, 0.5x,1x, 2x, 4x. 

Diflufenzopyr rate was based on the 2.5:1 additive to herbicide ratio found in a commercial 

dicamba + diflufenzopyr premix (Anonymous 2009). CYC and NPA 1x rates were 

determined by dose response experiments to match the control observed with 1x rate of 

diflufenzopyr (data not shown).  NPA
7
 was applied at 0.25x, 0.5x,1x, 2x, or 4x with 1x 

corresponding to 265 g a.i./ha. CYC
8 

was applied at 0.125x, 0.25x, 0.5x, 1x, or 2x with 1x 

corresponding to 8,904 g a.i./ha..  Non-ionic surfactant at 0.5% v/v was added to all 

treatments.  Treatments were applied via a spray chamber
9
 calibrated to deliver 140.1 L/ ha 

of solution at 206.8 kPa through a TT 8002 EVS nozzle.  Palmer plants were rated at 24, 48, 

72 hours after treatment (HAT), and 7 days after treatments (DAT) for percent control, using 

a scale ranging from 0 (no control) to 100% (plant death).  Fresh weights of the plants were 

taken at the 7-day rating.  Plants were then placed in an oven for 72 hours to dry. Following 

the drying process dry weights for plants were then recorded. 

Statistical analysis was conducted in SAS 9.3
10

, ANOVA was conducted using PROC 

GLM procedure and means were separated using Fisher’s Protected LSD (p≤0.05).  Previous 

dose response data of transport inhibitiors was used to determine synergism with herbicides 
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(data not shown).  The most widely used model for calculating synergism in herbicide mixes 

was developed by S.R. Colby in 1967.  He suggested the expected (E) percent inhibition of 

growth by Herbicide A plus Herbicide B.  A1 is the percent inhibition of growth by Herbicide 

A at Rate 1 and B1 is the percent inhibition of growth by Herbicide B at Rate 1.  Creating the 

following formula: 

𝐸 = 𝐴1
𝐵1(100 − 𝐴1)

100
 

Colby manipulated the previous formula by converting the percent inhibition values to 

percent of control: 

𝐸1 = 𝐴1𝐵1/100 

With E1 being expected growth and where A1 and B1 are defined as growth (percent of 

control) rather than inhibition of growth. 

A major limitation of Colby’s method is its lack of statistical test for deviations from 

the predicted response.  Thus Flint et al. developed an algorithm to analysis these deviations.  

Regarding differing slopes are estimated by the responses of herbicides A or B alone 

(Appendix A).  Where A0B0 is a non-treated, AxB0 is Rate x Herbicide A alone, A0By is Rate 

y of Herbicide B alone, and AxBy is Rate x of Herbicide A combined with Rate y of 

Herbicide B alone.  Positive slope estimates indicate antagonism and negative slope 

estimates indicate synergism, when considering biomass as your growth indicator.  

Significance is determined by using from an α= 0.05.  If the treatment is neither significantly 

antagonistic nor synergistic, the treatment is considered to be additive in nature.  Significant 

synergistic or antagonistic data is coupled with significant visual control data to determine if 
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synergistic or not.  If antagonism is determined and the treatment was observed to be 

significantly higher than the herbicide alone, the treatment is considered to be additively 

beneficial.   

 

Results and Discussion 

Effects of Transport Inhibitors with dicamba 

Dicamba applied alone at 1x rate controlled Palmer amaranth 28, 30, 38 at 24,48, and 

72 HAT, respectively (Figure 11 and 12).  During the 7 DAT dicamba alone controlled 

Palmer amaranth at 45% (Figure 12C).  24 HAT DFFat 0.25x, 0.5x, 1x and 4x significantly 

increased in control to 33%, 31%, 31%, and 32% respectively (Figure 11A).  No significant 

increase in control was observed 48 HAT in the first experimental run (Figure 11B).  48 

HAT control of Palmer amaranth with dicamba during the second experimental run DFF 

significantly increased control at 0.25x, 0.5x, 1x, or 4x to 38%, 37%, 41%, or 38% 

respectively, however no significant increase in control was noted at the 2x rate of DFF 

(Figure 11C).  72 HAT no significant increase was observed with DFF during the first 

experimental run (Figure 12A).  However in the second experimental run DFF at 1x 

significantly increased control to 47% (Figure 12B).  7 DAT the addition of DFF had no 

significant increase in control during the first experimental run (Figure 12C). DFF at 1x 

significantly increased control to 67% 7 DAT at the second experimental run (Figure 12D).   

24 HAT NPA at 0.25x significantly increased control to 32% (Figure 11A). No 

significant increase in control was noted with the addition of NPA 48 HAT (Figure 11B and 

11C). No significant increase in control was noted with NPA 72 HAT (Figure 12A and 12B).  
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NPA did not significantly increase control 7 DAT during the first experimental run (Figure 

12C) .  NPA at 2x significantly increased control to 64% 7 DAT during the second 

experimental run (Figure 12D). 

 No significant increase with CYC was recorded at 24, 48, and 72 HAT (Figure 11 

and Figure 12A and 12B).  7 DAT in the first experimental run, CYC at 0.5x and 2x 

significantly increased control to 65% and 66% respectively (Figure 12C).  No significant 

increase in control was noted 7 DAT in the second experimental run (Figure 12D).      

The fresh weight of Palmer amaranth after the application of (Figure 13A) was 8.4g.  

The addition of DFF significantly increased fresh weights of Palmer amaranth for all levels, 

the highest increase at 1x to 12.8g.  The addition of NPA also significantly increased fresh 

weight of Palmer amaranth all levels, the highest increase in weight at 0.25x to 11.8g.  The 

addition of 0.125x significantly increased in weight to 11.3g, no other addition of CYC 

significantly increased in weight.  The increase in weight could likely be caused by DFF, 

NPA, and CYCs ability to disrupt apical dominance causing growth of secondary nodes, 

increasing biomass of additive treated plants.  Dry weights of Palmer amaranth (Figure 13B) 

applied with dicamba was 1.03g.  Significant increases in dry weight with the addition of 

DFF at rates of 0.5x to 4x at 1.26 to 1.3g respectively.  The addition of NPA at 0.25x or 1x 

significantly increased dry weight to 1.33 or 1.35g respectively.  No significant increase in 

dry weight was observed with the addition of CYC 

Using the method as proposed by Flint et al. 1988, biomass samples were used to 

determine the synergistic properties of additives when combined with dicamba (Table 5).   
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Dicamba plus any rate of diflufenzopyr resulted in antagonism.  Furthermore, antagonism 

was calculated in both cyclanalide and napthalam at all rates of each respective chemical.      

Effects of Transport Inhibitors with 2,4-D 

   2,4-D alone at the 1x rate control Palmer amaranth 27%, 30%, 33% at 24, 48, and 72 

HAT (Figure 14).  7 DAT Palmer amaranth was control by 2,4-D alone 44% (Figure 14). 

No significant increase was noted in control was noted with DFF 24 HAT (Figure 

14A).  48 HAT DFF at rates of 1x and 4x had significant increases in control at 36.8% and 

37%, respecitivly (Figure 14B).  No significant increase in control was noted with DFF at 72 

HAT or 7 DAT (Figure 14C and 14D). 

CYC did not significantly increase control 24 or 48 HAT (Figure 14A and 14 B).  

CYC did significantly increase control 72 HAT at the 2x rate to 42% (Figure 14C).  7 DAT 

CYC was noted to increase control at the 2x to 54% (Figure 14D).   

No significant increase was noted 24, 48, 72 HAT and 7 DAT with NPA.  However 

NPA at 4x was noted to significantly decrease control of Palmer amaranth to 21% 24 HAT 

(Figure 14). 

Fresh weight of Palmer amaranth (Figure 15A) applied with 2,4-D weighed 10.6g.  

No significant decrease in fresh weight was noted with the addition of DFF at 0.25x, 0.5x, 

2x, or 4x.  However a significant increase in fresh weight was noted with DFF at 1x to 14.4g.  

No other significant increases or decreases were noted the addition of NPA or CYC.  The dry 

weight of Palmer amaranth that was applied with 2,4-D was 2.1g (Figure 15D).  No 

significant decrease with the addition of 0.25x, 0.5x, 2x, or 4x.  However a significant 

increase in dry weight was noted in 1x rate of DFF at 2.75g.  No significant decrease in 
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weight was noted with the addition of NPA from 0.25x to 2x, however a significant increase 

in 4x rate was noted at 2.63g.  No significant increase or decrease in weight was noted with 

additions of CYC.  This significant increase in weight is likely due to DFF, NPA, and CYCs 

ability to disrupt apical dominance causing branching of plant thus causing an increase in 

plant biomass.      

 The method for calculating synergism that was detailed in the paper by Flint et al. 

(1988) was used to determine if any possible synergism was present with any herbicide 

combinations (Table 6).  After calculation, only significant antagonism was noted for any 

combination of diflufenzopyr, cyclanalide, or napthalam when combined with 2,4-D 

Conclusions 

    No synergistic potential was observed for 2,4-D or dicamba combinations with 

auxin transport inhibitors.  Furthermore, increases in biomass could be attributed to synthetic 

herbicides ability to cause swelling and unusual growth when applied (Devine et al. 1993), as 

was observed when subleathal doses of synthetic auxins were applied by Johnson et al. 

(2011).  Swelling and uncontrolled growth further explain why an increase in fresh weights 

was observed in this experiment.  Managing Palmer amaranth and herbicide resistant weeds 

has become a major concern for Southern farmers, and novel combinations of herbicides may 

provide an additional tool for weed management.          
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Source of Materials 

1
Pots, Wyatt- Quarles, Garner, NC 27529 

2
Soil Medium, Sun Gro Horticulture, Agawam, MA 01001 

3
Fertilizer, JR Peters Inc., Allentown, PA 18106 

4
2,4-D herbicide, Nufarm Inc, Burr Ridge, IL 60527 

5
Dicamba Herbicide, BASF Corporation, Research Triangle Park, NC 27709 

6
Diflufenzopyr Additive, BASF Corporation, Research Triangle Park, NC 27709 

7
Napthalam Additive, Crompton Manufacturing Company, Middlebury, CT 06749 

8
Cyclanalide Additive, Bayer Cropscience LP, Research Triangle Park, NC 27709 

9
Spray Chamber, DeVries Manufacturing, Hollandale, MN 56045 

10
SAS Statistical Software, Version 9.3, Cary, NC 27513 
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Figure 11. Control with dicamaba alone (NA) or in combination with DFF, NPA, or 

CYC. A) 24 HAT. B) 48 HAT experimental run 1. C) 48 HAT experimental run 2. * = 

significant increase in control. 
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Figure 12. Control with dicamaba alone (NA) or in combination with DFF, NPA, or 

CYC. A) 72 HAT experimental run 1. B) 72 HAT experimental run 2. C) 7 DAT 

experimental run 1. D) 7 DAT experimental run 2 * = significant increase in control. 
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Figure 13. Weights of Palmer amaranth with dicamba alone (NA) or in combination 

with DFF, NPA or CYC. A) Fresh weight B) Dry Weight. **= Significant increase in weight. 

CHK= Control 
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Figure 14. Control with 2,4-D alone (NA) or in combination with DFF, NPA, or 

CYC. A) 24 HAT B) 48 HAT. C) 72 HAT. D) 7 DAT * = significant increase in control. 
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Figure 15. Weights of Palmer amaranth with 2,4-D alone (NA) or in combination 

with DFF, NPA or CYC. A) Fresh weight B) Dry Weight. **= Significant increase in weight. 

CHK= Control 
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Table 5. The estimated synergistic effects of additives (dry weights) when combined with 

dicamba.  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, NPA= napthalam 

 

 

 

Dicamba   
Additive 

Rate 

Estimate Standard  

Error 

t Value Pr > |t| Significant 

Increase in 

Control 

SYN,

ANT, 

or 

ADD 

DFF at 0.25x 0.1055 0.05258 2.01 0.0474  ANT 

DFF at 0.5x 0.2387 0.05258 4.54 <0.0001  ANT 

DFF at1x 0.2021 0.05258 3.84 0.0002 * ADD 

DFF at 2x 0.2138 0.05258 4.07 <0.0001  ANT 

DFF at 4x 0.2038 0.05258 3.88 0.0002  ANT 

CYC at 0.125x 0.1803 0.07348 2.45 0.0158  ANT 

CYC at 0.25x 0.2315 0.07245 3.19 0.0019  ANT 

CYC at 0.5x 0.1553 0.07245 2.14 0.0345 * ADD 

CYC at 1x 0.3254 0.07245 4.49 <0.0001  ANT 

CYC at 2x 0.3852 0.07245 5.32 <0.0001 * ADD 

NPA at 0.25x 0.2386 0.06445 3.70 0.0003  ANT 

NPA at 0.5x 0.1634 0.06445 2.53 0.0127  ANT 

NPA at 1x 0.2484 0.06445 3.85 0.0002  ANT 

NPA at 2x 0.2225 0.06445 3.45 0.0008 * ADD 

NPA at 4x 0.2280 0.06445 3.54 0.0006  ADD 
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Table 6. The estimated synergistic effects of additives (dry weigthts) when combined with 

2,4-D.  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, NPA= napthalam 

2,4-D   
Additive Rate Estimate Standard 

Error 

t Value Pr > |t| Significant 

Increase in 

Control 

SYN, 

ANT, or 

ADD 

DFF at 0.25x 

DFF at 0.5x 

DFF at1x 

DFF at 2x 

DFF at 4x 

0.2514 

0.3365 

0.3911 

0.3573 

0.3318 

0.06836 

0.06836 

0.06836 

0.06836 

0.06836 

3.68 

4.92 

5.72 

5.23 

4.85 

0.0004 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

 

ANT 

ANT 

ANT 

ANT 

ANT 

CYC at 0.125x 

CYC at 0.25x 

CYC at 0.5x 

CYC at 1x 

CYC at 2x 

0.3008 

0.2564 

0.3052 

0.4336 

0.5187 

0.07678 

0.07678 

0.07678 

0.07678 

0.07678 

3.92 

3.34 

3.97 

5.65 

6.76 

0.0002 

0.0012 

0.0001 

<.0001 

<.0001 

 

ANT 

ANT 

ANT 

ANT 

ANT 

NPA at 0.25x 

NPA at 0.5x 

NPA at 1x 

NPA at 2x 

NPA at 4x 

0.3289 

0.3313 

0.4021 

0.3693 

0.4175 

0.05892 

0.05892 

0.05892 

0.05892 

0.05892 

5.58 

5.62 

6.82 

6.27 

7.09 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 
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ANT 

ANT 

ANT 

ANT 

ANT 
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NOVEL HEBICIDE COMBINATIONS OF HPPD INHIBITORS WITH PLANT 

TRANSPORT INHIBITORS FOR IMPROVING PALMER AMARANTH CONTROL 

 

Raymond E. Paynter, Wesley J. Everman, and James D. Burton 

 

Over use of a single mode of action for repetitive seasons leads to a high selection 

pressure, which in turn drives weed resistant genotypes to dominate the agricultural 

landscape.  The use of multiple herbicidal modes of action at one application is beneficial to 

control herbicide resistant weed species.  Research was conducted under a greenhouse setting 

at the North Carolina State University Method Road Greenhouses.  Palmer amaranth was 

treated under a factorial experimental design with 4-hydroxyphenylpyruvate dioxygenase 

(HPPD) inhibitors via a spray chamber.  Treatments consisted of the combination of 

topramezone at 5 g a.i./ ha, mesotrione at 26 g a.i./ ha, or isoxaflutole at 22 g a.i/ha with four 

rates of plant transport inhibitors.  Diflufenzopyr (DFF) at 7, 14, 28, 56, 112 g a.e./ha 

corresponding to 0.25x, 0.5x,1x, 2x, or 4x.  Napthalam (NPA) was applied at 0.25x, 0.5x,1x, 

2x, or 4x with 1x corresponding to 265 g a.i./ha. Cyclanalide (CYC)
 
was applied at 0.125x, 

0.25x, 0.5x, 1x, or 2x with 1x corresponding to 8,904 g a.i./ha.  

Topramezone plus cyclanalide at 0.25x, 0.5x, 1x, or 2x being significantly higher in 

herbicidal activity 10 days after application. Only significant antagonism was noted in 

treatments of topramezone plus any rate of diflufenzopyr, cyclanalide, or napthalam. 

10 days after treatment mesotrione plus diflufenzopyr at 0.5x, 2x, 4x, napthalam at 

2x, 4x, cyclanalide at 0.5x, 1x, or 2x were noted to have a significant increase in herbicidal 

activity in the first experimental run.  During the second experimental run 10 days after 
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treatment mesotrione plus diflufenzopyr at 0.25x, 2x, napthalam at 0.5x, 2x, cyclanalide at 

1x, or 2x were noted to be significantly increased in herbicidal activity in the second 

experimental run.  Mesotrione plus diflufenzopyr was found to be either significantly 

synergistic or antagonistic for any rate of diflufenzopyr or cyclanalide.  Significant 

antagonism was observed in treatments of mesotrione plus napthalam at rates of 0.25x or 1x. 

Both isoxaflutole plus cyclanalide at the 1x or 2x rate were significantly higher in 

control when compared to isoxaflutole alone at 10 days after treatment.  Additionally in the 

first experimental run, difluefenzopyr at the 0.5x rate were significantly higher in control 

when compared to isoxaflutole alone.  During the second experimental trial 10 days after 

application isoxaflutole plus cyclanalide at 0.5x was significantly increased in herbicidal 

control when compared to isoxaflutole only.  No significant synergism was noted in any 

combination of isoxaflutole plus diflufenzopyr; however significant antagonism was noted in 

isoxaflutole plus diflufenzopyr at the 2x rate.  Similarly to diflufenzopyr, no significant 

synergism was noted in any combination of isoxaflutole plus cyclanalide; however 

significant antagonism was noted in isoxaflutole plus cyclanalide at rates of 0.5x or 2x.  All 

combinations of napthalam plus isoxaflutole, exept napthalam at 0.25x, were observed to 

have significant antagonistic effects 

Introduction 

4-hydroxyphenylpyruvate dioxygenase (HPPD) is the enzyme that catalyzes the 

oxidative decarboxylation and rearrangement of p-hydroxyphenlpyruvate (HPP) to 

homogentisic acid (HGA). HGA is an important precursor in the synthesis of plastoquinone 

(PQ) (Hamprecht and Witschel 2011, Witschel 2012).  PQ is an essential electron acceptor in 
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the phytoene desaturase reaction of carotenoid biosynthesis, a molecule which serves as an 

accessory light-harvesting pigment in the light-harvesting antenna structure.  HPPD blocking 

of PQ biosynthesis causes stunting and bleaching symptoms (Hamprecht and Witschel 2011, 

Witschel 2012).  The depletion of carotenoids is associated with a light-dependent generation 

of singlet oxygen, which damages lipids and proteins and causes disassembly of the 

photosynthetic complex and the release of free chlorophyll.  Free chlorophyll is 

photodynamically photodestructive and generates singlet oxygen, which leads to further leaf 

pigment destruction and white bleaching (Hamprecht and Witschel 2011, Witschel 2012).   

   Recently new technologies have created HPPD resistant soybeans (Matringe et al 2005 and 

Green et al 2008).   HPPD resistance has already been identified in populations of Palmer 

amaranth in both Kansas and Nebraska (Heap 2013). 

  These new technologies have been created due to the importance of controlling 

resistant weeds.  Tank mixtures of herbicides or applications of herbicides with differing 

modes of actions at the same time have been found to be effective in reducing selection 

pressure, thus reducing the probability of herbicide resistant weeds (Beckie 2006; Walsh and 

Powles 2007; Peterson 1999). 

One resistant weed species in particularly that has given the Southern United States a 

great difficulty is Palmer amaranth (Amaranthus palmerii).  Glyphosate resistant Palmer 

amaranth has quickly spread throughout the south dominates the agricultural landscape due 

in part by its rapid growth, prolific seed production, genetic diversity, and the ability to 

acclimate itself to many environments/ conditions (Ward et al. 2013; Steckel et al. 2004; Guo 

and Al-Khatib 2003; Jha et al. 2008).  Moreover, Palmer amaranth has been found to be 
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resistant to not only glyphosate but also ALS inhibitors, HPPD inhibitors, atrazine and 

dinitroanalides (Heap 2013).  Palmer amaranth detrimentally affects yields of a variety of 

crops (Klingaman and Oliver 1994; Massinga et al. 2001; Burke et al. 2007; Morgan et al. 

2001; Garvey et al. 2013). 

Novel combinations of herbicide additives to currently available herbicides could 

have a profound effect in controlling herbicide resistant weeds, specifically Palmer amaranth.  

Evidence has shown that additives affecting on auxin transport can have synergistic 

properties with herbicides (Patzoldt et al. 2010; Deibert and Lym 2005; Burton et al. 2008; 

Pedersen 2006).  Cyclanalide induces increased defoliation with ethaphon and inhibits the 

movement of IAA efflux (Pedersen et al. 2006; Burton et al. 2008).   

A recent patent outlined specific uses of the auxin transport inhibitor 1-naphthylacetic 

(naptalam) with another synthetic auxin herbicide with the intent to have a synergistic effect 

in controlling troublesome weeds (Patzoldt et al. 2010).  Naptalam is a potent inhibitor of 

auxin efflux or the removal of auxin from the plant cell from the cytoplasm to the periplasm 

(Subramanian et al. 1997; Hakman et al. 2009; Petrasek et al 2006; Rubery 1990).  When 

applied, plant growth and development is impeded, specifically in the plants response to 

gravity and also the inhibition of lateral root development (Muday and Haworth 1994; 

Lomax et al. 1995).      

A third auxin transporter, diflufenzopyr was found to have synergistic properties with 

synthetic auxins.  Diflufenzopyr enhanced the activity of synthetic auxins by growth 

inhibition, hydrogen peroxide overproduction and progressive tissue damage (Grossmann et 

al. 2002).  Diflufenzopyr was also observed to increase control in leafy spurge (Euphorbia 
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esula) and Canada thistle (Cirsium arvense) in synthetic auxins, although influence of 

diflufenzopyr was varied by synthetic auxin (Lym and Deibert 2005).  In the case of all three 

additives, they make up a group of chemicals known as phytotropins (Kateker et al. 1981; 

Brunn et al. 1994).  Furthermore, certain auxin transport inhibitors were found to have 

herbicidal effects alone (Dhonukshe et al. 2007; Hakman et al. 2009)  

Phytotropins affect normal auxin flow by blocking the polar transport of auxin (Tsuda 

2010; Hakman et al 2009; Patrasek et al 2006).  The polar transport of auxin is the 

coordinated process in which auxin is transported in a cell to cell process from site of 

synthesis to the site of action, moving in a basipetal or downward direction from the shoot 

apex to the roots. Once auxin reaches the roots, auxin can move either basipetal or acropetal, 

upward, directions in roots (Friml 2003; Swarup and Bennet 2003).  There are three principle 

protein groups that allow for this type of movement:  AUX1, PIN, and PGP (Blakeslee et al 

2005, Sieberer and Leyser 2006, Teale et al 2006).  PIN proteins are localized within the cell 

membrane asymmetrically, allowing for directionality in cell-to-cell auxin flow (Zazimalova 

et al. 2007).  Auxin movement into the cell occurs by diffusion of the protonated form of 

auxin, but auxin also utilizes AUX1/LAX carrier proteins (Marchant et al 1999; Kramer and 

Bennett 2006; Yang et al 2006; Kerr and Bennett 2007).  PGPs, P-glycoproteins, are 

members of the ATP-binding cassette (ABC) membrane transporters (Luschnig 2002; Noh et 

al 2001; Murphy et al 2002; Blakeslee et al 2005).  PGPs have been observed to have a 

detoxification function (Geislet and Murphy 2005).  Given these other functions, it has been 

observed that PGPs have an effect on applied herbicides to plants (Buss and Callaghan 

2008).  In a model, a substrate, either in the cytoplasm or within the lipid bilayer, binds to a 
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chamber within the PGP molecule.  Through conformation changes, the foreign substrate is 

“flipped” to the extracellular medium, thus detoxifying the cell.  The flipping process does 

require energy (Buss and Callaghan 2008; Higgens and Gottesman 1992).  Given this 

information it could be hypothesized that herbicides used to control Palmer amaranth could 

benefit from the inhibition of these protein channels (Buss and Callaghan 2008).  

From these findings, it is possible that herbicidal action with in the plant can be 

altered with the addition of certain plant transport inhibitors.  With the obvious benefits from 

synthetic auxins with diflufenzopyr, NPA, and cyclanalide synergism is very possible.  With 

additional information on PGP proteins a whole new understanding of tank mix herbicides 

could be utilized.  All this information could lead to beneficial findings to aid in the control 

of Palmer amaranth, particularly herbicide resistant Palmer amaranth. 

Material and Methods 

Research was conducted under a greenhouse setting at the North Carolina State 

University Method Road Greenhouses in Raleigh, North Carolina.  Palmer amaranth was 

planted in 10 X 10 cm flat inserts
1
 with Fafard 2B potting mix

2
 and grown under 1000W 

metal halide bulbs with a day-length of 14 hours (19,000 lx) and at average day and night 

temperatures of 31ºC/ 25ºC respectively.  Palmer amaranth was watered and fertilized with 

Peter’s 20-20-20
3
 as needed, thinned to four plants pot, and grown to a size of 10 cm. The 

experimental design was set up in a random complete block design, consisting of five 

replications per experiment and repeated over time.  Main treatment factors were 3 HPPD-

inhibiting herbicides (topramezone, mesotrione, and isoxaflutole) and 3 plant transport 

inhibitors (cyclanalide, diflufenzopyr, and napthalam).Treatments consisted of the 
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combination of topramezone
4
 at 5 g a.i./ ha, mesotrione

5
 at 26 g a.i./ ha, or isoxaflutole

6
 at 22 

g a.i/ha with four rates of plant transport inhibitors. Herbicide rates were determined based 

off dose response experiments to approximate 50% control of Palmer amaranth with the 

herbicides alone (data not shown). DFF
7
 was applied at 7, 14, 28, 56, 112 g a.e./ha which 

corresponds to 0.25x, 0.5x,1x, 2x, 4x. Diflufenzopyr rate was based on the 2.5:1 additive to 

herbicide ratio found in a commercial dicamba + diflufenzopyr premix (Anonymous 2009). 

CYC and NPA 1x rates were determined by dose response experiments to match the control 

observed with 1x rate of diflufenzopyr (data not shown).  NPA
8
 was applied at 0.25x, 

0.5x,1x, 2x, or 4x with 1x corresponding to 265 g a.i./ha. CYC
9 

was applied at 0.125x, 0.25x, 

0.5x, 1x, or 2x with 1x corresponding to 8,904 g a.i./ha.  Non-ionic surfactant at 0.5% v/v 

was added to all treatments.    Treatments were applied via a spray chamber
10

 calibrated to 

deliver 140.1 L/ ha of solution at 206.8 kPa through a TT 8002 EVS nozzle.  Palmer plants 

were rated at 24, 48, 72 hours after treatment (HAT), and 7 days after treatments (DAT) for 

percent control, using a scale ranging from 0 (no control) to 100% (plant death).  Fresh 

weights of the plants were taken at the 7-day rating.  Plants were then placed in an oven for 

72 hours to dry. Following the drying process dry weights for plants were then recorded. 

Statistical analysis was conducted in SAS 9.3
11

, ANOVA was conducted using PROC 

GLM procedure and means were separated using Fisher’s Protected LSD (p≤0.05).  Previous 

dose response data of transport inhibitiors was used to determine synergism with herbicides 

(data not shown). The most widely used model for calculating synergism in herbicide mixes 

was developed by S.R. Colby in 1967.  He suggested the expected (E) percent inhibition of 

growth by Herbicide A plus Herbicide B.  A1 is the percent inhibition of growth by Herbicide 
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A at Rate 1 and B1 is the percent inhibition of growth by Herbicide B at Rate 1.  Creating the 

following formula: 

𝐸 = 𝐴1
𝐵1(100 − 𝐴1)

100
 

Colby manipulated the previous formula by converting the percent inhibition values to 

percent of control: 

𝐸1 = 𝐴1𝐵1/100 

With E1 being expected growth and where A1 and B1 are defined as growth (percent of 

control) rather than inhibition of growth. 

A major limitation of Colby’s method is its lack of statistical test for deviations from 

the predicted response.  Thus Flint et al. developed an algorithm to analysis these deviations.  

Regarding differing slopes are estimated by the responses of herbicides A or B alone 

(Appendix A).  Where A0B0 is a non-treated, AxB0 is Rate x Herbicide A alone, A0By is Rate 

y of Herbicide B alone, and AxBy is Rate x of Herbicide A combined with Rate y of 

Herbicide B alone.  Positive slope estimates indicate antagonism and negative slope 

estimates indicate synergism, when considering biomass as your growth indicator.  

Significance is determined by using from an α= 0.05.  If the treatment is neither significantly 

antagonistic nor synergistic, the treatment is considered to be additive in nature.  Significant 

synergistic or antagonistic data is coupled with significant visual control data to determine if 

synergistic or not.  If antagonism is determined and the treatment was observed to be 

significantly higher than the herbicide alone, the treatment is considered to be additively 

beneficial.   
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Results and Discussion 

Effects of Transport Inhibitors with topramezone 

 Topramezone alone at the 1x rate control Palmer amaranth 0, 2, and 3% at 24, 48 and 

72 HAT (Figure 16 and 17) .  Topramezone alone control Palmer amaranth 7 and 10 DAT 18 

and 36% respectively (Figure 17 and 18). No significant increase in control was noted with 

the addition of DFF 24 HAT during the first experimental run (Figure 16A), although during 

the second experimental run all rates of DFF significantly increased control (Figure 16B).  

DFF significantly increased control 48 HAT at the 4x rate to 14% during the first 

experimental run (Figure 16C).  48 HAT during the second experimental run all rates of DFF 

significantly increased control (Figure  16D).  72 HAT during the first experimental run DFF 

at the 4x rate significantly increased control to 15.5% (Figure 17A).  During the second 

experimental run 72 HAT DFF increased control at rates of 0.25x, 0.5x, and 4x to 15, 15, and 

14%, respectively (Figure 17B).  7 DAT during the first experimental run DFF no 

significicant increase incontrol was observed (Figure 17C).  However, during the second 

experimental run 7 DAT DFF at 0.25x, 0.5x, or 4x significantly increased 20%, 19%, or 22% 

(Figure 17D).  10 DAT no significant increase in control was noted (Figure 18).   

NPA at 24 HAT had no significant affect on increasing control (Figure 16A).  

However during the second experimental run all rates of NPA significantly increased control 

Figure 16B).  48 HAT no significant increases in control were observed during the first 

experiental run, however during the second experimental run all rates of NPA significantly 

increased control (Figure 16C and 16D).  72 HAT during the first experimental run NPA did 

not significantly increase control (Figure 17A).  However, during the second experimental 
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run NPA at rates of 0.25x, 1x, 2x, or 4x did significantly increase control to 15, 16, 15, or 

13%, respectively (Figure 17B).  7 DAT during the first experimental run no significant 

increases in control were recorded with NPA, although during the second experimental run 

NPA at 0.25x, 1x, 2x, and 4x significantly increased control to 20, 20, 20, and 19%, 

respecitivly (Figure 17C and 17D). By 10 DAT all significant increases in control were 

lossed, with not significant increases in control being noted for NPA (Figure 18).     

24 HAT CYC was observed to significantly linearly increase control from 12% to 

33% from the 0.25x to 2x rates (Figure 16A). This same trend is noted in at 48 HAT, with 

CYC linearly increasing control from 14% to 15% at rates of 0.25x to 2x (Figure 16C).   

CYC during the second experimental run significantly increased control to 30% when 

applied at the 1x rate (Figure 16D). 72 HAT all additions of CYC significantly increased 

control linearly with the highest control being 45% with the 1x rate (Figure 17A and 17B).  7 

DAT during the first experimental run CYC at 0.5x, 1x, and 2x significantly increased 

control to 41, 35, and 63%, respectively (Figure 17C).  During the second experimental run 

all rates of CYC significantly increased control, the highest control with CYC during the 

second experiemental run at rates of 1x and 2x both at 50% (Figure 17D).  10 DAT  CYC 

was the only additive noted to significantly increase control.  CYC linearly increased control 

from 0.25x to 2x from 53% to 67%, respectively (Figure 18).    

Fresh weight of Palmer amaranth after being applied with topramezone was 9.58g 

(Figure 19A).  No significant decrease in fresh weight was noted with the addition of DFF or 

NPA.  Significant decrease in fresh weight was noted with the addition of CYC at 0.25x, 1x, 

or 2x to 6.9, 7.2, or 5.6g.  No significant decrease in CYC at 0.125x or 0.5x.  Dry weight of 
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Palmer amaranth applied with topramezone was 2.1g (Figure 19B).  No significant decrease 

was noted with DFF or NPA.  The addition of CYC at 0.25x or 2x significantly decreased 

dry weight to 1.5 or 1.3g.  No other levels of CYC significantly decreased dry weight.     

 Using the method of calculating synergistic tendencies in herbicide combinations that 

was proposed by Flint et al. (1988) (Table 7), only significant antagonism was noted in 

treatments of topramezone plus any rate of diflufenzopyr, cyclanalide, or napthalam.       

Effects of Transport Inhibitors with mesotrione 

 Mesotrione alone at the 1x rate controlled Palmer amaranth 0, 0, and 3% at 24, 48, 

and 72 HAT (Figure 20 and 21).  Mesotrione alone controlled Palmer amaranth at 7 and 10 

DAT at 7 and 17% (Figure 21 and 22).  24 HAT a significant increase in control was noted 

with DFF at 0.25x, 0.5x, 2x, or 4x with control being 5, 4, 4, or 4.4% respectively during the 

first experimental run (Figure 20A).  No significant increase was noted with DFF at 1x. 

During the second experimental run no significant increases in control were noted with DFF 

(Figure 20B). 48 HAT significant increases at all levels of DFF were recorded during the first 

experimental run (Figure 20C).  However, during the second experimean run only DFF at 

0.25x significantly increased control to 9% (Figure 20D).  72 HAT DFF significantly control 

at rates of 0.25x, 2x, and 4x to 12, 13, and 19%, respectively (Figure 21A).  7 DAT during 

the first experimental run DFF significantly increased control from 0.5x to 4x with the 

highest control at the 4x rate with 20% (Figure 21B).  However, during the second 

experimental run DFF only significantly increased control at 0.25x or 2x to 32 or 30%, 

respectively (Figure 21C).  10 DAT DFF significantly increased control at rates of 0.5x, 2x, 

and 4x to 28, 33, and 29%, respectively, during the first experimental run (Figure 22A).  
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During the second experimental run the significant increase at the 0.5 x and4x rates was not 

observed, although DFF at 0.2x or 2x significantly increased control to 40% for both rates 

(Figure 22B).  

NPA 24 HAT significantly increased control at all rates with the highest being 5% at 

0.25x during the experimental run (Figure 20A).  During the second experimental run 

however, no significant increases in control were noted with NPA (Figure 20B).  Like the 

previous rate timing, 48 HAT during the first experimental run all rates of NPA were 

recorded to have significant increases in control (Figure 20C).  During the second 

experimental run 48 HAT NPA was only noted to have a significant increase with the 2x rate 

to 11% control (Figure 20D).  72 HAT NPA significantly increasing control at rates from 

0.5x to 2x with percent control for at 12% for the range (Figure 21A).  7 DAT during the first 

experimental run, NPA at rates of 0.5x, 2x, and 4x significantly increased control to 16% 

(Figure 21B).  During the second experimental run the significant increase of the 4x was lost, 

but significant increases in control were observed with the rates of 0.25x, 0.5x, or 2x to 29, 

33, 0r 35%, respectively (Figure 21C).  10 DAT during the first experimental run NPA 

significantly increased control at the 2x and 4x rates to 28% and 29% respectively (Figure 

22A).  Similar to the last rating period, during the second experimental run the increase at the 

4x rate was lost, although NPA significantly increase control at the 0.5x and 2x to 38% and 

44%, respectively (Figure 22B).   

During the first experimental run 24 HAT CYC at 0.125x was the only CYC rate to 

have a significant increase in control to 3% (Figure 20A).  During the second experimental 

run CYC at 1x and 2x significantly increased control to 10% and 21%, respectively (Figure 
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20B).  48 HAT during the first experimental run CYC significantly increased at the 1x and 

2x to 7% and 10% respectively (Figure 20C).  Similarly to the first experimental run, the 

second experimental run also had only CYC at the 1x and 2x rates significantly increase 

control to 24% and 32% respectively (Figure 20D).  This trend continues at 72 HAT with 

CYC at the 1x and 2x rates were observed to significantly increase control to 21% and 29%, 

respectively (Figure 21A).  7 DAT during the first experimental run CYC significantly 

increased control at rate of 0.5x, 1x, or 2x to 14, 17, and 24%, respectively (Figure 21B).  

Similar to the first experimental run, the second experimental run noted a significant increase 

in control with CYC rates of 0.5x, 1x, or 2x to 30%, 53%, or 82%, respectively (Figure 21C).  

In accordance to previous rate timings, 10 DAT CYC significantly increased control at rates 

of 0.5x, 1x, or 2x to 32, 30, or 35%, respectively (Figure 22A.  During the second 

experimental run, a significant increase in control with 0.5x of CYC was lost.  However, 

CYC at 1x and 2x significantly increased control to 58% and 89%, respectively (Figure 22B).  

Fresh weight of Palmer amaranth (Figure 23A) with treated with mesotrione was 

6.8g.  No significant decrease in fresh weight was noted with the addition of DFF or NPA.  

The addition of CYC from 0.125x to 0.5x did not significantly decrease fresh weight, 

however CYC at 1x or 2x significantly reduced weight to 4.6g or 3.3g respectively.  Dry 

weight of Palmer amaranth that was treated with mesotrione weighed 1.8g (Figure 23B).  

Significant decreases in dry weight with the addition of DFF were 0.5x or 2x to 1.7g or 1.69g 

respectively.  No significant decrease in dry weight was noted with the addition of NPA from 

0.25x to 2x, however 4x significantly decreased dry weight to 1.56g.  Significant decrease in 
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dry weight was noted for all levels of CYC.  The least amount of biomass was achived with 

the addition of CYC at 2x to 1.02g.       

 Calculating synergistic tendencies in herbicide combinations was determined using 

the method that was proposed by Flint et al. in 1988 (Table 8).  Mesotrione plus 

diflufenzopyr was found to be neither significantly synergistic nor antagonistic for any rate 

of diflufenzopyr or cyclanalide.  Significant antagonism was observed in treatments of 

mesotrione plus napthalam at rates of 0.25x or 1x.       

Effects of Transport Inhibitors with isoxaflutole 

 Isoxaflutole alone at the 1x rate controlled Palmer amaranth 0, 3, and 13% at 24, 48, 

and 72 HAT respectively (Figure 24 an 25).  At 7 and 10 DAT isoxaflutole controlled Palmer 

amaranth alone at the 1x rate with 25 and 35% control, respectively (Figure 25 and 26).  24 

HAT a significant increase in control with the addition of DFF was observed at 0.5x to 5% 

(Figure 24A).  During the second experimental run DFF significantly increased control at 

0.25x and 4x, both with 8% control (Figure 24B).  48 HAT during the first and second 

experimental run DFF had no significant increase in control (Figure 24C and 24D).  72 HAT 

during the first experimental run no significant increase in control was noted for DFF (Figure 

25A).  However, during the second experimental run DFF significantly increased control at 

rates of 1x and 2x to 23% and 25%, respectively (Figure 25B).  7 DAT during the first 

experimental run DFF significantly increased control at 0.5x to 36% (Figure 25C).  However, 

during the second experimental run no significant increases in control were noted with the 

addition of DFF (Figure 25D).  10 DAT during the first experimental run DFF significantly 

increased control with the 0.5x rate to 46% (Figure 26A).  However, during the second 
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experimental run no significant increases in activity were observed with the addition of DFF 

(Figure 26B). 

NPA 24 HAT during the first experimental run was not observed to significantly 

increase control, although during the second experimental run NPA at 0.5x significantly 

increased control to 9% (Figure 24A and 24B).  48 HAT a change in control was noted, with 

NPA during the first experimental NPA at 1x significantly increased control to 8% (Figure 

24C).  However, during the second experimental run no significant increases in control were 

observed (Figure 24D).  72 HAT a change in control was noted again with no significant 

increases in control during the first experimental run, although there was a significant 

increase with NPA at 4x to 22% during the second experimental run (Figure 25A and 25B).  

7 DAT no significant increase in control was noted for NPA in either the first or the second 

experimental run (Figure 25C and 25D).  Similarly, 10 DAT no significant increase in 

control was noted for NPA in either the first or second experimental run (Figure 26). 

24 HAT CYC during the first experimental run was noted to significantly increase 

control at 1x and 2x rate to 4 and 6% respectively (Figure 24A) .  During the second 

experimental run an linear increase was noticed from 0.25x to 2x with control ranging from 

15 to 75% (Figure 24B).  48 HAT during the first experimental run significantly increased in 

control in 0.5x, 1x or 2x to 12, 15, or 19% (Figure 24C).  CYC during the second 

experimental run was again noted to significantly increase linearly in control with the 

addition of CYC from 0.25x to 2x with control being 20% to 79%, respectively (Figure 24D).  

72 HAT during the first experimental run, a significant increase in control was noted with 1x 

and 2x at 26% and 31%, respectively (Figure 25A) .  In the second experimental run it was 
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noted, much like previous rating periods,.  a significant linear increase in control with the 

addition of CYC from 0.25x to 2x ranged from 32% to 84%(Figure 25B).  During the first 

experimental run 7 DAT a significant increase in control was noted at 1x and 2x at 43% and 

53%, respectively (Figure 25C). During the second experimental run significant increase 

with the rate of 0.25x is lost, although a significant increase in control was noted with the 

addition of CYC at 0.5x, 1x, or 2x to 58, 81, or 87.6%, respectively (Figure 25D).  10 DAT 

during the first experimental run it was noted similar to the previous rating period, the 

addition of CYC significantly increased control at 1x or 2x to 54% to 61%, respectively 

(Figure 26A).  10 DAT during the second experimental run, similarly to the previous rating 

period, a significant increase in control was noted with CYC at 0.5x, 1x, or 2x to 63, 82, or 

91%, respectively (Figure 26B).     

Fresh weight of Palmer amaranth that was treated with Palmer amaranth was 6.15g 

(Figure 27A).  No significant decrease in fresh weight was noted with the addition of DFF or 

NPA.  Significant decreases in weight were noted with the addition of CYC at 0.5x, 1x, or 2x 

to 4.8, 4.1, or 3.4g.  Dry weight of Palmer amaranth that was treated with Palmer amaranth 

was 1.15g (Figure 27B).  No significant decrease in fresh weight was noted with the addition 

of DFF or NPA.  Significant decreases in weight was noted with the addition of CYC at 1x or 

2x to 0.81g or 0.76g respectively.        

      Calculating synergistic tendencies in herbicide combinations was determined 

using the method that was proposed by Flint et al. in 1988.  No significant synergism was 

noted in any combination of isoxaflutole plus diflufenzopyr; however significant antagonism 

was noted in isoxaflutole plus diflufenzopyr at the 2x rate.  Similarly to diflufenzopyr, no 
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significant synergism was noted in any combination of isoxaflutole plus cyclanalide; 

however significant antagonism was noted in isoxaflutole plus cyclanalide at rates of 0.5x or 

2x.  All combinations of napthalam plus isoxaflutole, exept napthalam at 0.25x, were 

observed to have significant antagonistic effects.          

Conclusions 

No significant synergism was noted with any combination of HPPD inhibitor and 

auxin transport inhibitor.  However combinations of HPPD inhibitors + transport inhibitors 

were noted to have significant increases in herbicidal activity and the combination of the two 

types of chemicals could be considered additive in nature.  Future experimentation could 

examine multiple combinations of auxin transport inhibitors or utilizing higher rates of 

additives with synthetic auxin herbicides to possibly creating synergistic effects. The use of 

napthalam as a possible preemergence additive could be be beneficial to preemergence 

herbicides in the HPPD inhibiting class of herbicies which are currently used in corn.  Crop 

safety experiments will be necessary for these combinations to be fully effective.   
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Source of Materials 

1
Pots, Wyatt- Quarles, Garner, NC 27529 

2
Soil Medium, Sun Gro Horticulture, Agawam, MA 01001 

3
Fertilizer, JR Peters Inc., Allentown, PA 18106 

4
Topramezone Herbicide, Amvac, Los Angeles, CA 90023 

5
Mesotrione Herbicide, Syngenta Crop Protection LLC., Greensboro, NC 27419 

6
Isoxaflutole Herbicide, Bayer Cropscience LP, Research Triangle Park, NC 27709 

7
Diflufenzopyr Additive, BASF Corporation, Research Triangle Park, NC 27709 

8
Napthalam Additive, Crompton Manufacturing Company, Middlebury, CT 06749 

9
Cyclanalide Additive, Bayer Cropscience LP, Research Triangle Park, NC 27709 

10
Spray Chamber, DeVries Manufacturing, Hollandale, MN 56045 

11
SAS Statistical Software, Version 9.3, Cary, NC 27513 
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Figure 16. Control with topramezone alone (NA) or in combination with DFF, NPA, 

or CYC. A) 24 HAT experimental run 1. B) 24 HAT experimental run 2. C) 48 HAT 

experimental run 1. D) 48 HAT experimental run 2. * = significant increase in control. 
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Figure 17. Control with topramezone alone (NA) or in combination with DFF, NPA, 

or CYC. A) 72 HAT experimental run 1. B) 72 HAT experimental run 2. C) 7 DAT 

experimental run 1. D) 7 DAT experimental run 2. * = significant increase in control. 
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Figure 18. Control with topramezone alone (NA) or in combination with DFF, NPA, 

or CYC 10 DAT * = significant increase in control. 
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Figure 19. Weights of Palmer amaranth with topramezone alone (NA) or in 

combination with DFF, NPA or CYC. A) Fresh weight B) Dry Weight. *= Significant 

decrease in weight. CHK= Control 
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Figure 20. Control with mesotrione alone (NA) or in combination with DFF, NPA, or 

CYC. A) 24 HAT experimental run 1. B) 24 HAT experimental run 2. C) 48 HAT 

experimental run 1. D) 48 HAT experimental run 2. * = significant increase in control. 
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Figure 21. Control with mesotrione alone (NA) or in combination with DFF, NPA, or 

CYC. A) 72 HAT. B) 7 DAT experimental run 1. C) 7 DAT experimental run 2. * = 

significant increase in control. 
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Figure 22. Control with mesotrione alone (NA) or in combination with DFF, NPA, or 

CYC. A) 10 DAT experimental run 1. B) 10 DAT experimental run 2. * = significant 

increase in control. 
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Figure 23. Weights of Palmer amaranth with mesotrione alone (NA) or in 

combination with DFF, NPA or CYC. A) Fresh weight B) Dry Weight. *= Significant 

decrease in weight. CHK= Control 
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Figure 24. Control with isoxaflutole alone (NA) or in combination with DFF, NPA, or 

CYC. A) 24 HAT experimental run 1. B) 24 HAT experimental run 2. C) 48 HAT 

experimental run 1. D) 48 HAT experimental run 2. * = significant increase in control. 
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Figure 25. Control with isoxaflutole alone (NA) or in combination with DFF, NPA, or 

CYC. A) 72 HAT experimental run 1. B) 72 HAT experimental run 2. C) 7 DAT 

experimental run 1. D) 7 DAT experimental run 2. * = significant increase in control. 
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Figure 26. Control with isoxaflutole alone (NA) or in combination with DFF, NPA, or 

CYC. A) 10 DAT experimental run 1. B) 10 DAT experimental run 2. * = significant 

increase in control.  
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Figure 27. Weights of Palmer amaranth with isoxaflutole alone (NA) or in 

combination with DFF, NPA or CYC. A) Fresh weight B) Dry Weight. *= Significant 

decrease in weight. CHK= Control 
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Table 7. The estimated synergistic effects of additives (dry weights) when combined with 

topramezone.  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, NPA= napthalam 

 

 

 

Topramezone 
Additive Rate Estimate Standard  

Error 

t Value Pr > |t| Significant 

Increase in 

Control 

SYN, 

ANT, 

or 

ADD 

DFF at 0.25x 

DFF at 0.5x 

DFF at1x 

DFF at 2x 

DFF at 4x 

0.3168 

0.3915 

0.3632 

0.3379 

0.3419 

0.05204 

0.05204 

0.05204 

0.05204 

0.05204 

6.09 

7.52 

6.98 

6.49 

6.57 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

 

ANT 

ANT 

ANT 

ANT 

ANT 

CYC at 0.125x 

CYC at 0.25x 

CYC at 0.5x 

CYC at 1x 

CYC at 2x 

0.2619 

0.1868 

0.2783 

0.3517 

0.4157 

0.07621 

0.07621 

0.07621 

0.07621 

0.07621 

3.44 

2.45 

3.65 

4.61 

5.46 

0.0009 

0.0160 

0.0004 

<0.0001 

<0.0001 

 

* 

* 

* 

* 

ANT 

ADD 

ADD 

ADD 

ADD 

NPA at 0.25x 

NPA at 0.5x 

NPA at 1x 

NPA at 2x 

NPA at 4x 

0.3844 

0.3685 

0.3947 

0.3268 

0.4393 

0.04783 

0.04783 

0.04783 

0.04783 

0.04783 

8.04 

7.70 

8.25 

6.83 

9.19 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

 

ANT 

ANT 

ANT 

ANT 

ANT 
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Table 8. The estimated synergistic effects of additives (dry weights) when combined with 

mesotrione.  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, NPA= napthalam 

 

 

 

Mesotrione 
Additive Rate Estimate Standard 

Error 

t Value Pr > |t| Significant 

Increase in 

Control 

SYN, 

ANT, 

or 

ADD 

DFF at 0.25x 

DFF at 0.5x 

DFF at1x 

DFF at 2x 

DFF at 4x 

0.04220 

0.1322 

0.1488 

0.1122 

0.1306 

0.09453 

0.09453 

0.09453 

0.09453 

0.09453 

0.45 

1.40 

1.57 

1.19 

1.38 

0.6562 

0.1648 

0.1186 

0.2379 

0.1701 

* 

* 

 

* 

* 

ADD 

ADD 

ADD 

ADD 

ADD 

CYC at 

0.125x 

CYC at 0.25x 

CYC at 0.5x 

CYC at 1x 

CYC at 2x 

0.03602 

0.08095 

0.08991 

0.05519 

0.1683 

0.1090 

0.1090 

0.1090 

0.1090 

0.1090 

0.33 

0.74 

0.82 

0.51 

1.54 

0.7431 

0.4593 

0.4113 

0.6136 

0.1256 

 

 

* 

* 

* 

ADD 

ADD 

ADD 

ADD 

ADD 

NPA at 0.25x 

NPA at 0.5x 

NPA at 1x 

NPA at 2x 

NPA at 4x 

0.1864 

0.1533 

0.1831 

0.1717 

0.1007 

0.09072 

0.09072 

0.09072 

0.09072 

0.09072 

2.05 

1.69 

2.02 

1.89 

1.11 

0.0424 

0.0941 

0.0462 

0.0612 

0.2694 

 

* 

 

* 

* 

ANT 

ADD 

ANT 

ADD 

ADD 
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Table 9. The estimated synergistic effects of additives (dry weights) when combined with 

isoxaflutole.  Abbreviations: DFF= diflufenzopyr, CYC= cyclanalide, NPA= napthalam 

 

 

 

 

Isoxaflutole 

Additive Rate Estimate Standard 

 Error 

t Value Pr > |t| Significant 

Increase in 

Control 

SYN, 

ANT, 

or 

ADD 

DFF at 0.25x 

DFF at 0.5x 

DFF at1x 

DFF at 2x 

DFF at 4x 

0.07066 

0.1130 

0.06974 

0.1231 

0.08338 

0.05766 

0.05766 

0.05766 

0.05766 

0.05766 

1.23 

1.96 

1.21 

2.13 

1.45 

0.2232 

0.0527 

0.2293 

0.0351 

0.1512 

* 

ADD 

ADD 

ADD 

ANT 

ADD 

CYC at 0.125x 

CYC at 0.25x 

CYC at 0.5x 

CYC at 1x 

CYC at 2x 

0.03898 

0.06693 

0.1406 

0.08246 

0.2074 

0.06725 

0.06725 

0.06725 

0.06725 

0.06725 

0.58 

1.00 

2.09 

1.23 

3.08 

0.5634 

0.3219 

0.0389 

0.2229 

0.0026 

 

 

* 

* 

* 

ADD 

ADD 

ADD 

ADD 

ADD 

NPA at 0.25x 

NPA at 0.5x 

NPA at 1x 

NPA at 2x 

NPA at 4x 

0.1059 

0.1548 

0.1263 

0.1945 

0.1725 

0.05765 

0.05765 

0.05765 

0.05765 

0.05765 

1.84 

2.68 

2.19 

3.37 

2.99 

0.0689 

0.0084 

0.0306 

0.0010 

0.0035 

 

ADD 

ANT 

ANT 

ANT 

ANT 
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APPENDIX A- Explination of Flint et al (1988) synergistic method 

 

 


