
ABSTRACT 

BESANCON, THIERRY ERIC. Crop Allelochemistry, Agronomic Practices, and Herbicide 

Strategies for Improving Weed Management in Grain Sorghum (Sorghum bicolor).  

(Under the direction of Wesley J. Everman and Randy Weisz). 

 

Grain sorghum is the third largest grain crop grown in the United States after corn 

and wheat. It has recently gained renewed interest as an animal feedstock in the Southeastern 

region. However, weed control remains a major challenge for economically viable grain 

sorghum production due to crop sensitivity to weed competition during early growth stages, 

the lack of postemergence (POST) herbicides adapted to grass control, and the long rotational 

restrictions of some herbicides used in sorghum production. Experiments were conducted to 

evaluate new herbicide technology and agronomic strategies for improving weed control in 

sorghum as well as investigate the allelochemical production potential of sorghum cultivars 

adapted to the region. 

Synthetic auxins herbicides are commonly applied POST to control numerous 

broadleaf weeds but their use is restricted by sorghum growth stage threshold beyond which 

these herbicides may cause crop injury and yield loss. Field experiments were conducted to 

investigate 2,4-D and dicamba POST applications beyond current recommendations. 

Lodging was most prevalent with dicamba or the highest rate of 2,4-D, and increased at later 

stages of applications. Yield was negatively affected by application of 2,4-D on 65 cm tall 

sorghum and by application of dicamba at any application timing for a potentially dicamba 

sensitive cultivar. 

Pyrasulfotole is a 4-hydroxyphenylpyruvate dioxygenase (4-HPPD) inhibiting 

herbicide that has been associated with photosystem II (PSII) inhibiting bromoxynil in a 

prepackaged mixture (Huskie®) labeled for POST application on sorghum since 2012. Field 



experiments were conducted to evaluate weed control and sorghum tolerance to the 

commercial premix. Pyrasulfotole plus bromoxynil applied POST in combination with 

atrazine were effective for control of Palmer amaranth and recently emerged sicklepod 

seedlings. Combination of pyrasulfotole plus bromoxynil with synthetic auxins provided 

excellent morningglory control but resulted in yield losses in some situations. 

Narrower row spacings or increased crop populations have been proposed as a means 

to improve weed control and reduce reliance on herbicides in a context of growing herbicide-

resistant weeds pressure. Field research was implemented to determine the effects of various 

row spacing, sorghum population, and herbicide programs on broadleaf and grass weed 

control as well as on sorghum growth and grain yield. Narrowing row width or increasing 

sorghum population improved sicklepod and morningglory control, especially in the absence 

of POST application following a preemergence (PRE) herbicide, but had little or no effect on 

Palmer amaranth control. Increasing sorghum population generally improved grass control 

and reduce the need for a POST application at the condition that PRE herbicide had been 

timely activated. Weed density was marginally affected by row spacing or crop population 

whereas the effect on weed biomass was more dramatic. Light interception by sorghum 

canopy was slightly or not affected by row spacing. Contrarily, canopy closure occurred 

earlier when sorghum population was tripled or quadrupled. Higher yields were obtained 

with the highest degree of spatial uniformity, corresponding to the narrowest row spacing, 

whereas crop population had no or minimal effect on grain yield. 

Sorgoleone-358 is an important allelopathic component of the hydrophobic droplets 

exuded from sorghum root hairs and may delay the emergence and growth of crop following 

sorghum. Laboratory experiments were conducted to determine the root exudate production 



and sorgoleone-358 content of 45 sorghum cultivars. Seven to 12 days after the cultivars 

were seeded, root biomass averaged 18.8 mg g-1 of seed and produced between 0.2 and 4.8 

mg of root exudate g-1 of fresh root weight. HPLC analysis of the dry exudate indicated 

considerable variations in the amount of allelochemical produced with sorgoleone-358 

concentration ranging from to 58 to 1463 ppm. 
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Grain sorghum [Sorghum bicolor (L.) Moench.] is the third largest grain crop grown 

in the United States with 2.6 million hectares harvested in 2014, yielding 11 billion kg of 

grain for a value of $ 1.7 billion (USDA-NASS 2014). Sorghum recently gained renewed 

interest in the Southeastern United States where it is primarily used as an animal feedstock 

for the local poultry and hog industry. In 2012, 20,000 hectares of grain sorghum were grown 

in North Carolina, an estimated 10-fold increase over 2011 (NCDA-CS2013). However, 

weed control remains a major challenge for economically viable grain sorghum production 

due to several factors. Grain sorghum is especially sensitive to weed competition during the 

first three weeks after planting when crop growth is slow (Burnside and Wicks 1969; 

Everaarts 1993; Stahlman and Wicks 2000). Furthermore, herbicides options for 

postemergence applications (POST) are more restricted in grain sorghum than for other 

major row crops because the sorghum worldwide market is not large enough to justify the 

development and registration of new herbicides (Stahlman and Wicks 2000). In addition, 

several products used POST in sorghum list long rotation restrictions on their label that can 

prevent their use (Everman and Besancon 2012). 

 

Weed Competition and Grain Sorghum Production 

 

Weeds compete with the crop for space, nutrients, water, and light, contributing to 

reduced grain sorghum yield and quality (Stahlman and Wicks 2000). Previous works have 

shown a greater reduction in grain sorghum yield when grown in competition with broadleaf 
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weeds compared to grain sorghum grown in competition with grass weeds or a mixture of 

broadleaf and grass weeds (Feltner et al. 1969a; Feltner et al. 1969b). Weed interference can 

typically reduce sorghum gain yield by 30 to 50% which exceeds the loss due to weed 

competition observed in most of other grain crops (Stahlman and Wicks 2000). The impact 

of early season germinating weeds on grain sorghum has been emphasized by Wiese et al. 

(1964) who reported up to 8% yield reduction by uncontrolled weeds in comparison to hand 

weeded check when rainfall following crop emergence was only 42% of the monthly average 

but a 25% yield loss for 72% of the precipitation average.  

Morningglories (Ipomoea spp.) and Palmer amaranth (Amaranthus palmeri S. Wats.) 

are considered as the two most common and troublesome broadleaf weeds in grain sorghum 

in North Carolina (Webster 2008). In conjunction with prolific seed production, Palmer 

amaranth can emerge throughout the season which requires maintaining season-long control 

(Keeley et al. 1987). Additionally, Palmer amaranth can adapt its growth pattern and compete 

efficiently under light-limited conditions such as the ones occurring when sorghum reaches 

canopy closure (Jha et al. 2008b). In a study evaluating the effects of different Palmer 

amaranth densities on sorghum grain yield and harvest efficiency, Moore et al. (2004) 

reported that each kilogram of Palmer amaranth dry weight per 50 m² reduced sorghum grain 

yield by 5.3 to 9.1%, the loss resulting from a decrease in the number of seed produced per 

panicle. Competition studies with redroot pigweed (Amaranthus retroflexus L.) indicated that 

significant grain sorghum yield losses occurred only when pigweed emerged before the five-

leaf sorghum growth stage (Knezevic et al. 1997). In addition, it has been demonstrated that 
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the competitive influence of tall waterhemp [Amaranthus tuberculatus (Moq.) Sauer] on 

sorghum yield was higher under high rainfall and when nitrogen fertilization was 

supplemented (Feltner et al. 1969a). 

Possibilities for POST control of grassy weeds are extremely restricted due to 

sorghum sensitivity to grass-suppressing herbicides and the lack of commercially available 

herbicide-resistant sorghum cultivars. However, several grassy weeds are listed among the 

most common and troublesome weeds in grain sorghum, large crabgrass [Digitaria 

sanguinalis (L.) Scop.] and broadleaf signalgrass [Urochloa platyphylla (Nash) R.D. 

Webster] ranking respectively first and second among the most common weeds for this crop 

in North Carolina. (Webster 2008). However, very few studies have addressed the issue of 

grasses interference with grain sorghum. Yellow foxtail [Setaria pumila (Poir.) Roemer & 

J.A. Schultes] at a natural density and allowed to compete with grain sorghum for more than 

6 weeks caused up to 72% grain yield reduction as compared to a weed-free situation, foxtail 

influence being greatest the year of above-average rainfall and application of nitrogen 

fertilizer (Feltner et al. 1969b). Barnyardgrass [Echinochloa crus-galli (L.) Beauv.] at a 

density of one plant m-1 of crop row reduced grain sorghum yield by nearly 10% whereas 

increase in barnyadgrass density up 175 weeds m-1 further reduced yield by 52% (Norris 

1980). Regardless of grass species, Smith et al. (1990) predicted a 3.6% grain sorghum yield 

loss for each week of barnyard grass, large crabgrass or Texas millet [Urochloa texana 

(Buckl.) R. Webster]. 

 



5 

 

 

 

 

Chemical Postemergence Weed Control in Grain Sorghum 

 

POST herbicide options in grain sorghum are more restricted than in corn, soybean or 

cotton, and rely on five herbicide mechanisms of action: inhibitors of acetolactate synthase 

(ALS), synthetic auxins, inhibitors of photosystem II (PSII), inhibitors of 

protoporphyrinogen oxdase (PPO), and inhibitors of 4-hydroxyphenylpyruvate dioxygenase 

(4-HPPD) (Everman 2015). Furthermore, rotation of these modes of action may be 

complicated by the presence of resistant weed species. In North Carolina, Palmer amaranth, 

common ragweed (Ambrosia artemisiifolia L.), and common cocklebur (Xanthium 

strumarium L.) resistance to ALS inhibitors as well as common lambsquarters (Chenopodium 

album L.) and smooth pigweed (Amaranthus hybridus L.) resistance to PSII-inhibitors have 

been reported in the last 30 years (Heap 2015). In addition, POST application of prosulfuron, 

an ALS-inhibitor herbicide, is challenging because of a 10 months rotational restriction for 

wheat, corn, soybean or cotton following grain sorghum (Everman and Besancon 2012). 

Therefore, synthetic auxins are widely used for weed control in grain sorghum 

because they are relatively inexpensive as compared to other POST options and are effective 

on a broad spectrum of broadleaf weed species. However, application of synthetic auxins can 

occasion sorghum injuries characterized by rolled leaves and brittle, spreading stems and 

tillers (Thompson et al. 2015), impede normal root development (Bhaskaran and Smith 1989) 

provoking greater crop lodging, or perturb the meiosis process (Liang et al. 1969). Grain 
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sorghum tolerance to synthetic auxins may also be affected by sorghum varieties (Burnside 

and Wicks 1972) or herbicide formulation (Phillips 1960). 

Several studies have pointed out the risk of grain yield reduction when synthetic auxins were 

applied at later sorghum growth stages (Dan et al. 2010; Rosales-Robles et al. 2014) or at 

high use rate (Dan et al. 2010; Petter et al. 2011). 

Pyrasulfotole is a new herbicide active ingredient belonging to the pyrazole family of 

herbicides. Its action is based on inhibition of the 4-hydroxyphenylpyruvate dioxygenase 

(4-HPPD) that catalyze the transformation of p-hydroxyphenylpyruvate to homogentisate 

which is a key precursor in the biosynthesis of plastoquinones and tocopherols (Ahrens et al. 

2013; Schmitt et al. 2008). Plastoquinones play an important role as co-factor in the 

biosynthesis of carotenoids that perform essential photoprotective roles in chloroplasts by 

quenching the triplet chlorophyll and scavenging reactive oxygen species. Consequently, 

inhibition of 4-HPPD leads to a decrease in carotenoids content, resulting in the destruction 

of chlorophyll molecules due to excessive sunlight energy. Tocopherols are antioxidants that 

provide protection to the plant against oxidative stress and photo inactivation of the 

photosynthesis apparatus (Freigang et al. 2008). Since 2008, a prepackaged mixture of 

pyrasulfotole (3.3%) and bromoxynil (26.3%) and herbicide safener mefenpyr-diethyl is 

commercially available (Huskie®; Bayer Crop Science, Research Triangle Park, NC). It has 

been labeled for use on wheat, barley (Hordeum vulgare L.) and triticale (x Triticosecale 

Wittm. ex A. Camus) (Schmitt et al. 2008), and received a supplemental label for weed 

control in sorghum in 2012 (Anonymous 2011). The premix partner bromoxynil belongs to 
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the nitrile group and is a PSII-inhibitor used to control many annual broadleaf weeds but 

does not provide effective grass control (Shaner 2014). Previous research has shown that 

bromoxynil applied at 420 or 560 g ai ha-1 provided excellent control (> 90%) of ivyleaf 

morningglory [Ipomoea hederacea (L.) Jacq.], entireleaf morningglory (Ipomoea hederacea 

var. integriuscula Gray), pitted morningglory (Ipomoea lacunosa L.), common ragweed, 

common lambsquarters, and common cocklebur (Corbett et al. 2004; Culpepper and York 

1997). Sicklepod (Senna obtusifolia L.) and Palmer amaranth were not effectively controlled 

whereas control of redroot pigweed occurred only for plants up to five cm tall (Corbett et al. 

2004; Culpepper and York 1997; Paulsgrove and Wilcut 2001). The combination of 

bromoxynil and pyrasulfotole has shown synergistic activity on kochia [Kochia scoparia (L.) 

Schrad.] (Freigang et al. 2008). As previously mentioned, pyrasulfotole is responsible for the 

inhibition of 4-HPPD, resulting in depleted plastoquinone pool. Plastoquinones serve also as 

a co-factor in the photosynthesis apparatus by binding the D1 protein and ensuring electron 

transfer between PSII and photosystem I (PSI). PSII-inhibitors such as bromoxynil compete 

with plastoquinones for the D1 protein binding site. Because of reduced concentration of 

plastoquinones due to pyrasulfotole, PSII inhibiting herbicides can inhibit the D1 protein at 

lower concentration than in the absence of pyrasulfotole, resulting in greater herbicidal 

activity (Freigang et al. 2008). Previous research on the efficacy of Huskie® to control weeds 

in cereal crops and grain sorghum has demonstrated control of troublesome weeds such as 

kochia, pigweed spp., common lambsquarters, field pennycress (Thlaspi arvense L.), 

Russian-thistle (Salsola tragus L.), prickly lettuce (Lactuca serriola L.), blue mustard 
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[Chorispora tenella (Pallas) DC.], flixweed [Descurainia sophia (L.) Webb. ex Prantl], 

henbit (Lamium amplexicaule L.) and nightshade spp. (Solanum spp.) in wheat with fall or 

spring POST applications (Geier and Stahlman 2008; Paulsgrove et al. 2006; Reddy et al. 

2012). In grain sorghum, treatments associating Huskie® and atrazine controlled redroot 

pigweed, velvetleaf (Abutilon theophrasti Medik.) and ivyleaf morningglory independently 

of the stage at which they were applied (Thompson et al. 2009). More recent work has shown 

that early POST applications provided at least 81% control of Palmer amaranth and 87% of 

pitted morningglory but failed to control Texas millet (Fromme et al. 2013). Crop injury 

could result from the application of a combination of pyrasulfotole and bromoxynil. 

However, injury was transient, the crop recovering after three to four weeks. No reduction in 

grain yield resulted from different combination of Huskie® with a tank mix partner except 

occasionally when dicamba was included (Fromme et al. 2013; Reddy et al. 2013). 

 

Weed Control Improvement through Agronomic Practices 

 

As a summer crop, sorghum is particularly suited for no tillage production system and 

there is interest in planting it no-till following winter wheat in the Southeastern United 

States. No-till systems contribute to soil and water conservation, increase plant N availability 

and reduce environmental N losses as well as fuel, labor, and equipment costs (Derpsch et al. 

2010; Dickey et al. 1994; Grandy et al. 2006). No till practices have been shown to increase 

stored soil water from rainfall during periods between wheat and sorghum planting, and 
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plant-available water at seeding time in a no tillage system without preplant irrigation was 

the same as a conventional tillage system which received preplant irrigation (Harman et al. 

1998). Soil water content and availability at planting have been shown to be critical to ensure 

good sorghum stand establishment, and practices that minimize soil moisture losses, such as 

residue management, narrow row planting and proper weed control, are especially important 

(Cothren et al. 2000). Conservation tillage contributes to a shift in weed composition with 

small-seeded annual grasses or perennial weeds population remaining constant or increasing 

whereas broadleaf species abundance tend to diminish, the overall weed species diversity 

increasing in connection with the reduction of single species dominance (Buhler 1995; 

Koskinen and McWhorter 1986; Swanton et al. 2008). However, conservation tillage systems 

are at risk of being converted to higher-intensity tillage systems as a result of the 

development of glyphosate-resistant Palmer amaranth and the inability of current weed 

management techniques to efficiently control it (Price et al. 2011). Moldboard plowing has 

been shown to decrease emergence of glyphosate-resistant Palmer amaranth seedlings by 

46% to 47% due to the inversion of soil layers up to 30 cm depth preventing the germination 

of deeply buried seeds (Culpepper et al. 2010).  

Several agronomic and weed management strategies have been identified that can 

alleviate the development and dissemination of herbicide resistance that pose a risk to 

conservation tillage systems (Norsworthy et al. 2012). Among them, cultural practices that 

promote crop competitiveness, such as crop rotation, narrowing row spacing or increasing 

seeding rates, can contribute to reduce weed growth and fecundity as well as the soil 
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seedbank (Harder et al. 2007; Jha et al. 2008a; Walsh and Powles 2007; Yelverton and Coble 

1991). Tollenaar et al (1994) found that increasing corn plant density from four to 10 plants 

m-2 reduced cumulative biomass of redroot pigweed, common lambsquarters, and wild 

mustard (Sinapis arvensis L.) at silking by 62% for an average pressure of 29 weeds m-2, and 

by 50 % when weeds density increased to 67 weeds m-2. Seed production of velvetleaf that 

emerged at the same time as corn was reduced 69 to 94% with corn population of 96,000 

plants ha-1 and 99% with 128,000 plants ha-1 compared to 64,000 plants ha-1 (Teasdale 1998). 

Reduction in corn row width from 76 cm to 38 cm increased grain yield by 10 to 15%, 

improved sicklepod and arrowleaf sida (Sida rhombifolia L.) control by 5% but did not get 

any significant effect on pitted morningglory control (Norsworthy and Frederick 2005). 

However, other studies found that reducing corn row spacing had little or no effect on corn 

yield and velvetleaf or common ragweed control (Johnson et al. 1998; Teasdale 1998). In 

soybean and without herbicide treatment, hemp sesbania [Sesbania herbacea (P. Mill.) 

McVaugh] seed production was reduced by 35% and 59% with 371,000 and 521,000 plants 

ha-1, respectively, compared to 217,000 plants ha-1 (Norsworthy and Oliver 2002). Schultz et 

al. (2015) did not find any difference in common waterhemp (Amaranthus rudis Sauer) 

control and density reduction in response to soybean seeding rates ranging from 165,000 to 

390,000 plants ha-1 when plots were sprayed with two passes POST of glufosinate or one 

PRE application of fomesafen plus S-metolachlor followed by one POST application of 

glufosinate plus acetochlor. By contrast, Harder et al. (2007) reported that cumulative weed 

biomass was significantly reduced by 27, 31, and 24% at 19, 38, and 76 cm row width, 
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respectively, when soybean population increase from 124,000 to 445,000 plants ha-1 in 

untreated plots. Howe and Oliver (1987) found that pitted morningglory seed production 

decreased by 90 and 62% in 20 cm versus 100 cm row spacing, at pitted morningglory 

density of 3.3 and 40 plants m-2, respectively. Rich and Renner (2007) mentioned an 82% 

reduction in eastern black nightshade (Solanum ptychanthum Dunal) dry weight with 19 cm 

soybean row spacing compared to 76 cm. They suggested that nightshade biomass may have 

been reduced because of the greater soybean leaf are index (LAI) in 19 cm rows causing 

greater soybean light interception. Steckel and Sprague (2004) observed 46% biomass 

reduction and 44% seed production reduction of common waterhemp in 19 cm soybean rows 

when waterhemp emergence was delayed from VE toV2-V3 soybean growth stages whereas 

no biomass difference and only13% reduction in seed production occurred in 76 cm rows. 

This response to row widths was linked to a difference in the amount of photosynthetic active 

radiation (PAR) able to penetrate soybean canopy with 98% and 45% of the available PAR at 

V2-V3 for 76 cm and 19 cm rows, respectively. Comparable results have been found in corn 

where common lambsquarters biomass decreased by 27% when row spacing was reduced 

from 76 cm to 38 cm (Tharp and Kells 2001).  

Research on sorghum row spacing and plant population has mainly been focused on 

yield impact. Several studies have reported higher grain yield under favorable environmental 

conditions and narrower row width, the yield increase being attributed largely to a higher 

density of heads per square m resulting from greater tillering in response to more equidistant 

plant spacing (Fromme et al. 2012a; Jones and Johnson 1991; Maas et al. 2007; Staggenborg 
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et al. 1999). Comparing the effects of velvetleaf and yellow foxtail competition on sorghum 

grain yield in Nebraska, Limon-Ortega et al. (1998) reported less yield losses with increasing 

weed competition in 38 cm row spacing compared to 76 cm with adequate water supply but 

no differences under drought conditions. 

 

Sorghum Allelopathy and Allelopathic Compounds Involved 

 

Sorghum has been known to cause ‘soil sickness’ and affect the growth of other crops 

in rotation systems for a long time. The allelopathic effects of living sorghum plants and their 

residues have been observed both in monoculture and multiple cropping systems (Weston et 

al. 2013). Guenzi et al. (1967) observed that growth of winter wheat double cropped after 

sorghum in the Great Plains was strongly inhibited after sorghum. However, the allelopathic 

potential of decomposing sorghum residue decreased with time and had no effect on wheat 

seedlings after 28 weeks. Burgos-Leon et al. (1980) observed that growth of sorghum was 

reduced when following sorghum in sandy soil but not in soil with high percentage of 

montmorillonite clay. Further investigation demonstrated that sorghum residues incorporated 

in soil high in montmorillonite significantly reduce growth of sorghum seedlings under 

sterile soil conditions. Additional experiments on sterile water extracts of sorghum roots 

inoculated with Trichoderma viride or Aspergillus sp. resulted in toxicity disappearance in a 

short time. Conversely, several weeks were required to detoxify the soil after addition of root 

residues of sorghum with a non-sterile and non-inoculated field soil. Cheema et al. (2008) 
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reported that soil incorporation of roots and whole plants of mature sorghum caused 10 and 

7% decline in grain yield of wheat. In experiments attempting to identify sorghum 

allelochemicals, Kim et al. (1993) demonstrated that extracts from sorghum residues were 

significantly reducing the germination and growth of rice, wheat and corn. Negative impact 

on alfalfa has also been observed. Seed germination of alfalfa was inhibited by up to 80% 

when seeds were exposed to sorghum extracts (Chung and Miller 1995). Other studies also 

demonstrated that small-seeded weed species were most affected by sorghum and its residues 

under different field or greenhouse conditions (Einhellig and Souza 1992; Netzly and Butler 

1986; Uddin et al. 2012; Weston 1996). Ben-Hammouda et al. (1995) tested the allelopathic 

potential of different parts of several sorghum hybrids. All plant parts tested revealed 

significant differences in their phytotoxicity to wheat seedlings regardless of the hybrid. 

Sorghum root and stem residues were most inhibitory, reducing radicle elongation of wheat 

by up to 75% compared with water controls. In a study comparing allelopathy of sorghum on 

seven wheat cultivars under different tillage systems (fallow, tilled sorghum stover, and no-

till sorghum stover), Roth et al. (2000) reported that tilled sorghum residue often delayed 

development of the following wheat crop but did not affect grain yield, probably because of 

the degradation of the allelopathic compounds in the soil. Conversely, no-till sorghum stover 

had little effect on wheat stand establishment but frequently reduced grain yield, potentially 

due to the slow leaching of allelopathic compounds. 

Sorghum and other related species have the ability to inhibit the growth of a number 

of competing weeds. Putnam et al. (1983) found that mulches of sorghum applied to apple 
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orchards in early spring reduced common purslane (Portulaca oleracea L.) and smooth 

crabgrass [Digitaria ischaemum (Schreb.) Schreb. ex Muhl.] biomass by 70% and 98%, 

respectively. Incorporation of sorghum as a green manure crop in field studies demonstrated 

strong interference with growth of numerous weed species (Forney et al. 1985). Einhellig and 

Rasmussen (1989) noted the strong weed-suppressive potential of grain sorghum residues 

during the subsequent establishment of row crops under a no-till approach in Nebraska. They 

reported that density of annual broadleaf weeds was suppressed up to one year following 

sorghum establishment as a cover crop compared with plots following corn or soybean. The 

impact of sorghum was not an absence of weeds but a delayed emergence and growth 

inhibition resulting in a significantly lower accumulation of total biomass. Studying the 

allelopathic influence of germinating sorghum on different weeds, Panasiuk et al. (1986) 

reported that co germination in Petri dishes suppressed weed elongation and development of 

hypocotyls or coleoptiles. Under greenhouse conditions, they observed an inhibitory effect of 

sorghum inter-planted with weeds that was still evident after two months of growth. 

Incorporation of sorghum roots or whole sorghum plants was found to significantly reduce 

the total and individual biomass of different weed species. Udin et al. (2009) evaluated the 

herbicidal activity of root exudates of several sorghum cultivars on different weed species 

and reported that false cleavers (Galium spurium L.), redroot pigweed, curly dock (Rumex 

crispus L.), and lambsquarters were the most susceptible to sorgoleone. Barnyardgrass and 

large crabgrass showed 67% shoot inhibition at 100 μg mL-1 sorgoleone. It was also noticed 

that broadleaf weed species were more susceptible to sorgoleone than grass weed species, 
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showing strong inhibition in their shoot growth by 70 to 80%. They also reported that grain 

sorghum cultivars varied considerably in the amount of sorgoleone produced. In hydroponic 

assays, sorgoleone was found to reduce growth of broadleaf and grass weeds at concentration 

as low as 10 μM (Einhellig and Souza 1992; Nimbal et al. 1996) 

If the allelopathic and weed suppression activity of sorghum in field experiments has been 

well documented, the nature and characteristics of the chemical compounds responsible for 

sorghum allelopathy have been investigated only recently. Following the observation that 

sudex (Sorghum bicolor x sudanese) shoot tissues reduced the growth of small-seeded 

weeds, Weston et al. (1988; 1989; 1997) identified two major inhibitors, p-hydroxybenzoic 

acid and p-hydroxybenzaldehyde. Sène et al. (2000) investigated the phenolic production of 

sorghum in Senegal and reported the presence of p-hydroxybenzoic, ferulic and coumaric 

acids in plant tissues as well as vanillic and p-hydroxybenzoic in field soil where sorghum 

had been cropped over multiple years. These studies suggested that sorghum or its hybrids 

may produce large quantities of phenolic compounds in both root or shoot tissues, and that 

these phenolics may be present in high concentration in the soil following sorghum harvest. 

However, the plant growth inhibitory activity of these phenolic compounds acts only on in 

short-term, generally less than eight weeks (Weston and Czarnota 2001). In parallel to 

phenolic compounds, considerable work has been done on the phytotoxicity of root exudates 

of sorghum. It has been shown that the major component of root exudates is a long chain 

hydroquinone compound called sorgoleone, first identified in 1986 by investigators searching 

for secondary metabolites involved in triggering the germination of the parasitic weed, 
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witchweed [Striga asiatica (L.) Kuntze] (Netzly and Butler 1986). Sorgoleone and its 

resorcinol analog, along with some structurally related p-benzoquinones present in small 

amounts in sorghum root exudates, are phytotoxic to plant growth (Kagan et al. 2003; 

Rimando et al. 1998). Sorgoleone and its 1,4-hydroquinone form account for a large 

proportion of the oily root exudate of sorghum root hairs and concentration of sorgoleone 

ranges from about 40 to 800 μg mg-1 of root extract, based on quantitative analysis of seven 

sorghum accessions (Rimando et al. 2005). Sorgoleone production occurs shortly after 

germination and is associated with the formation of functional root hair cells (Czarnota et al. 

2003a). Production is a dynamic process as long as the root hair is functional, removal of 

sorgoleone droplets resulting in the production of additional sorgoleone and continued 

exudation (Dayan et al. 2010). Different modes of action for sorgoleone have been identified. 

Sorgoleone acts primarily as an inhibitor of photosynthesis. First evidences of sorgoleone 

effect on photosynthesis have been found by Einhellig et al. (1993) who reported a strong 

inhibition of O2 evolution in leaf disks of soybean [Glycine max (L.) Merr.] and chloroplasts 

of pea (Pisum sativum L.) exposed to increasing concentrations of sorgoleone. Comparison 

with atrazine, a known and powerful PSII-inhibitor of broadleaf weeds, has shown that 

concentration of sorgoleone and atrazine required to achieve 50% of inhibition for O2 

evolution were identical. Based on these preliminary results, Nimbal et al. (1996) 

investigated the exact site of action of sorgoleone. PSII-inhibitors block the flow of electron 

through PSII by binding to the QB-binding niche on the D1 protein and thus acting as non-

reducible analogs of plastoquinones. Using competitive binding of atrazine in presence of 



17 

 

 

 

 

different PSII-inhibitors in spinach (Spinacia oleracea L.), redroot pigweed and potato 

(Solanum tuberosum L.) , Nimbal et al. (1996) observed a common Y-intercept on the 

double-reciprocal plot of atrazine binding for diuron, metribuzin and sorgoleone applied at 

two different concentrations. These results suggested that sorgoleone is a competitive 

inhibitor of these herbicides, sharing the same binding site on the D1 protein. Using thin 

layer chromatography on a crude extract of sorghum roots, Rimando et al. (1998) isolated a 

new benzoquinone derivative, 5-ethoxy sorgoleone, present in small amounts. Based on 

study of O2 evolution in lettuce (Lactuca sativa L.) thylakoid membranes and chlorophyll 

fluorescence, they concluded that, although structurally close, 5-ethoxy-sorgoleone was a 

less active inhibitor of PSII than sorgoleone. Czarnota et al. (2001) deepened our knowledge 

about the binding properties of sorgoleone on the QB-binding site of PSII by performing a 3D 

molecular modeling study. They reported that the amount of energy required for sorgoleone 

to dock on this binding site was about half the one requested for plastoquinone, the natural 

electron transporter between PSII and cytochrome b6f. Thus, sorgoleone can competitively 

displace plastoquinone within the binding pocket.  

Sorgoleone is the predominant constituent of allelopathic root exudates in sorghum, 

accounting for approximatively half of the exudate but it’s not the only one. Using PDMS 

probes to collect individual oily droplets exuded by sorghum young seedlings roots, Dayan et 

al. (2009) reported that their composition consisted of sorgoleone and its dimethylated 

resorcinol analog in a 1:1 ratio. In a previous study, Rimando et al. (2003) isolated three 

resorcinolic lipids from sorghum and demonstrated that two of these compounds were able to 
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inhibit PSII activity as well as sorgoleone. Some other minor components of the oily 

exudates have also been reported (Kagan et al. 2003). All of them share the same aromatic 

ring with sorgoleone and only differ in the length or degree of unsaturation of the aliphatic 

side chain. No difference of phytotoxicity between sorgoleone and its analogues has been 

observed. These different results suggest that neither the quinone moiety nor the length or 

degree of unsaturation of the aliphatic chain play a role in PSII inhibitory activity of 

sorgoleone and its analogs. As previously explained, sorgoleone compete with atrazine for 

the same QB-binding site in PSII. Testing sorgoleone sensitivity of atrazine-resistant and 

atrazine-sensitive redroot pigweed, Dayan et al. (2009) did not report any cross-resistance. 

Sorgoleone and atrazine belong to two different families of PSII-inhibitors and mutation of 

Ser264 that causes resistance to atrazine will have no effect on the phytotoxicity of 

sorgoleone. Interestingly, sorgoleone have been reported to affect photosynthesis in young 

tissues but not in older plants, raising the question of sorgoleone take up take and 

translocation into the plant (Dayan and Duke 2009). 

Other target sites than PSII have also been investigated. Hejl and Koster (2004) did 

not find any disruption of photosynthesis measured by leaf fluorescence and O2 evolution on 

young soybean seedlings grown at different concentrations of sorgoleone. However, they 

measured a significant reduction of leaf area and of water uptake for the seedlings treated 

with the highest concentration of sorgoleone. Controlling the activity of plasma membrane 

H+-ATPase, they measured a significant decrease of its activity with increasing sorgoleone 

concentrations. Inhibition was similar to that caused by juglone, a quinone exuded from the 
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roots of black walnut (Juglans nigra L.). Inhibition of the plasma membrane H+-ATPase will 

cause a loss of the high concentration in protons within the rhizosphere which is responsible 

for the electrochemical gradient driving the uptake of essential nutrients. Disruption of the 

H+-ATPase functioning may have serious consequences for the plant, including perturbation 

of the photosynthetic activity.  

Sorgoleone has also been found to affect the 4-HPPD enzyme that catalyzes the 

conversion of p-hydroxyphenylpyruvate to homogensinate, an important precursor of α-

tocopherol and plastoquinone, which is an essential electron acceptor in the reaction 

catalyzed by phytoene desaturase (PDS) to produce carotenoids. 4-HPPD inhibition will 

result in a decreased pool of plastoquinones and, consequently, carotenoids. This will cause 

foliage bleaching because the photosystem is no longer protected by these pigments. Meazza 

et al. (2002) studied the inhibitory activity of different natural products on 4-HPPD from 

mouse-ear cress [Arabidopsis thaliana (L.) Heynh]. All the tested benzoquinones were 

restraining 4-HPPD activity, the greatest inhibition occurring with sorgoleone and maesanin, 

a compound structurally close to sorgoleone and differing only in the number and position of 

double-bonds in the aliphatic chain. Full saturation of the aliphatic chain or substitution of 

the methyl and hydroxyl groups by other groups on the quinone moiety of sorgoleone 

resulted in decreased inhibitory activity. Previously known 4-HPPD- inhibitors such as 

triketones form stable enzyme-complex intermediates by binding very tightly to the catalytic 

site of 4-HPPD. Benzoquinones have a different kinetic behavior and do not bind as tightly 

because of their structural difference with triketones. 
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Modulation of Sorgoleone Production 

 

As stated by Dayan (2006), little is known with regards to the factors modulating 

sorgoleone biosynthesis in spite of the increasing knowledge of the cellular localization and 

biosynthesis steps involved in the production of sorgoleone.  

Assessing the effects of different environmental conditions (plant age, temperature, 

blue/red/far-red lights, pH, osmotic stress, mechanical pressure, elicitors of plant defense 

mechanisms) on sorgoleone production in developing young sorghum seedlings, Dayan 

(2006) reported that amount of sorgoleone exuded from roots hairs was dramatically affected 

by temperature with low temperature reducing root growth and consequently sorgoleone 

synthesis, optimum sorgoleone production being obtained at temperatures ranging from 25 to 

35°C. Sorgoleone production remained constant when adjusted per root dry weight at 3, 5, 7 

and 9 days after planting. If none of the light treatments affected root growth, sorgoleone 

production was strongly suppressed under blue light (470 nm) and less under red light (670 

nm), far red light (735 nm) having no effect. Sorgoleone production increased slightly as the 

pH decreased, the maximum being reached for pH between 4 and 5. Osmotic stress generated 

by lowering the water potential of the medium with sorbitol affected negatively root growth 

and production of sorgoleone. Increasing concentrations of a water-soluble extract of 

velvetleaf resulted in stimulation of sorgoleone production while reducing overall root 

biomass. Finally, while mechanical pressure over the seedlings resulted in an increase in root 

biomass, there was no net increase in sorgoleone production per root dry weight. Other 



21 

 

 

 

 

studies indicated that sorgoleone is quite sensitive to moisture because of the inhibition of 

root hair formation under high moisture conditions by reducing ethylene concentration on the 

root surface (Hess et al. 1992; Yang et al. 2004). 

Weed competition is another stress, which may trigger or change plant allelopathic 

properties. For example, an important finding was that exudation of the three major 

allelochemicals in two allelopathic cultivars of rice (Oryza sativa L.) was induced by the 

presence of barnyardgrass (Kato-Noguchi 2011; Zhao et al. 2005; Kong et al. 2004). Recent 

results suggest that rice of allelopathic cultivars might be able to detect the presence of 

competing barnyardgrass and response by decreasing production of growth-stimulating 

allantoin that stimulates barnyardgrass growth one released from rice or added to the soil 

(Sun et al. 2012). In a study on DIMBOA exudation by wheat roots, Lu et al (2012) reported 

that DIMBOA levels were increased by the presence of wild oat (Avena fatua L.) and 

flixweed even when root systems were not in direct contact and attributed this effect to 

microbial interactions in the rhizosphere. 

Herbicide application may also impact the production of secondary metabolites, 

including allelochemicals. Einhellig (1996) summarized earlier investigations reporting that 

sunflower (Helianthus annuus L.) and tobacco (Nicotiana tabacum L.) sprayed with 2,4-D 

had a 30-fold increase in scopolin content, and significant increases were also observed for 

scopoletin and ayapin (Dieterman et al. 1964a; Dieterman et al. 1964b). Conversely, rutin 

content decreased in tomato (Solanum lycopersicum L.) treated with 2,4-D (Van Bragt et al. 

1965).  



22 

 

 

 

 

Soil fertility might also interfere with allelopathic compound production. Nitrogen 

deficiency has been shown to strongly affect the synthesis of polyphenols (Koricheva 1999) 

because it will affect growth more than photosynthesis, and thus allows more carbohydrates 

to be available for phenolic synthesis. However, attempts to use added fertilizers to overcome 

allelopathy have had mixed results. Bhowmik and Doll (1984) reported that adding 

supplements of nitrogen and phosphorus to various allelopathic weed residues did not 

alleviate the negative effects of the residues on crop growth. Conversely, Hall et al. (1983) 

observed that inhibition of redroot pigweed growth by sunflower residues was not evident 

when nutrient solution of nitrogen, phosphorus and potassium was applied to the soil. Sène et 

al. (2001) reported that both the total phenol pool size and phenol concentration were higher 

when nitrogen nutrition was improved and concluded that environmental factors that promote 

growth and grain yield also enhance the total phenol synthesis in sorghum vegetative parts. 

Amount of allelochemicals produced is also density-dependent. Several studies based on 

laboratory root exudates bioassays have demonstrated it. Working on allelopathic potential of 

different rice varieties against arrowhead (Sagittaria montevidensis Cham. & Schlecht.), Seal 

et al. (2004) demonstrated that arrowhead root growth was significantly reduced when rice 

density increased, regardless of the varieties. The root growth data produced through this 

experiment followed a typical dose-response curve. With increasing the density of wheat 

plants, root and shoot dry biomass of annual ryegrass were progressively reduced and the 

total of allelochemicals produced by wheat root was linearly correlated with wheat density 

(Chunjie et al. 2010). Finally, increasing sorghum planting densities from 6.6 to 26.6 plants 
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m-2 was shown to significantly decrease weed population and biomass compared to control 

without (Al-Bedairy et al. 2012). The increase in weed population and biomass reduction has 

been attributed to competition exerted by sorghum plants on essential growth factors but also 

to the allelopathic effect of sorghum plants through root exudation. 

Amount of sorgoleone produced may also vary among sorghum cultivars. Screening 

25 different varieties, Nimbal et al. (1996) reported that production of sorgoleone ranged 

from 0.67 mg g-1 of root fresh weight to 17.8 mg g-1 of root fresh weight, most of the 

cultivars producing between 1.5 and 10 mg g-1 of root fresh weight. Sorghum cultivars varied 

not only in the amount of sorgoleone produced but also in its purity that ranged between 76 

and 99%. Czarnota et al. (2003b) compared the sorgoleone production of seven genetically 

diverse sorghums: shattercane [Sorghum bicolor (L.) Moench ssp. arundinaceum (Desv.) de 

Wet & Harlan], johnsongrass [Sorghum halepense (L.) Pers.], two forage sorghum x 

sudangrass hybrids, two grain sorghum varieties, and one sweet sorghum. Within each 

sorghum genotype, variations existed in the amount of exudate produced ranging from 0.5 

mg g-1 of root fresh weight for shattercane to 14.8 g-1 of root fresh weight for johnsongrass. 

However, all the cultivated accessions yielded similar amount of exudate, approximately 2 

mg g-1 of root fresh weight. Sorgoleone accounted for the largest percentage of the total 

exudate, ranging between 80 and 90% depending upon cultivars. 
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Abstract 

 

Weed control remains a major challenge for economically viable sorghum production 

in North Carolina due to sorghum sensitivity to weed competition during early growth stages. 

Synthetic auxins herbicides, dicamba and 2,4-D, are among the most common and 

inexpensive herbicides used postemergence (POST) to control broadleaf weeds. However, 

different studies have identified the risk of crop injury and grain sorghum yield reduction 

when 2,4-D is applied POST. No research data on grain sorghum response to 2,4-D or 

dicamba exists in North Carolina. Consequently, a study was conducted to investigate the 

effects on sorghum growth and yield following 2,4-D and dicamba POST applications 

beyond the recommended crop height (15 to 20 cm). Three rates of 2,4-D (100, 220 and 330 

g ae ha-1) and one rate of dicamba (280 g ae ha-1) were applied on 20, 35, 45, 55, and 65 cm 

tall sorghum. Stunting and lodging resulted from 2,4-D and dicamba application. Greater 

stunting was observed when 2,4-D was applied at 20 or 35 cm growth stages or higher rates. 

Lodging was most prevalent with dicamba and the highest rate of 2,4-D, and increased at 

later stages of applications. Application of 2,4-D at 220 or 330 g ae ha-1 on 35 to 55 cm tall 

sorghum resulted in taller sorghum plants in three of the six environments. Our results 

confirm previously reported data on the negative impact on plant injury and grain sorghum 

yield following application of growth regulating herbicides applied beyond the actual 

recommended height. Regardless of local environmental conditions, 2,4-D applied up to 

35cm tall did not negatively impact grain yield. There was a trend for yields to be somewhat 
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lower when 2,4-D was applied on 45 or 55 cm tall sorghum, but it was only statistically 

significant at the 220 g ae ha-1 rate. However, application of 2,4-D on 65 cm tall sorghum 

systematically resulted in lower yields. More caution should be taken with dicamba at 280 g 

ae ha-1 since yield reduction has been reported as early as applications made on 35 cm tall 

sorghum for a potentially dicamba sensitive cultivar. 

Nomenclature: 2,4-D; dicamba; sorghum, Sorghum bicolor (L.) Moench.  

Key Words: weed control; auxin-type herbicides; growth stages; herbicide rates; crop injury. 
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Grain sorghum [Sorghum bicolor (L.) Moench], a major cereal crop grown in the 

United States, recently gained renewed interest in the Southeastern region where it is used 

primarily as an animal feedstock. In 2012, 20,000 ha of grain sorghum were grown in North 

Carolina, an estimated 10-fold increase over 2011 ([NCDA-CS] North Carolina Department 

of Agriculture and Consumer Services 2013).  

Weed control remains a major challenge for sorghum producers worldwide as the 

percentage of grain sorghum yield lost due to weed competition exceeds that of most other 

grain crops (Stahlman and Wicks 2000). Herbicide options for postemergence applications 

(POST) are more restricted in grain sorghum than for other major row crops because the 

sorghum worldwide market is not large enough to justify the development and registration of 

new herbicides (Stahlman and Wicks 2000). Additionally, several products used POST in 

sorghum have long rotation restrictions on their label that can limit their use in diverse 

cropping environments (Everman and Besancon 2012). Among the POST herbicides 

available for controlling broadleaf weeds in grain sorghum, 2,4-D and dicamba are phenoxy 

and benzoic acid herbicides, respectively, that provide excellent control if applied while 

weed seedlings are young (Wiese et al. 1960). Furthermore, rotation to a non-glyphosate-

resistant (GR) crop such as grain sorghum and the subsequent use of growth regulating 

herbicides is a recommended practice to improve control and prevent the spread of herbicide-

resistance among several species of broadleaf weeds (Norsworthy et al. 2012).  

While 2,4-D is a good options for weed control in grain sorghum, crop injury in the 

form of rolled leaves and brittle, spreading stems and tillers may result from its application 
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on grain sorghum (Thompson et al. 2015). Previous studies have shown that 2,4-D can cause 

a shortening of developing roots and shoots from sorghum seeds germinated on Petri dishes 

(Bhaskaran and Smith 1989). Sorghum sprayed with 2,4-D at 225 g ai ha-1 when plant height 

was 15 to 20 cm presented chromosomal aberrations within the pollen mother cells, mostly 

aneuploidy and polyploidy (Liang et al. 1969). 

Grain sorghum tolerance to 2,4-D may also differ among sorghum varieties. In a 

study comparing the competitiveness and herbicide tolerance of ten sorghum hybrids in 

Nebraska, 2,4-D applied at 1100 g ae ha-1 caused important sorghum injury by damaging 

roots, lodging and abnormal growth independently of the cultivars. Most of the varieties 

recovered and yielded similarly to a weed-free check, except three that presented a 

significant yield decrease ranging from 12 to 27% (Burnside and Wicks 1972). Herbicide 

formulation also plays a role in the grain sorghum tolerance to 2,4-D. Low-volatile ester 

formulation provided better redroot pigweed control than an amine salt but resulted in higher 

percentage of grain sorghum injury without impacting the yield (Phillips 1960).  

Recent studies have shown that grain sorghum productivity and lodging are sensitive 

to the rate of 2,4-D as well as phenological stage at which it is applied. In a greenhouse 

experiment conducted in Brazil, Dan et al. (2010) reported higher percentage of foliage 

injury with 2,4-D application made at the three-leaf stage rather than at the nine-leaf stage, 

regardless of 2,4-D rate ranging from 0 to 1,608 g ae ha-1. Yet, lodging was significantly 

more important when 2,4-D was applied at the nine-leaf stage compared to the three-leaf 

stage, with over 40% and < 10% lodged plants, respectively, for 2,4-D rate exceeding 840 g 
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ae ha-1. Yield reduction ranging from 20 to 38% occurred for 2,4-D applied at the nine-leaf 

stage whereas loss did not exceed 25% for 1,608 g ae ha-1 2,4-D applied at the three-leaf 

stage (Dan et al. 2010). Increasing rates of 2,4-D caused a linear reduction in plant height, 

biomass and green dry matter accumulation as well as decreased yield, especially at rates 

above 1,000 g ai ha-1 and late applications (Petter et al. 2011). In similar research, 2,4-D 

applied at the recommended rate (720 g ai ha-1) and 1.5x dosage at the five-leaf and eight-

leaf stages has been reported to cause significant toxicity from 12 to 24% and reduce grain 

yield from 12 to 16% because of a decrease in the number of grains per panicle (Rosales-

Robles et al. 2014). When compared to 2,4-D applied at 225 or 720 g ae ha-1, dicamba at 144 

g ae ha-1 resulted in similar weed control but with less damage to sorghum and without 

reducing yield (Rosales-Robles et al. 2011).  

Previous studies have shown dicamba injury on sensitive wheat (Triticum aestivum 

L.) varieties. Shroeder and Banks (1989) reported crop injury and yield reduction for when 

dicamba was applied mid-tiller to cultivars of soft red winter wheat planted 10 or 21 days 

later than recommended. Schweizer et al. (1978) found that sorghum yield was significantly 

reduced when a mixture of 280 g ae ha-1 of dicamba and 560 g ae ha-1 of 2,4-D was applied 

twice at the same rate in spring. Walker et al. (1992) reported dicamba phytotoxicity on grain 

sorghum when leached into the soil but not when remaining on the soil surface. Dicamba 

applied at 280 or 560 g ae ha-1 one day before sowing significantly reduced sorghum seedling 

growth if 25 mm of irrigation was received within four days of sowing and yield if 144 mm 

of rainfall was received within 14 days of sowing. 
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These results stress the need for assessing the damage potential of synthetic auxins 

applied POST over-the-top beyond the current sorghum height recommendation of 20 cm 

(Anonymous 2015a, 2015b). Therefore, the objectives of this study were to determine the 

effect of 2,4-D and dicamba applied at different rates and phenological stages under different 

soil types and environmental conditions on grain sorghum growth, lodging and yield.  

 

Materials and Methods 

 

Field experiments were conducted at the Upper Coastal Plain Research Station near 

Rocky Mount, NC, in 2012, 2013, and 2014, the Central Crops Research Station, Clayton, 

NC, in 2012 and 2013, and the Caswell Research Farm near Kinston, NC, in 2014 resulting 

in six year-by-location combinations (here after referred as to environments). All 

experiments were conducted under dryland conditions. Soils were a Roanoke loam (fine, 

mixed, semiactive, thermic Typic Endoaquults) with 2.3% organic matter and pH 6.4 in 2012 

and 2013, and a Wickham sandy loam (fine-loamy, mixed, semiactive, thermic Typic 

Hapludults) associated with an Altavista fine sandy loam (fine-loamy, mixed, semiactive, 

thermic Aquic Hapludults) with 1.3% organic matter and pH 5.7 in 2014 at Rocky Mount, a 

Varina loamy sand (fine, kaolinitic, thermic Plinthic Paleudults) with 2.4% organic matter 

and pH 6 at Clayton, and a Woodington loamy sand (coarse-loamy, siliceous, semiactive, 

thermic Typic Paleaquults) with 1.9% organic matter and pH 6.1 at Kinston.  
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Sorghum hybrid DeKalb DKS 53-67 (Monsanto, Saint-Louis, MO) was seeded at a 

rate of 296,000 seeds ha-1 at Rocky Mount and Kinston. At Clayton, sorghum cultivars 

Mycogen1G600 (Dow AgroSciences, Indianapolis, IN) and Pioneer 84P80 (DuPont, 

Johnston, IA) were seeded at a rate of 247,000 seeds ha-1 in 2012 and 2013, respectively. 

Fields were disk tilled before seeding at each environment and seeds were planted in 38 cm 

rows at a depth of 1.9 cm (see Table 1 for planting dates). S-metolachlor [2-chloro-N-(2-

ethyl-6-methylphenyl)-N-(1-methoxypropan-2-yl)acetamide] and atrazine [6-chloro-N2-

ethyl-N4-(propan-2-yl)-1,3,5-triazine-2,4-diamine] herbicides (Bicep II Magnum® 15G, 

Syngenta Crop Protection, Greensboro, NC) were applied preemergence at 1412 g ai ha-1and 

1824 g ai ha-1, respectively. Standard fertilization and insect management practices as 

recommended by the North Carolina Cooperative Extension Service were followed. 

The experimental design at each environment was a two-factorial arrangement in a 

randomized complete block with four replications. A weed-free control that did not receive 

POST application was added within each replication to serve as a comparison basis during 

the ratings. Plot size was 2.4 wide by 9.1 m long, with row spacing of 38 cm. Factors 

included synthetic auxins applied POST at different rates and timings. Herbicide treatments 

consisted of dimethylamine formulated 2,4-D [2-(2,4-dichlorophenoxy)acetic acid] (Weedar 

64®, Nufarm, Burr Ridge, IL) at 100, 220, and 330 g ae ha-1, and dicamba [3,6-dichloro-2-

methoxybenzoic acid] (Clarity®, BASF, Research Triangle Park, NC) at 280 g ae ha-1. POST 

treatments were applied when grain sorghum was approximately 35, 45, 55, or 65 cm tall. An 

additional application on 20 cm tall sorghum was added in 2014. No surfactant was added to 
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POST treatments. In all years, the PRE and POST herbicides were applied in water with a 

CO2-pressurized backpack sprayer equipped with flat-fan nozzles XR1102 (TeeJet, Wheaton, 

IL) delivering 140 L ha-1 at 165 kPa (see Table 1 for applications dates).  

For each environment, grain sorghum height at boot stage as well as grain yield at 

harvest were recorded. Plots were machine harvested between mid-October and 

mid-November using a combine (Model Delta, Wintersteiger, Ried, Austria) specifically 

adapted for harvesting small-plots and crop weights were adjusted to 14% moisture. In 2014, 

at Rocky Mount and Kinston, visual grain sorghum injury (chlorosis and stunting) and 

lodging were evaluated following synthetic auxins applications. Injury symptoms were only 

recorded in the form of stunting, no leaf chlorosis or necrosis was observed at both locations. 

These observations were based on a scale of 0 (no chlorosis, stunting or lodging) to 100 

(complete plant death or lodging) and recorded approximately 7, 21, and 35 days after 

application (DAA) as well as at harvest. Only injury in the form of stunting was observed at 

both locations and is therefore reported. Ratings taken before harvest did not show any 

stunting injury and are therefore not reported. 

Grain sorghum stunting and lodging data were analyzed as a two-way analysis of 

variance (ANOVA) using the PROC GLIMIX procedure of SAS (version 9.4; SAS Institute 

Inc., Cary, NC). As stunting and lodging ratings were taken relatively to the weed-free 

control, this one was not included in the analysis. Data were transformed to the arcsine 

square root prior to ANOVA to stabilize the variances (Grafen and Hails 2002). Because the 

transformation of the data did not change the separation of means, only non-transformed data 
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are presented. The interaction between location and herbicide rate or application timing was 

not statistically significant for sorghum stunting (Table 2) and lodging (Table 3). However, 

interaction between herbicide rate and application timing was significant (p ≤ 0.05). Thus, 

data were analyzed and are presented by herbicide rates within each application timing or by 

application timings within each herbicide rate. 

Data for sorghum height at boot stage and grain yield at harvest were firstly subjected 

to a one-way ANOVA using the PROC GLIMMIX procedure of SAS (version 9.4; SAS 

Institute Inc., Cary, NC) and Fisher’s Protected LSD to separate treatments means (P ≤ 0.05). 

The environment-by-treatments interaction was statistically significant for sorghum height at 

boot stage as well as grain yield at harvest (Table 4), therefore, data are reported by 

environment. Subsequently, the dicamba treatment was dropped to separately analyze the 

effect of 2,4-D rates on grain sorghum yield and date were subjected to a one-way ANOVA 

using PROC GLIMMIX and Fisher’s Protected LSD to separate treatments means (P ≤ 0.05). 

In the absence of environment-by-treatments interaction (Table 5), 2,4-D treatments have 

been pooled over environments. 

 

Results and Discussion 

 

Grain Sorghum Stunting and Lodging.  

Stunting was principally observed 7 and 21 DAA, with stunting becoming transient 

by 35 DAA. Sorghum stunting 7 and 21 DAA increased with higher rate of 2,4-D applied on 
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20 to 45 cm tall sorghum, ranging from 2 to 12% 7 DAA and from 0 to 7% 21 DAA with 

2,4-D at 100 and 330 g ae ha-1, respectively (Table 6). No or minimal stunting (≤ 2%) 

regardless of 2,4-D rates was noted at 7 and 21 DAA with applications on sorghum taller 

than 45 cm. At 35 DAA, negligible stunting (≤ 2%) was only observed with 2,4-D applied at 

330 g ae ha-1on 20 or 32 cm tall sorghum. At 7 DAA and for any application timing, dicamba 

applied at 280 g ae ha-1 resulted in a higher percentage of stunting ranging from 3 to 17 % 

than the highest rate of 2,4-D at 330 g ae ha-1. Similar result was observed 21 DAA for 

dicamba applied on 45 to 65 tall sorghum with stunting ranging from 1 to 4%. Regardless of 

time of application, limited stunting (≤ 2%) was noted 35 DAA for dicamba at 280 g ae ha-1. 

2,4-D applied at 100 g ae ha-1 caused no or ≤ 3% stunting 7 DAA with greater injury 

recorded for 20 to 45 cm tall sorghum at time of application (Table 7). Increasing 2,4-D rate 

to 220 or 330 g ae ha-1 caused between 8 and 12% stunting 7 DAA when sorghum was 20 to 

35 cm tall at time of application. At 21 DAA, ≥ 5% stunting was only detected for 2,4-D at 

330 g ae ha-1 applied on 20 to 35 cm tall sorghum. No or ≤ 3% stunting was observed 21 and 

35 DAA with 2,4-D at 100 or 220 g ae ha-1 regardless of time of application or with 2,4-D at 

330 g ae ha-1 applied beyond 35 cm sorghum height. Similar results have been reported by 

Dan et al. (2010) who observed that 2,4-D applications during the early development stages 

of sorghum (up to six fully expanded leaves) resulted in the highest levels of toxicity when 

the rates of 2,4-D exceeded 210 g ae ha-1. Persistence of sorghum injury has also been 

previously documented up to 40 DAA with 16% injury when 2,4-D at 720 g ae ha-1 was 
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applied at the five fully expanded leaves stage and 20% when applied at the at the eight fully 

expanded leaves stage (Rosales-Robles et al. 2011). 

Independently of the sorghum growth stage at which POST was applied, raising the 

2,4-D rate from 100 to 330 g ae ha-1 increased the percentage of lodged plants by 2 to 4% 21 

DAA and by 4 to 14% 35 DAA (Table 8). Application of 2,4-D beyond 35 cm sorghum 

height caused significant higher lodging at harvest for 330 g ae ha-1 compared to 100 and 220 

g ae ha-1 with 6 to 7% and ≤ 2%, respectively. Depending on the time of application, dicamba 

applied at the labelled field rate for sorghum (280 g ae ha-1) caused lodging between 3 and 

13% 21 DAA and 7 to 25% 35 DAA, similar results to those noted for 2,4-D applied at the 

highest rate (330 g ae ha-1).  

Our data also show that grain sorghum is more sensitive to lodging resulting from 

growth regulating herbicides applied at later sorghum stages (Table 9). None or minimal 

lodging (≤10%) was observed at 7, 21 and 35 DAA or at harvest for 2,4-D applied at 100 or 

220 g ae ha-1. Dicamba at 280 g ae ha-1 or 2,4-D at 330 g ae ha-1 caused 15 to 25% lodging 

when applied on sorghum taller than 35 cm. Persistence of lodging for dicamba or the highest 

rate of 2,4-D applied beyond 55 cm tall sorghum was noted up to harvest with 6 to 13% 

lodging compared to 2% when application were made on 20 cm tall sorghum. 

Dan et al. (2010) reported an increased percentage of lodged plants when 2,4-D was 

applied at a rate exceeding 420 g ae ha-1 on grain sorghum plants with at least nine expanded 

leaves with up to 36% at 840 g ae ha-1 and 50% at 1608 g ae ha-1. In vitro application of 

2,4-D has been shown to induce a shortening of sorghum roots accompanied by uncontrolled 



54 

 

 

 

 

growth of adventitious roots (Bhaskaran and Smith 1989; Masteller and Holden 1970). Root 

systems from susceptible species in nutrient solution containing 0.5 ppm 2,4-D also exhibited 

increased cellulase activity (Coble and Slife 1971). Increasing rates of 2,4-D from 280 to 

1120 g ae ha-1, applied on grain sorghum at the five-leaf stage, caused fasciation of the brace 

roots and delayed development of the feeder roots without affecting the yield if sufficient 

moisture was available (Phillips 1958). As a consequence of the weakened root systems, 

grain sorghum plants sprayed with 2,4-D are more prone to lodging as observed in our study. 

Lodging evaluation before harvest suggests that grain sorghum may partially recover from 

injury observed earlier in the season. However, greater lodging damages persisted when 

dicamba or 2,4-D at the highest rate were applied on sorghum taller than 35 cm.  

Grain Sorghum Height at Boot Stage.  

Consistent sorghum height increase at boot stage as compared to the weed free 

control that did not receive POST application of growth regulating was observed in three of 

six environments (Table 10). At Rocky Mount and Clayton in 2012 as well as at Kinston in 

2014, 2,4-D applied on 35 to 55 cm tall sorghum caused sorghum height to increase by 9% 

on average for a 220 g ae ha-1 rate and by 10% on average for a 330 g ae ha-1 compared to the 

control. Sorghum height increased by 8% at Rocky Mount in 2012 and by 11% at Kinston in 

2014compared to the control when 2,4-D was applied at 100 g ae ha-1 on 45 or 55 cm tall 

plants. Regardless of herbicide rates, application of 2,4-D on 65 cm tall sorghum did not 

cause plants to grow taller than in the control. Similarly, dicamba applied at 280 g ae ha-1 had 

little or no effect on crop height, only a slight increase by 6% compared to the control being 
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noted at Rocky Mount in 2012 and Kinston in 2014 when dicamba was applied on 45 or 55 

cm tall sorghum. Other studies have reported non-significant decrease in plant height with 

2,4-D applied at 335, 670 or 1005 g ae ha-1 and on three to six leaf stage grain sorghum 

(Petter et al. 2011) whereas significant reduction occurred at the same 2,4-D rates on three 

leaf stage pearl millet (Pennisetum americanum) (Pacheco et al. 2007). These contrasting 

results may be due to differential sensitivity to 2,4-D, which is associated with genetic 

variations of the different sorghum cultivars.  

Grain Yield at Harvest.  

As compared to the weed free control, lower grain yield was noted in four of six 

environments when dicamba at 280 g ae ha-1 was applied on 55 and 65 cm tall sorghum 

(Table 10). At Clayton and Rocky Mount in 2012 as well as at Kinston and Rocky Mount in 

2014, dicamba applied on 55 cm tall sorghum resulted in significant yield reduction 

averaging 1.3 Mg ha-1. Similar effect was observed on 65 cm tall sorghum at Rocky Mount in 

2012 and 2013, Clayton in 2012, and Kinston in 2014 with significant yield reduction 

averaging 1.5 Mg ha-1. Earlier application on 35 or 45 cm tall sorghum did not cause grain 

yield loss, except at Clayton in 2012 with reduction by 1.7 and 1.2 Mg ha-1, respectively. 

Systematic yield reduction at Clayton in 2012 with dicamba applied at any sorghum growth 

stage may be due to specific cultivar sensitivity to dicamba as Mycogen1G600 was used for 

this environment whereas DeKalb DKS 53-67 and Pioneer 84P80 were planted in all the 

other environments. If cultivar sensitivity has not been reported for sorghum, previous 

studies have shown dicamba injury on sensitive wheat varieties (Schroeder and Banks 1989; 
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Sikkema et al. 2006). Rinella et al. 2001 have shown that dicamba applied at 140 of 280 g ae 

ha-1 on F2 to F10 ‘Wakefield’ winter wheat cultivar caused 30 to 100% underdeveloped 

seeds that were too small to be harvested. Awad et al. (1991) have indicated that there was a 

rapid and extensive metabolism of absorbed dicamba by sorghum with 32% of the 14C in 

shoots above treated leaves was metabolized by sorghum 7 days after treatment. Therefore, it 

is possible that Mycogen1G600 does not metabolize dicamba as rapidly as other cultivars, 

and underdeveloped seeds may result from herbicide remaining in the plant at the time of 

gamete formation, anthesis, and seed growth and development. 

In the absence of environment-by-treatment interaction after dicamba was removed 

from the ANOVA analysis, yield data were pooled over environments and are presented in 

Figure 1. 2,4-D applied at 100, 220 or 330 g ae ha-1 on 35 cm tall sorghum did not cause 

significant yield reduction compared to the control. Regardless of herbicide rate, grain yield 

was not statistically different from the control when 2,4-D application occurred on 45 or 55 

cm tall sorghum. However, compared to the average yield for 2,4-D applied on 35 cm tall 

sorghum, significant reduction by 12% was noted with 2,4-D at 220 g ae ha-1 applied at 45 

cm or at any rate when applied on 55 cm tall sorghum. At the latest stage of application (65 

cm), 2,4-D at 100 g ae ha-1 did not significantly reduce yield compared to the control but 

decreased it by 10% compared to the average yield for 2,4-D applied on 35 cm tall sorghum. 

Increasing 2,4-D rate to 220 or 330 g a ha-1 at the 65 cm stage caused significant yield 

reduction by 13% compared to the control or by 18% compared to the average yield for 

2,4-D applied on 35 cm tall sorghum. 
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Reduction in grain yield ranging from 12 to 16% was also noted for 2,4-D was 

applied on V5 or V8 sorghum and at 720 or 1080 g ae ha-1 (Rosales-Robles et al. 2014). 

Yield reduction was caused by a decreased the number of grains per panicle.  

At 21 and 35 DAA, there was a statistically significant correlation (P ≤ 0.01) between 

lodging injury and grain yield (Table 12). While the associated r-values were low, this 

response suggests that the complete recovery from lodging observed by harvest did not 

compensate for the negative impact that lodging may have had before sorghum pollination. 

This research demonstrated that POST application of growth regulating herbicides 

beyond the current recommended sorghum height caused increasing lodging, greater injury 

resulting from application of 2,4-D at 330 g ae ha-1 or dicamba at 280 g ae ha-1. In any 

situation, application of dicamba at the current recommended rate of 280 g ae ha-1 resulted in 

higher stunting damages than 2,4-D in the days following application. However, unlike 

lodging, stunting symptoms were not correlated with yield reduction. Since growth 

regulating herbicide may also affect sorghum root system, damages occurring before 

pollination may not be compensated early enough to prevent yield reduction. Regardless of 

local environmental conditions, 2,4-D applied up to 35cm tall sorghum could improve 

broadleaf weed control in grain sorghum systems without negatively impacting grain yield. 

Applying 2,4-D on 45 or 55 cm tall sorghum had similar yield impact at each rate. There was 

a trend for yields to be somewhat lower, but it was only statistically significant at the 220 g 

ae ha-1 rate. However, application of 2,4-D on 65 cm tall sorghum systematically resulted in 

significant lower yields. More caution should be taken with dicamba applied at 280 g ae ha-1 
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since yield reduction has been reported as early as applications made on 35 cm tall sorghum 

for a sorghum cultivar potentially sensitive to dicamba. Further investigations should be 

conducted regarding the sensitivity of different sorghum cultivars to dicamba applications. 

 

 

 

 

 

 

   



59 

 

 

 

 

References 

 

 [NCDA-CS] North Carolina Department of Agriculture and Consumer Services (2013) 

Grain Sorghum Fills a Niche in North Carolina. 

http://www.ncagr.gov/paffairs/release/2012/11-12sorghum.htm. Accessed March 20, 

2015 

Anonymous (2015a) Weedar® 64 Herbicide Label. Available online at 

http://www.cdms.net/ldat/ld08K000.pdf. Accessed November 1, 2015. 

Anonymous (2015b) Clarity® Herbicide Label. Available online at 

http://www.cdms.net/ldat/ld797012.pdf. Accessed November 1, 2015. 

Awad A, Worsham AD, Corbin FT, Eplee R (1991) Absorption, translocation and 

metabolism of foliary applied 14C dicamba in sorghum (Sorghum bicolor) and corn 

(Zea mays) parasitized with witchweed (Striga asiatica). Page 535-536 in Proceedings 

of the 5th International Symposium of Parasitic Weeds. Nairobi, Kenya: CIMMYT 

[Abstract] 

Bhaskaran S, Smith RH (1989) Control of morphogenesis in sorghum by 2,4-

dichlorophenoxyacetic acid and cytokinins. Ann Bot 64:217-224 

http://www.ncagr.gov/paffairs/release/2012/11-12sorghum.htm
http://www.cdms.net/ldat/ld08K000.pdf
http://www.cdms.net/ldat/ld797012.pdf


60 

 

 

 

 

Burnside OC, Wicks GA (1972) Competitiveness and herbicide tolerance of sorghum 

hybrids. Weed Sci 20:314-316 

Coble HD, Slife FW (1971) Root dysfunction in honeyvine milkweed caused by 2,4-D. 

Weed Sci 19:1-3 

Dan HA, Dan LGM, Barroso ALL, Oliveira RS, Guerra N, Feldkircher C (2010) Tolerance 

of grain sorghum to 2,4-D applied post-emergence. Planta Daninha 28:785-792 

Dunnett CW (1955) A multiple comparison procedure for comparing several treatments with 

a control. J Am Stat Assoc 50:1096-1121 

Everman WJ, Besançon TE (2012) Grain Sorghum (Milo) Rotation Considerations. 

http://carteret.ces.ncsu.edu/. Accessed March 24, 2015 

Grafen A, Hails R, eds (2002) Modern Statistics for the Life Sciences. New York, NY: 

Oxford University Press Oxford. 409 p  

Liang GHL, Feltner KC, Russ OG (1969) Meiotic and morphological response of grain 

sorghum to atrazine, 2,4-D, oil, and their combinations. Weed Sci 17:8-12 

Masteller VJ, Holden DJ (1970) The growth of and organ formation from callus tissue of 

sorghum. Plant Physiol 45:362-364 

http://carteret.ces.ncsu.edu/


61 

 

 

 

 

Norsworthy JK, Ward SM, Shaw DR, Llewellyn RS, Nichols RL, Webster TM, Bradley KW, 

Frisvold G, Powles SB, Burgos NR, Barrett M (2012) Reducing the risks of herbicide 

resistance: best management practices and recommendations. Weed Sci 60:31-62 

Pacheco LP, Petter FA, Camara ACF, Lima DBC, Procopio SO, Barroso ALL, Cargnelutti 

Filho A, Silva IS (2007) Pennisetum americanum tolerance to 2, 4-D. Planta Daninha 

25:173-179 

Petter FA, Pacheco LP, Alcantara Neto F, Zuffo AM, Procopio SO, Almeida FA (2011) 

Agronomic performance of sorghum as a response to 2,4-D application, dosage, and 

times. Planta Daninha 29:1091-1098 

Phillips WM (1960) Weed Control in Sorghums. Manhattan, KS: Kansas Agricultural 

Experiment Station.  

Phillips WM (1958) The effect of 2,4-D on the yield of midland grain sorghum. Weeds 

6:271-280 

Rinella M, Kells JJ, Ward RW (2001) Response of 'Wakefield'™ winter wheat (Triticum 

aestivum) to dicamba. Weed Technol 15:523-529 

Rosales-Robles E, Sanchez-de-la-Cruz R, Rodriguez-del-Bosque LA (2014) Tolerance of 

grain sorghum to two herbicides. Rev Fitotec Mex 37:89-94 



62 

 

 

 

 

Rosales-Robles E, Sánchez-de la Cruz R, Cerda-García PA (2011) Chemical control of 

broadleaf weeds in grain sorghum. Rev Fitotec Mex 34:269-275 

Schroeder J, Banks PA (1989) Soft red winter wheat (Triticum aestivum) response to 

dicamba and dicamba plus 2,4-D. Weed Technol 3:67-71 

Schweizer EE, Swink JF, Heikes PE (1978) Field bindweed (Convolvulus arvensis) control 

in corn (Zea mays) and sorghum (Sorghum bicolor) with dicamba and 2,4-D. Weed Sci 

26:665-668 

Sikkema PH, Brown L, Shropshire C, Soltani N (2006) Responses of winter wheat (Triticum 

aestivum L.) to autumn applied post-emergence herbicides. Crop Prot 25:346-349 

Stahlman PW, Wicks GA (2000) Weeds and their control in grain sorghum. Pages 535-590 

in Smith CW, Frederiksen RA, eds. Sorghum: Origin, History, Technology, and 

Production. New York, NY: Wiley 

Thompson CR, Peterson DE, Fick WH, Stahlman PW, Slocombe JW (2015) Chemical Weed 

Control for Field Crops, Pastures, Rangeland, and Noncropland. Manhattan, KS: Kansas 

State University. 136 p 

Walker SR, Osten VA, Lack DW, Broom L (1992) The responses of sorghum and 

sunflowers to 2,4-D and dicamba residues in clay soils in central Queensland. Aust J 

Exp Agric 32:183-187 



63 

 

 

 

 

Wiese AF, Bond JJ, Army TJ (1960) Chemical fallow in the southern Great Plains. Weeds 

8:284-290 

 

 

 

 



64 

 

 

 

 

 

Table 1. Planting and herbicide application dates. 

Location 

 

Year 

 

Planting 

 

 Herbicide application 

Harvest     

PRE 

POST 

    20 cm  35 cm  45 cm  55 cm  65 cm  

Rocky 

Mount 

 2012  06/25  06/25  -  07/13  07/19  07/24  07/27  11/14 

 2013  06/14  06/14  -  07/22  07/25  08/1  08/5  11/3 

 2014  06/30  05/30  06/17  06/24  06/27  07/3  07/11  09/23 

Clayton 

 2012  0626  06/26  -  07/20  07/24  07/30  08/6  11/13 

 2013  06/28  06/26  -  08/7  08/12  08/20  08/23  11/14 

Kinston  2014  05/27  05/27  06/14  06/23  06/29  07/7  07/ 14  10/7 
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Table 2. Two-way ANOVA results for sorghum stunting in 2014. a 

Effect df 

 p-value 

 7 DAA  21 DAA  35 DAA 

Location 1  0.0254  0.0296  0.0652 

Herbicide rate 3  <.0001  <.0001  <.0001 

Location * rate 3  0.6147  0.8271  0.3297 

Timing 4  <.0001  <.0001  0.0001 

Location * timing 4  0.0543  0.0505  0.1073 

Rate * timing 12  <.0001  <.0001  <.0001 

Location * rate * 

timing 
12  0.5437  0.3609  0.196 

a Abbreviations: df, degrees of freedom; DAA, days after application. 
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Table 3. Two-way ANOVA results for sorghum lodging in 2014. a 

Effect df 
 p-value 

 7 DAA  21 DAA  35 DAA  Harvest 

Location 1  0.9887  0.1826  0.3026  0.4908 

Herbicide rate 3  <.0001  <.0001  <.0001  <.0001 

Location * rate 3  0.4801  0.7939  0.8934  0.6812 

Timing 4  <.0001  <.0001  <.0001  <.0001 

Location * timing 4  0.0878  0.161  0.1753  0.0804 

Rate * timing 12  0.0279  0.0091  0.0012  <.0001 

Location * rate * timing 12  0.7701  0.5955  0.5951  0.3153 

a Abbreviations: df, degrees of freedom; DAA, days after application. 
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Table 4. One-way ANOVA results for sorghum height and 

grain yield including 2,4 D and dicamba treatments for six 

environments in NC. a 

Effect df 

 p-value 

 Height  Yield 

Env 5  <.0001  <.0001 

Trt 16  0.1162  <.0001 

Env*Trt 80  <.0001  <.0001 

a Abbreviations: df, degrees of freedom; Env, environment; 

Trt, treatment. 
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Table 5. One-way ANOVA results for sorghum height 

and grain yield for 2,4-D treatments for six 

environments in NC. a 

Effect df 

 p-value 

 Height  Yield 

Env 5  <.0001  <.0001 

Trt 12  0.1801  0.0005 

Env*Trt 60  0.0020  0.0531 

a Abbreviations: df, degrees of freedom; Env, 

environment; Trt, treatment. 

 

 



69 

 

 

 

 

Table 6. Stunting from POST applications of 2,4-D and dicamba as 

affected by application timing in 2014 at Rocky Mount and Kinston, NC. 

Application   
Herbicide 

 Stunting a,b 

timing   7 DAA  21 DAA   35 DAA 

cm  g ae ha-1  %a 

20 

 2,4-D 100  2 c  0 c  0 a 

 2,4-D 220  7 b  1 c  0 a 

 2,4-D 330  11 ab  5 a  1 a 

 dicamba   12 a  3 b  0 a 

32 

 2,4-D 100  3 d  0 c  0 b 

 2,4-D 220  8 c  3 b  0 b 

 2,4-D 330  12 b  7 a  2 a 

 dicamba  17 a  7 a  2 a 

45 

 2,4-D 100  2 c  0 b  0 b 

 2,4-D 220  2 c  1 b  0 b 

 2,4-D 330  6 b  2 ab  0 b 

 dicamba  10 a  4 a  2 a 

55 

 2,4-D 100  0 b  0 b  0 a 

 2,4-D 220  0 b  0 b  0 a 

 2,4-D 330  2 a  0 b  0 a 

 dicamba  5 a  2 a  1 a 

65 

 2,4-D 100  0 b  0 a  0 a 

 2,4-D 220  0 b  0 a  0 a 

 2,4-D 330  0 b  0 a  0 a 

 dicamba  3 a  1 a  0 a 

a Means within a column followed by the same letters are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: DAA, days after application. 
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Table 7. Stunting from POST applications of 2,4-D and dicamba as 

affected by herbicide rate in 2014 at Rocky Mount and Kinston, NC. 

Herbicide 
 Application   Stunting a,b 

 timing  7 DAA  21 DAA  35 DAA 

g ae ha-1  cm  % 

2,4-D 

100 

 20  2 a  0 a  0 a 

 35  3 a  0 a  0 a 

 45  2 a  0 a  0 a 

 55  0 b  0 a  0 a 

 65  0 b  0 a  0 a 

2,4-D 

220 

 20  7 a  1 a  0 a 

 35  8 a  3 a  0 a 

 45  2 b  1 b  0 a 

 55  0 b  0 b  0 a 

 65  0 b  0 b  0 a 

2,4-D 

330 

 20  11 a  5 a  1 a 

 35  12 a  7 a  2 a 

 45  6 b  2 b  0 b 

 55  2 c  0 c  0 b 

 65  0 d  0 c  0 b 

dicamba 

 

 20  12 b  3 bc  0 b 

 35  17 a  7 a  2 a 

 45  10 b  4 b  2 a 

 55  6 c  2 cd  1 ab 

 65  3 c  1 d  0 b 

a Means within a column followed by the same letters are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: DAA, days after application. 
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Table 8. Lodging from POST applications of 2,4-D and dicamba as affected 

by application timing in 2014 at Rocky Mount and Kinston, NC. 

Application   
Herbicide 

 Lodging a,b 

timing   7 DAA  21 DAA   35 DAA  Harvest 

cm  g ae ha-1  % 

20  

 2,4-D 100  0 a  0 b  2 c  1 a 

 2,4-D 220  0 a  3 ab  3 bc  0 a 

 2,4-D 330  1 a  4 a  6 ab  2 a 

 dicamba  1 a  3 ab  7 a  2 a 

35  

 2,4-D 100  0 b  2 b  3 b  2 a 

 2,4-D 220  0 b  3 ab  5 b  1 a 

 2,4-D 330  0 b  6 a  13 a  4 a 

 dicamba  2 a  4 a  15 a  3 a 

45  

 2,4-D 100  0 b  3 c  3 b  1 b 

 2,4-D 220  0 b  5 bc  6 b  1 b 

 2,4-D 330  2 ab  6 ab  15 a  6 a 

 dicamba  3 a  8 a  17 a  5 a 

55 

 2,4-D 100  0 c  2 c  7 b  1 b 

 2,4-D 220  2 bc  4 c  10 b  2 b 

 2,4-D 330  4 ab  7 b  21 a  6 a 

 dicamba  6 a  13 a  25 a  8 a 

65 

 2,4-D 100  0 c  5 b  8 b  2 c 

 2,4-D 220  2 bc  5 b  10 b  2 c 

 2,4-D 330  5 ab  9 ab  19 a  7 b 

 dicamba  6 a  12 a  21 a  13 a 

 a Means within a column followed by the same letter are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: DAA, days after application. 
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Table 9. Lodging from POST applications of 2,4-D and dicamba as 

affected by herbicide rate in 2014 at Rocky Mount and Kinston, NC. 

Herbicide 
 Application   Lodging a,b 

 timing  7 DAA  21 DAA   35 DAA  Harvest 

g ae ha-1  cm  % 

2,4-D 

100 

 20  0 a  0 b  2 b  0 a 

 35  0 a  2 ab  3 b  2 a 

 45  0 a  3 ab  3 b  0 a 

 55  0 a  2 ab  7 a  1 a 

 65  0 a  5 a  8 a  2 a 

2,4-D 

220 

 20  0 b  3 a  3 b  0 a 

 35  0 b  4 a  5 b  1 a 

 45  0 b  5 a  6 b  1 a 

 55  1 ab  4 a  10 a  2 a 

 65  2 a  5 a  10 a  2 a 

2,4-D 

330 

 20  1 c  4 b  6 d  2 b 

 35  0 c  6 ab  13 c  4 ab 

 45  2 bc  6 ab  15 bc  6 a 

 55  4 ab  7 ab  21 a  6 a 

 65  5 a  9 a  19 ab  7 a 

dicamba 

 20  1 b  3 c  7 d  2 c 

 35  2 b  4 c  15 c  3 bc 

 45  3 ab  8 b  17 bc  5 bc 

 55  6 a  13 a  25 a  8 b 

 65  6 a  12 ab  21 ab  13 a 

a Means within a column followed by the same letters are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: DAA, days after application. 
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Table 10. Sorghum height at boot stage as affected by growth regulating herbicide rate and application timing 

in NC. a 

Herbicide 
Rate Timing 

 Rocky Mount 

Clayton 
 Clayton   Kinston 

 2012  2013   2014  2012   2013  2014 

g ae ha-1 cm  cm 

2,4-D 

100 35  75 ab  101 a  87 ab  58 b-d  84 bc  86 e-h 

220 35  77 a  95 ab  86 ab  59 bc  85 bc  91 a-d 

330 35  78 a  103 a  85 ab  59 bc  85 bc  91 a-d 

dicamba 280 35  70 b  88 b  89 a  58 b-d  85 bc  90 b-e 

2,4-D 

100 45  76 a  94 ab  83 b  58 b-d  89 a-c  95 a 

220 45  78 a  94 ab  84 b  62 a-c  83 c  93 ab 

330 45  77 a  101 a  86 ab  63 a  85 bc  93 ab 

dicamba 280 45  78 a  94 ab  87 ab  53 e  85 bc  91 a-d 

2,4-D 

100 55  76 a  99 a  86 ab  62 ab  85 bc  91 a-d 

220 55  78 a  100 a  85 ab  61 a-c  93 ab  88 c-f 

330 55  77 a  104 a  87 ab  59 a-d  88 a-c  88 c-f 

dicamba 280 55  76 a  95 ab  85 ab  57 c-e  86 bc  88 c-f 
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Table 10 (continued). 

 

  

2,4-D 

100 65  74 ab  100 a  88 ab  56 d-e  95 ab  81 h 

220 65  75 ab  96 ab  87 ab  58 a-d  90 a-c  83 gh 

330 65  75 ab  102 a  86 ab  57 c-e  93 a-c  86 e-h 

dicamba 280 65  74 ab  95 ab  86 ab  57 b-e  97 a  83 gh 

Control  71 b  101 a  85 ab  55 de  86 a-c  83 gh 

a  Means within a column followed by the same letters are not different according to Fisher’s Protected LSD 

test at P ≤ 0.05. 
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Table 11. Grain yield as affected by growth regulating herbicide rate and application timing in NC. a 

Herbicide 
Rate Timing 

 Rocky Mount 

Clayton 
 Clayton   Kinston 

 2012  2013  2014  2012  2013  2014 

g ae ha-1 cm  Mg ha-1 

2,4-D 

100 35  8.0 a-c  4.5 a-c  6.6 a  2.

2 
a-c  1.5 ab  5.4 ab 

220 35  8.5 a  4.2 bc  6.0 a-c  2.

4 
ab  1.6 a  6.1 a 

330 35  7.7 b-d  5.2 ab  6.2 ab  2.

6 
a  1.3 ab  6.1 a 

dicamba 280 35  8.4 ab  4.3 a-c  6.4 ab  0.

6 
fg  1.0 a-c  5.7 ab 

2,4-D 

100 45  8.0 a-c  4.5 a-c  4.4 c-e  2.

3 
ab  1.2 ab  6.0 a 

220 45  8.1 ab  4.5 a-c  3.6 e  2.

2 
ab  1.0 a-c  5.6 ab 

330 45  8.3 ab  5.5 a  5.5 b-d  2.

4 
ab  1.5 ab  4.4 cd 

dicamba 280 45  8.3 ab  4.5 a-c  4.6 c-e  1.

1 
d-f  1.5 a  4.5 b-d 

2,4-D 

100 55  7.9 a-c  5.1 ab  4.3 de  2.

0 
a-c  1.1 a-c  5.1 a-c 

220 55  7.9 a-c  4.7 a-c  5.1 b-e  1.

8 
b-d  0.4 c  5.1 a-c 

330 55  7.8 b-d  5.2 ab  5.0 b-e  2.

1 
a-c  0.6 bc  5.0 a-c 

dicamba 280 55  7.3 cd  4.2 a-c  3.6 e  0.

2 
a  1.4 ab  4.7 bc 
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Table 11 (continued). 

2,4-D 

100 65  7.3 cd  4.2 bc  5.7 a-d  2.2 ab  1.3 ab  5.1 a-c 

220 65  7.6 b-d  4.5 a-c  4.4 c-e  1.5 c-e  0.7 bc  5.0 a-c 

330 65  7.6 b-d  4.6 a-c  4.4 c-e  1.9 a-c  1.0 a-c  4.3 cd 

dicamba 280 65  7.0 d  3.5 c  5.4 a-d  0.9 e-g  1.4 ab  3.5 d 

Weed free control  8.2 ab  4.9 ab  4.8 b-e  2.3 ab  1.3 ab  5.8 ab 

a  Means within a column followed by the same letters are not different according to Fisher’s Protected LSD 

test at P ≤ 0.05. 
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Table 12. Pearson correlation coefficients between crop stunting and lodging and grain 

sorghum yield at Rocky Mount and Kinston, NC, in 2014. a 

Injury 

 Rating  

 7 DAA  21 DAA  35 DAA 

Stunting  0.10 (P = 0.21)   0.03 (P = 0.73)  -0.01 (P = 0.88) 

Lodging  -0.20 (P = 0.01)  -0.28 (P ≤ 0.01)  -0.27 (P ≤ 0.01) 

a Abbreviation: DAA, days after treatment 
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cd cd 

b-d 

b-d 

b-d 

d 
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Figure 1. Effect of sorghum height at application time on grain yield for three rates of 2,4-D in NC. Data were pooled over 

environments and means followed by the same letters are not different according to Fisher’s Protected LSD test (P ≤ 0.05). 
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Abstract 

 

Field experiments were conducted at five locations in North Carolina in 2012, 2013, 

and 2014, to evaluate weed control and grain sorghum response to POST application of 

prepackaged pyrasulfotole and bromoxynil plus atrazine alone or in combination with other 

protoporphyrinogen oxidase (PPO) inhibitor or growth regulating herbicides. Pyrasulfotole 

plus bromoxynil at 233 g ai ha-1 controlled Palmer amaranth, prickly sida, and carpetweed 

95% or greater when applied on two to 10 cm tall weeds and 25 to 45 cm tall sorghum. 

Control of these species was not improved by increasing pyrasulfotole plus bromoxynil rate 

from 233 to 287 g ai ha-1 or by tank mixing 2,4-D, dicamba, fluroxypyr, or carfentrazone. 

Ivyleaf and pitted morningglory control was 100% when 2,4-D, dicamba, or fluroxypyr were 

mixed to pyrasulfotole plus bromoxynil at 233 g ai ha-1 or if pyrasulfotole plus bromoxynil 

rate was increased to 287 g ai ha-1. Greater than 95% control of sicklepod was achieved when 

seedlings were less than five cm at application with pyrasulfotole plus bromoxynil at 233 or 

287 g ai ha-1 alone or combined with 2,4-D, dicamba, or non-ionic surfactant (NIS). Large 

crabgrass control ranged from 43% to 65% with treatments that included pyrasulfotole plus 

bromoxynil. Except for prickly sida, pyrasulfotole plus bromoxynil at 233 g ai ha-1 alone or 

combined with 2,4-D or dicamba provided greater weed control than bromoxynil alone. Less 

than 10% grain sorghum injury within 7 days after treatment resulted from pyrasulfotole plus 

bromoxynil alone or combined with growth regulating herbicides, whereas addition of 

carfentrazone or NIS increased phytotoxicity to 30% and 15%, respectively. In comparison to 
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bromoxynil alone, grain sorghum yield was not reduced by POST application of 

pyrasulfotole plus bromoxynil without mixing partners. However, combination with 2,4-D, 

dicamba, fluroxypyr, carfentrazone or NIS resulted in grain yield reduction in 2013, ranging 

from 7 to 16% when compared to pyrasulfotole plus bromoxynil alone. Our results indicate 

that prepackaged pyrasulfotole plus bromoxynil alone or combined with other herbicides can 

be an important tool to manage troublesome weeds in grain sorghum in North Carolina. 

Nomenclature: Atrazine; bromoxynil; carfentrazone; dicamba; fluroxopyr; pyrasulfotole; 

2,4-D; carpetweed, Mollugo verticillata L.; ivyleaf morningglory, Ipomoea hederacea (L.) 

Jacq.; large crabgrass, Digitaria sanguinalis (L.) Scop; pitted morningglory, Ipomoea 

lacunosa L.; Palmer amaranth, Amaranthus palmeri S. Wats.; prickly sida, Sida spinosa L.; 

sicklepod, Senna obtusifolia (L.) H.S. Irwin & Barneby; sorghum, Sorghum bicolor (L.) 

Moench.  

Key Words: 4-HPPD-inhibitor, photosystemII-inhibitor, tank-mix combinations. 
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Grain sorghum [Sorghum bicolor (L.) Moench.] is the third largest grain crop grown 

in the United States after corn (Zea mays L.) and wheat (Triticum aestivum L.). In 2014, 2.6 

million ha of grain sorghum were harvested in the United States, yielding 11 billion kg of 

grain for a value of $ 1.7 billion (USDA-NASS 2014). Grain sorghum recently gained 

renewed interest in North Carolina where it is used primarily as an animal feedstock. In 

2012, 20,000 ha of grain sorghum were grown in North Carolina, an estimated 10-fold 

increase over 2011 (NCDA-CS 2013). 

Grain sorghum does not compete efficiently with weeds, especially during the first 

month following planting when weed growth outcompetes crop development (Burnside and 

Wicks 1967; Burnside and Wicks 1969; Everaarts 1993). Consequently, yield loss and grain 

quality reduction due to weed competition for light, water, and nutrients exceeds that of most 

other grain crops (Stahlman and Wicks 2000). More specifically, competition from broadleaf 

weeds has been shown to result in greater yield loss than grass weed competition or a mixture 

of broadleaf and grass weeds (Feltner et al. 1969a; Feltner et al. 1969b). Palmer amaranth 

(Amaranthus palmeri S. Wats.) and morningglories (Ipomoea spp.) are ranked among the 10 

most common and troublesome weeds found in grain sorghum in five out of seven states of 

the southeastern United States (Webster 2012). Interference of other broadleaf weeds such as 

sicklepod [Senna obtusifolia (L.) H.S. Irwin & Barneby], common ragweed (Ambrosia 

artemisiifolia L.), common lambsquarters (Chenopodium album L.) or common cocklebur 

(Xanthium strumarium L.) may also be responsible for significant grain sorghum yield 

reduction (Stahlman and Wicks 2000). Research on Palmer amaranth competition by Moore 
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et al. (2004) demonstrated that each kg of weed dry weight per 50 m2 reduced grain sorghum 

yield by 5.3 to 9.1%. In conjunction with prolific seed production, Palmer amaranth can 

emerge throughout the season which requires maintaining season-long control (Keeley et al. 

1987). Options for controlling weeds postemergence (POST) in grain sorghum are relatively 

restricted in comparison to other major cereal crops because of a limited worldwide market 

impeding the development and registration of new herbicides (Stahlman and Wicks 2000), 

the long rotation restriction of some POST preventing their use, and the lack of glyphosate-

resistant traits in grain sorghum. Therefore, weed control in sorghum relies mainly on 

preplant and/or preemergence (PRE) herbicide applications, occasionally followed by POST 

herbicides to achieve broadleaf weed control. POST herbicides used for grain sorghum in 

North Carolina generally belong to the photosystem II (PSII)-inhibitor, protoporphyrinogen 

oxidase (PPO)-inhibitor, acetolactate synthase (ALS)-inhibitor and synthetic auxins herbicide 

groups. However, application of these herbicides may be ineffective due to herbicide-

resistant weed biotypes. Triazine resistance in redroot pigweed (Amaranthus retroflexus L.) 

and common lambsquarters has been reported in North Carolina as well as resistance to ALS-

inhibitor herbicides in Palmer amaranth, common ragweed, and cocklebur (Heap 2015). 

Hence, there is a need for herbicides that could provide an alternative mode of action to 

ALS-inhibitor and PSII-inhibitor herbicides applied POST in grain sorghum. Pyrasulfotole 

{(5-hydroxy-1,3-dimethyl-1H-pyrazol-4-yl)[2-(methylsulfonyl)-4-

(trifluoromethyl)phenyl]methanone} is a new herbicide that belongs to the pyrazole family. 

Its action is based on inhibition of 4-hydroxyphenylpyruvate dioxygenase (4-HPPD) (Ahrens 
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et al. 2013). Bromoxynil [3,5-dibromo-4-hydroxybenzonitrile] is a PSII- inhibitor that 

suppresses many annual broadleaf weeds but does not provide efficient grass control (Corbett 

et al. 2004; Culpepper and York 1997; Shaner 2014).  

Since 2008, a mixture of pyrasulfotole (3.3%) plus bromoxynil (26.3%) is 

commercially available (Huskie®; Bayer CropScience, Research Triangle Park, NC) for use 

on wheat, barley (Hordeum vulgare L.), and triticale (X Triticosecale Wittmack) and 

received a supplemental label for weed control in grain sorghum in 2012 (Anonymous 2011). 

The addition of the herbicide safener mefenpyr-diethyl to Huskie® guarantees crop safety in 

all cereal varieties (Schmitt et al. 2008). Huskie® is recommended for use in grain sorghum at 

a rate of 230 to 290 g ai ha-1 when sorghum reaches the three leaf-stage and before plants are 

30 cm tall (Anonymous 2011). Previous research on the efficacy of Huskie® to control 

weeds in cereal crops and grain sorghum has demonstrated control of troublesome weeds 

such as kochia [Kochia scoparia (L.) Schrad.], pigweed spp., common lambsquarters, field 

pennycress (Thlaspi arvense L.), Russian-thistle (Salsola tragus L.), prickly lettuce (Lactuca 

serriola L.), blue mustard [Chorispora tenella (Pallas) DC.], flixweed [Descurainia sophia 

(L.) Webb. ex Prantl], henbit (Lamium amplexicaule L.) and nightshade spp. (Solanum spp.) 

in wheat with fall or spring POST applications (Geier and Stahlman 2008; Paulsgrove et al. 

2006; Reddy et al. 2012). In grain sorghum, treatments associating Huskie® and atrazine 

controlled redroot pigweed, velvetleaf (Abutilon theophrasti Medik.) and ivyleaf 

morningglory regardless of the stage at which they were applied (Thompson et al. 2009).  
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Early POST applications provided at least 81% control of Palmer amaranth and 87% of pitted 

morningglory but failed to control Texas millet [Urochloa texana (Buckl.) R. Webster] 

(Fromme et al. 2013).  

Crop injury can also result from the application of Huskie®. However, injury was 

transient with the crop recovering after three to four weeks. No reduction in grain yield 

resulted from different combinations of pyrasulfotole plus bromoxynil with a tank mix 

partner except occasionally when dicamba was included (Fromme et al. 2013; Reddy et al. 

2013). 

However, previous studies addressing grain sorghum tolerance to pyrasulfotole plus 

bromoxynil applications have been conducted under drier climate conditions than those 

typically encountered in North Carolina. Therefore, the purpose of this study was to 

determine weed and grain sorghum response to pyrasulfotole plus bromoxynil plus atrazine 

applied POST alone or with a tank mix under North Carolina environmental conditions. 

 

Materials and Methods 

 

Field studies were conducted for three years at the Central Crops Research Station, 

Clayton, NC, in 2012; the Caswell Research Farm, Kinston, NC, in 2012 and 2013; the 

Upper Coastal Plain Research Station, Rocky Mount, NC, in 2013 and 2014. Fields were disk 

tilled before seeding and seeds were planted on a flat seedbed at a depth of 1.9 cm. Plot size 

was six rows (38 cm apart) by 9.1 m long at all locations and experiments were conducted 
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under dryland conditions. Standard fertilization and insect management practices as 

recommended by the North Carolina Cooperative Extension Service were followed. All plots 

received a PRE application of S-metolachlor and atrazine at planting. Soil characteristics of 

the sites, planting and herbicide application dates are listed in Table 1.  

The experimental design was a randomized complete block with four replications. 

The experiment included the following six treatments in 2012: no POST herbicide, 

bromoxynil POST alone at 279 g ai ha-1, pyrasulfotole plus bromoxynil POST at 233 g ai ha-1 

alone or in combination with 2,4-D at 132 g ae ha-1 or dicamba at 139 g ae ha-1, and 

pyrasulfotole plus bromoxynil POST at 287 g ai ha-1 alone. Three additional treatments were 

adjoined to the study in 2013 and 2014: pyrasulfotole plus bromoxynil POST at 233 g ai ha-1 

plus fluroxypyr at 73 g ae ha-1 or carfentrazone at 9 g ai ha-1, and pyrasulfotole plus 

bromoxynil POST at 287 g ai ha-1 plus a non-ionic surfactant (NIS) at 0.25% v/v. Atrazine at 

557 g ai ha-1 was included in all POST treatments. Ammonium sulfate at 1.12 kg ha-1 was 

incorporated with all POST treatments with the exception of bromoxynil alone. At Rocky 

Mount, in 2014, chelated iron was added to each treatment that included pyrasulfotole plus 

bromoxynil. In all years, the POST herbicides were applied in water with a CO2-pressurized 

backpack sprayer equipped with flat-fan nozzles XR1102 (TeeJet, Wheaton, IL) calibrated to 

deliver 140 L ha-1 at 165 kPa. At least one of the following species was present at each 

location: Palmer amaranth, sicklepod, prickly sida (Sida spinosa L.), carpetweed (Mollugo 

verticillata L.), ivyleaf morningglory, pitted morningglory, and large crabgrass [Digitaria 
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sanguinalis (L.) Scop.] Depending on weed species, POST treatments were applied on two to 

10 cm tall weeds when grain sorghum was 25 to 45 cm tall.  

Weed control was visually rated at 14 and 28 days after treatment (DAT) on a 0 (no 

control) to 100 (plant death) scale, based on a composite estimation of density reduction, 

growth inhibition and foliar injury. Similarly, grain sorghum injury and stunting were 

evaluated 7, 14, 21, and 28 DAT at each location. Plots were machine harvested in mid-

October to mid-November using a combine (Model Delta, Wintersteiger, Ried, Austria) 

specifically adapted for harvesting small-plot and crop weights were adjusted to 14% 

moisture.  

Data were combined across years and locations (hereafter referred to as 

‘environment’) and subjected to analysis of variance (ANOVA) by using the PROC 

GLIMMIX procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). Environment, herbicide 

rate, and their interaction were considered fixed effects whereas replications (nested within 

environment) were considered random effects. Mean comparisons were performed using 

Fisher’s Protected LSD test at P ≤ 0.05. In addition, orthogonal, single degree of freedom 

contrasts (P ≤ 0.05) were used to examine preplanned comparisons. Because of unequal 

variance, data for grain sorghum injury and stunting as well as weed control were the arcsine 

square root transformed whereas grain yield was log transformed prior to ANOVA. Because 

the transformation of the data did not change the separation of means, only non-transformed 

means are presented. Except for yield, the treatment that did not receive POST application 

was excluded from the ANOVA. 
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 Correlation coefficient analysis on injury and stunting versus yield was done by 

using PROC CORR of SAS 9.4. Weed control, grain sorghum injury and stunting data were 

pooled over environment except for sicklepod control because a treatment-by-environment 

interaction (P ≤ 0.05) occurred. Grain sorghum yield is presented by environment due to a 

significant overall treatment-by-environment interaction (P ≤ 0.05). However, yield data 

were pooled over environment in 2013 because the treatment-by-environment interaction was 

not significant.  

 

Results and Discussion 

 

Weed Control. 

Sicklepod. 

In 2012, the mixture of atrazine plus bromoxynil at 279 g ai ha-1 or pyrasulfotole plus 

bromoxynil at 233 or 287 g ai ha-1 resulted in 35 to 54% sicklepod control four weeks after 

POST application (Table 2). Increasing the rate of pyrasulfotole plus bromoxynil from 233 to 

287 g ai ha-1 did not improve sicklepod control. However, adding 2,4-D or dicamba to 

pyrasulfotole plus bromoxynil at 233 g ai ha-1 significantly increased sicklepod control from 

40 to 78% or greater. In 2013, pyrasulfotole plus bromoxynil alone at 233g ai ha-1 achieved 

96% sicklepod control, no further increase in control resulting from the addition of 2,4-D or 

dicamba whereas mixing of fluroxypyr or carfentrazone lowered sicklepod control. Overall, 

greater sicklepod control was achieved with pyrasulfotole plus bromoxynil at 287 g ai ha-1 
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compared to 233 g ai ha-1 with no benefit being gained from the addition of NIS. On the 

whole, pyrasulfotole plus bromoxynil at 233 or 287 g ai ha-1, regardless of tank mix partners, 

resulted in better sicklepod control than bromoxynil alone at 279 g ai ha-1.  

The difference in sicklepod control between 2012 and 2013 may be explained by 

weed growth stage at the time of herbicide application. In 2012, applications were made 

when the size of sicklepod seedlings averaged 15 cm whereas in 2013, herbicides were 

applied when sicklepod seedlings were five cm in height. The efficacy of an herbicide may 

be influenced by the weed growth stage at the time this herbicide is applied. Specifically for 

sicklepod, previous research have reported greater control when toxaphene or imazaquin 

were applied to one-leaf plants compared to three- or five-leaf plants (Edmund and York 

1987; Sherman et al. 1983). Several studies have shown that bromoxynil applied POST 

without any tank mixed partner does not provide sufficient sicklepod control (Askew et al. 

2002; Clewis and Wilcut 2007; Corbett et al. 2004; Corbett et al. 2002; Paulsgrove and 

Wilcut 2001; Paulsgrove and Wilcut 1999).  

Palmer amaranth. 

Pyrasulfotole plus bromoxynil alone at 233 g ai ha-1 or 287 g ai ha-1 plus atrazine 

provided 100% control of Palmer amaranth four weeks after POST application at Clayton in 

2012 and Rocky Mount in 2013 (Table 2). No reduction in Palmer amaranth control was 

observed when adding 2,4-D, dicamba, fluroxypyr, carfentrazone, or NIS. Bromoxynil at 279 

g ai ha-1 plus atrazine resulted in 96% Palmer amaranth control. Similar results have been 

noted in other studies with 75 to 95% Palmer amaranth control for bromoxynil rates ranging 
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from 210 to 281 g ai ha-1 plus atrazine between 560 and 580 g ai ha-1 (Fromme et al. 2012b; 

Reddy et al. 2013). Although our study was not set up to evaluate synergistic effect, 

improved Palmer amaranth control when pyrasulfotole is added to the mixture may result 

from synergistic herbicidal activity between 4-HPPD and PSII inhibitors (Abendroth et al. 

2006; Reddy et al. 2013; Woodyard et al. 2009).  

Prickly sida. 

At Kinston, in 2013, prickly sida was 100% controlled four weeks after POST 

application of bromoxynil at 279 g ai ha-1 plus atrazine (Table 2). All other treatments 

expressed 95% or greater control of prickly sida but application of pyrasulfotole plus 

bromoxynil at 233 g ai ha-1 alone or combined with other herbicides resulted in significantly 

lower prickly sida control in comparison to bromoxynil alone. Adequate control of prickly 

sida by bromoxynil occurs on less than 8 cm tall plants (Corbett et al. 2004), which was the 

case in this study with five cm tall prickly sida seedlings when POST herbicides were 

applied. 

Morningglory spp.  

Because of a similar trend between treatments in ivyleaf and pitted morningglory 

control (data not shown), both species have been grouped under their genus name for 

statistical analysis. POST application of bromoxynil at 279 g ai ha-1 plus atrazine resulted in 

84% control of morningglories, lower than any other treatment that included pyrasulfotole 

(Table 2). Pyrasulfotole plus bromoxynil at 233 g ai ha-1 plus atrazine alone or in 

combination with carfentrazone controlled morningglories 93 and 91%, respectively, but 
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100% control was only obtained by mixing growth regulating herbicides with pyrasulfotole 

plus bromoxynil at 233 g ai ha-1 plus atrazine, or by increasing pyrasulfotole plus bromoxynil 

rate to 287 g ai ha-1. Similar results were presented by Reedy et al. (2013) on ivyleaf 

morningglory with late POST application of atrazine mixed with bromoxynil at 281 g ai ha-1 

or with pyrasulfotole plus bromoxynil at 244 g a.i ha-1 alone or combined with 2,4-D or 

dicamba. However, increasing pyrasulfotole plus bromoxynil rate up to 300 g ai ha-1 did not 

significantly improve ivyleaf morningglory control, unlike what was noted in our study. 

While morningglories seedlings were five to 10 cm tall when they were sprayed in our study, 

Reddy et al. (2013) reported 10 to 25 cm tall plants for late POST application which may 

have reduced the efficacy of an increased rate of pyrasulfotole plus bromoxynil. They also 

noted that early POST application of these combination resulted in or near complete ivy leaf 

morningglory control. 

Carpetweed.  

Across trials, bromoxynil at 279 g ai ha-1 plus atrazine or the premix of pyrasulfotole 

plus bromoxynil plus atrazine, regardless of application rate or tank mix partners, controlled 

100% carpetweed (data not shown). Similar control of carpetweed with bromoxynil has been 

observed in cotton (Gossypium hirsutum L.) and pearl millet (Pennisetum glaucum L.) 

(Culpepper and York 2000; Dowler and Wright 1995). 

Large Crabgrass.  

In 2014, at Rocky Mount, virtually no control of large crabgrass was observed with 

bromoxynil at 279 g ai ha-1 plus atrazine whereas pyrasulfotole plus bromoxynil at 233 or 
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287 g ai ha-1 plus atrazine provided 43 and 50% large crabgrass control, respectively (Table 

2). Tank mixing 2,4-D, dicamba, fluroxypyr, carfentrazone or NIS with pyrasulfotole plus 

bromoxynil plus atrazine did not improve large crabgrass control. Literature on herbicidal 

activity of pyrasulfotole plus bromoxynil on grass species is extremely limited. In Texas, 

Fromme et al. (2013) reported that early POST or mid POST applications of atrazine plus 

pyrasulfotole plus bromoxynil alone or combined with dicamba controlled Texas millet no 

better than 72% in 2010 and 31% in 2011.  

Grain Sorghum Injury.  

Across trials, pyrasulfotole plus bromoxynil plus atrazine treatments caused between 

7 and 30% sorghum injury at 7 DAT (Table 3). Our results are in agreement with those from 

similar studies conducted in Texas (Fromme et al. 2013) or in Kansas (Reddy et al. 2013). 

Regardless of the tank mixed partners, no increase in sorghum injury frequency was observed 

when the rate of pyrasulfotole plus bromoxynil increased from 233 to 287 g ai ha-1. Tank 

mixing growth regulating herbicides with pyrasulfotole plus bromoxynil at 233 g ai ha-1 did 

not cause higher crop injury. Conversely, the addition of carfentrazone to pyrasulfotole plus 

bromoxynil resulted in three times more crop injury at 7 DAT in comparison with the 

prepackage mixture alone. Fromme et al. (2013) also reported up to 35% sorghum injury for 

carfentrazone alone when compared to pyrasulfotole plus bromoxynil plus atrazine. The 

addition of NIS to pyrasulfotole plus bromoxynil at 287 g ai ha-1 significantly increased 

sorghum injury at 7 DAT when compared to the mixture at 233 g ai ha-1 alone or tank mixed 

with growth regulating herbicides. Bromoxynil at 279 g ai ha-1 alone induced more crop 
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injury at 7 DAT than pyrasulfotole plus bromoxynil at either 233 or 287 g ai ha-1, alone or 

associated with growth regulating herbicides. Contrarily, Reddy et al. (2013) reported 

significantly less sorghum injury caused by late POST application of bromoxynil at 281 g ai 

ha-1 than pyrasulfotole plus bromoxynil at 244 or 300 g ai ha-1 in four of six environments in 

experiments conducted in Kansas in 2009 and 2010. Consistent with previous reports from 

Texas (Fromme et al. 2012b), Nebraska (Lyon 2010), and Kansas (Reddy et al. 2013), we 

observed a significant reduction in sorghum injury for two of four environments when 

dicamba was added to pyrasulfotole plus bromoxynil at 233 g ai ha-1 plus atrazine in 

comparison to pyrasulfotole plus bromoxynil at 233 g ai ha-1 plus atrazine alone, with 3 to 

7% versus 10%, respectively (data not shown). No significant reduction was observed when 

2,4-D or fluroxypyr were tank mixed with pyrasulfotole plus bromoxynil at 233 g ai ha-1 plus 

atrazine. Dicamba and 2,4-D have been shown to protect grain sorghum from metsulfuron 

injury but not fluroxypyr and clopyralid (Brown et al. 2004). At 14 DAT, sorghum injury 

decreased by 40 to 67% depending on treatments. Significantly higher injury for bromoxynil 

alone or pyrasulfotole plus bromoxynil at 233 g ai ha-1 mixed with carfentrazone was 

observed in comparison to pyrasulfotole plus bromoxynil at 233 g ai ha-1 alone or mixed with 

growth regulating herbicides. At 21 DAT, only pyrasulfotole plus bromoxynil at 233 g ai ha-1 

mixed with carfentrazone was still presenting a higher percentage of injury than other 

treatments. Sorghum injury almost fully dissipated within four weeks after POST application. 
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Grain Sorghum Stunting. 

Limited grain sorghum stunting occurred in the week following application of POST 

herbicides (data not shown). Up to 8% crop stunting was observed at 7 DAT for 

pyrasulfotole plus bromoxynil at 233 g ai ha-1 mixed with carfentrazone in relationship with 

the important level of injury recorded for this treatment. Pyrasulfotole plus bromoxynil at 

233 g ai ha-1 alone or thank mixed with growth regulating herbicides resulted in 0 to 2% 

sorghum stunting at 7 DAT, whereas bromoxynil at 279 g ai ha-1 or pyrasulfotole plus 

bromoxynil at 287 g ai ha-1 alone cause 4% and 5% crop stunting, respectively. No 

noticeable difference in stunting between treatments was observed at 14 and 21 DAT. By 28 

DAT, all treatments had recovered from initial grain sorghum stunting symptoms.  

Grain Sorghum Yield.  

In 2012 at Clayton, POST application of pyrasulfotole plus bromoxynil averaged over 

rates and mixing partners significantly increased sorghum yield by 0.8 Mg ha-1 compared to 

the control but not to bromoxynil alone (Table 4). Sorghum was planted on a sandy soil with 

low soil water capacity which may explain the low yield potential of this location with only 

2.1 Mg ha-1 averaged over POST treatments as well as the absence of significant difference 

between treatments that received a POST application. On the other hand, yields were three 

times greater the same year at Kinston on a loamy soil with higher soil water capacity. 

Different cultivars were planted at each location which might also explain the yield 

difference. Higher yields at Kinston in 2012 highlighted differences between treatments. 

Compared to the control, pyrasulfotole plus bromoxynil alone at 233 or 287 g ai ha-1 plus 
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atrazine significantly improved grain yield by 1.2 Mg ha-1 on average whereas only 0.6 Mg 

ha-1 increase on average was noted for bromoxynil at 279 g ai ha-1 or pyrasulfotole plus 

bromoxynil at 233 g ai ha-1 combined with 2,4-D. Associating 2,4-D or dicamba to 

pyrasulfotole plus bromoxynil at 233 g ai ha-1 resulted in significant yield loss by 0.6 and 1.1 

Mg ha-1, respectively, compared to pyrasulfotole plus bromoxynil at 233 g ai ha-1 alone. 

In 2013, pyrasulfotole plus bromoxynil at 233 or 287 g a.i ha-1 alone plus atrazine 

yielded 4.1 Mg ha-1 on average, which was similar to yield obtained with atrazine plus 

bromoxynil at 279 g ai ha-1 or to the control. Mixing growth regulating herbicides, 

carfentrazone or NIS with pyrasulfotole plus bromoxynil significantly decreased grain 

sorghum yield by 0.7, 0.6 and 0.7 Mg ha-1, respectively, compared to the control or to 

atrazine plus bromoxynil at 279 g ai ha-1. Correlation coefficient analysis indicated that 

injury symptoms observed at 7 DAT in 2013 were negatively correlated with grain sorghum 

yield (data not shown). However, no correlation was noted between yield stunting symptoms 

or injury recorded later in the season. Similar yield loss was observed in Nebraska when 

growth regulating herbicides mixed with pyrasulfotole plus bromoxynil at 233 g ai ha-1 or 

carfentrazone at 9 g ai ha-1 alone were applied POST whereas EPOST applications of the 

same treatments did not reduce grain sorghum yield (Lyon 2009). Fromme et al. (2012) also 

reported yield reduction when 2,4-D was mixed with pyrasulfotole plus bromoxynil at 233 g 

ai ha-1 applied MPOST. Up to 16% reduction in grain sorghum yield has also been noted 

when 2,4-D at 720 g ae ha-1 was applied POST on V5 sorghum because of a decrease in the 

number of grains per panicle (Rosales-Robles et al. 2014). In 2014, at Rocky Mount, yields 



96 

 

 

 

 

were extremely low due to the combining action of excessively wet field conditions and 

important grassy weed pressure during sorghum growth. Under these conditions, no 

difference in grain sorghum yield has been observed between treatments. 

Combination of pyrasulfotole plus bromoxynil at 233 or 287 g ai ha-1 plus atrazine, 

alone or tank mixed with 2,4-D, dicamba, fluroxypyr, carfentrazone or NIS, applied POST on 

grain sorghum controlled Palmer amaranth, carpetweed or prickly sida 95% or more. 

Pyrasulfotole plus bromoxynil applied at 233 g ai ha-1 plus atrazine was not as effective alone 

on morningglories as combined to growth regulating herbicides with 93 and 100% control, 

respectively. Efficiency to control sicklepod with pyrasulfotole plus bromoxynil depended on 

the seedlings size at the time of application, 95% control or more being obtained on five cm 

tall plants with pyrasulfotole plus bromoxynil at 233 or 287 g ai ha-1 plus atrazine, alone or 

combined with 2,4-D, dicamba or NIS.  

Therefore, combining pyrasulfotole plus bromoxynil with other herbicides, especially 

growth regulating herbicides, would be recommended to increase the weed control efficiency 

of POST application and broaden the range of weed species controlled. Except when mixed 

with carfentrazone or NIS, less than 10% crop injury resulted from POST application of 

pyrasulfotole plus bromoxynil at 233 or 287 g ai ha-1 plus atrazine, alone or combined with 

other herbicides. Injury completely disappeared four weeks after treatment. Similarly, grain 

sorghum stunting did not exceed 5% with pyrasulfotole plus bromoxynil at 233 or 287 g ai 

ha-1 plus atrazine, except when carfentrazone was mixed with it. If pyrasulfotole plus 

bromoxynil alone at 233 or 287 g ai ha-1 yielded similarly to the bromoxynil reference, tank 



97 

 

 

 

 

mixing with other herbicides contributed to reduce yield in some situations. Factors that 

could potentially explain this yield reduction have still to be determined. However, the 

premix of pyrasulfotole plus bromoxynil appears to be an excellent herbicide that can help 

sorghum growers in North Carolina to control weeds resistant to ALS and photosystem II-

inhibitors. 
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Table 1. Soil characteristics, planting date and herbicide application time. 

  2012  2013  2014 

  Clayton  Kinston  Rocky Mount  Kinston  Rocky Mount 

Soil type  
Wagram 

loamy sand a 
 

Portsmouth 

Loam b 
 

Wickham 

sandy loam c 
 

Pocalla loamy 

sand d 
 

Rains fine 

sandy loam e 

Soil pH  6.7  5.8  5.7  6.1  5.8 

Organic matter (%)  1.9  2.3  1.3  1.9  1.1 

Sorghum variety  
Mycogen 

1G600 
 

Pioneer 

84P80 
 

DKS 

53-67 
 

DKS 

53-67 
 

DKS 

53-67 

Seeding rate (seeds ha-

1) 
 247,100  247,100  296,520  296,520  296,5200 

Planting date  June 26   July 3  June 14  June18  May 30 

POST application date   July 27   July 27  July 25  July 24  July 15 

Crop stage at 

application 
 V6  V5  V6  V6  V5 

a Loamy, kaolinitic, thermic Arenic Kandiudults 

b Fine-loamy over sandy or sandy-skeletal, mixed, semiactive, thermic Typic Umbraquults 

c Fine-loamy, mixed, semiactive, thermic Typic Hapludults 

d Loamy, siliceous, subactive, thermic Arenic Plinthic Paleudults 

e Fine-loamy, siliceous, semiactive, thermic Typic Paleaquults 
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Table 2. Weed control four weeks after application of PYRA + BROMO alone and in combination in NC.a,b 

Herbicide c 

CASOB  AMAPA  IPO sp.  SIDSP  DIGSA 

Kinston  
Pooled d 

 
Pooled e 

 Kinston  RM 

2012  2013    2013  2014 

 % 

BROMO + atrazine 35 b  85 d  96 b  84 c  100 a  4 b 

PYRA+BROMO (233 g ai ha-1) + atrazine 40 b  96 b  100 a  93 b  95 b  43 a 

PYRA+BROMO (233 g ai ha-1) + atrazine 

+ 2,4-D 
79 a  96 b  100 a  100 a  95 b  52 a 

PYRA+BROMO (233 g ai ha-1) + atrazine 

+ dicamba 
78 a  95 bc  100 a  100 a  95 b  53 a 

PYRA+BROMO (233 g ai ha-1) + atrazine 

+ fluroxypyr 
-  90 cd  100 a  100 a  96 b  51 a 

PYRA+BROMO (233 g ai ha-1) + atrazine 

+ carfentrazone 
-  89 d  100 a  91 b  98 ab  65 a 

PYRA+BROMO (287 g ai ha-1) + atrazine 54 b  99 a  100 a  100 a  99 ab  50 a 

PYRA+BROMO (287 g ai ha-1) + atrazine 

+ NIS 
-  100 a  100 a  100 a  99 ab  64 a 

 

 



106 

 

 

 

 

Table 2 (continued).  

Contrasts p-value 

PYRA+BROMO vs BROMO 0.0022  0.0001  0.0001  0.0001  0.0526  0.0001 

PYRA+BROMO: 233 vs. 287 g ai ha-1 0.1377  0.0001  1.0000  0.0090  0.0832  0.7484 

PYRA+ BROMO at 233 g ai ha-1: 

 alone vs. tank mixed partners 
0.0004  0.0874  1.0000  0.0024  0.5575  0.4119 

Tank mixed partners: 2,4-D, dicamba, 

fluroxopyr vs. carfentrazone 
-  0.0375  1.0000  0.0001  0.3025  0.3517 

a Means within a column followed by the same letters are not different according to Fisher’s Protected LSD test 

at P ≤ 0.05. 

b Abbreviations: CASOB, sicklepod; AMAPA, Palmer amaranth; SIDSP, prickly sida;  

IPO sp, morningglory sp.; DIGSA, large crabgrass; PYRA, pyrasulfotole; BROMO, bromoxynil;  

NIS, non-ionic surfactant; RM, Rocky Mount. 

c All herbicide treatments except BROMO + atrazine included 1.12 kg ha-1 ammonium sulfate. 

d Pooled over Clayton in 2012 and Rocky Mount in 2013. 

e Pooled over Rocky Mount in 2013 and 2014. 
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Table 3. Sorghum injury caused by PYRA + BROMO alone and in combination averaged over 

environments in NC. a,b 

Herbicide c 

Crop injury 

 7 DAT  14 DAT  21 DAT  28 DAT 

 %  

BROMO + atrazine  17 b  10 b  3 b  0 a 

PYRA+BROMO (233 g ai ha-1) + atrazine  9 d  3 de  2 b  0 a 

PYRA+BROMO (233 g ai ha-1) + atrazine + 2,4-D  9 d  4 de  1 b  0 a 

PYRA+BROMO (233 g ai ha-1) + atrazine + dicamba  7 d  3 e  1 b  0 a 

PYRA+BROMO (233 g ai ha-1) + atrazine + fluroxypyr  8 d  3 de  0 b  0 a 

PYRA+BROMO (233 g ai ha-1) + atrazine + carfentrazone  30 a  15 a  6 a  1 a 

PYRA+BROMO (287 g ai ha-1) + atrazine  10 cd  6 cd  2 b  1 a 

PYRA+BROMO (287 g ai ha-1) + atrazine + NIS  15 bc  8 bc  2 b  1 a 
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Table 3 (continued).  

 

Contrasts p-value 

PYRA+BROMO vs BROMO 0.0001  0.0001  0.0727  0.1746 

PYRA+BROMO: 233 vs. 287 g ai ha-1 0.9678  0.0255  0.8237  0.0044 

PYRA+ BROMO at 233 g ai ha-1:  

alone vs. tank mixed partners 
0.0001  0.0002  0.2037  0.7720 

Tank mixed partners: 2,4-D, dicamba, fluroxopyr vs. 

carfentrazone 
0.0001  0.0001  0.0001  0.0679 

a Means within a column followed by the same letters are not different according to Fisher’s Protected 

LSD test at P ≤ 0.05. 

b Abbreviations: DAT, days after treatment; PYRA, pyrasulfotole; BROMO, bromoxynil;                    

NIS, non-ionic surfactant. 

c All herbicide treatments except bromoxynil + atrazine included 1.12 kg ha-1 ammonium sulfate. 
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Table 4. Sorghum yield as affected by PYRA & BROMO alone and in combination in NC.a,b 

Herbicide c 

2012  2013  2014 

Clayton  Kinston  Pooled d  RM 

Mg ha-1 

Control 1.3 b  5.7 d  4.3 a  0.9 a 

BROMO + atrazine 2.0 ab  6.2 bc  4.2 a  1.1 a 

PYRA+BROMO (233 g ai ha-1) + atrazine 1.9 ab  6.9 a  4.0 ab  1.0 a 

PYRA+BROMO (233 g ai ha-1) + atrazine + 2,4-D 2.1 a  6.3 bc  3.6 cd  1.1 a 

PYRA+BROMO (233 g ai ha-1) + atrazine + dicamba 2.3 a  5.8 cd  3.4 d  1.1 a 

PYRA+BROMO (233 g ai ha-1) + atrazine + fluroxypyr -  -  3.8 bc  1.2 a 

PYRA+BROMO (233 g ai ha-1) + atrazine + carfentrazone -  -  3.6 cd  1.2 a 

PYRA+BROMO (287 g ai ha-1) + atrazine 2.4 a  6.8 ab  4.2 a  1.1 a 

PYRA+BROMO (287 g ai ha-1) + atrazine + NIS -  -  3.6 cd  1.0 a 
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Table 4 (continued). 

Contrasts p-value 

Non treated vs treated 0.0118  0.0230  0.0012  0.1939 

PYRA+BROMO vs BROMO 0.5218  0.2802  0.0136  0.5573 

PYRA+BROMO: 233 vs. 287 g ai ha-1 0.3058  0.0640  0.0590  0.6691 

PYRA+ BROMO at 233 g ai ha-1: alone vs. tank mixed 

partners 
0.2932  0.0027  0.0062  0.5763 

Tank mixed partners: 2,4-D, dicamba, fluroxopyr vs. 

carfentrazone 
-  -  0.8535  0.4700 

a Means within a column followed by the same letters are not different according to Fisher’s Protected 

LSD test at P ≤ 0.05. 

b Abbreviations: PYRA, pyrasulfotole; BROMO, bromoxynil; NIS, non ionic surfactant. 

c All herbicide treatments except bromoxynil + atrazine included 1.12 kg ha-1 ammonium sulfate. 

d Pooled over environments (Rocky Mount and Kinston) in 2013. 
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Abstract 

 

Weed control remains a major challenge for economically viable sorghum production 

in the Southeastern region of the United States because of sorghum sensitivity to weed 

competition during early growth stages. Field experiments were conducted in 2012, 2013, 

and 2014 to determine the effects of row spacing, sorghum population, and herbicide 

programs on Palmer amaranth, sicklepod and morningglory control as well as on sorghum 

growth and grain yield. Treatments included: three row spacing, 19, 38, and 76 cm; four 

sorghum populations, 99,000, 198,000, 297,000, and 396,000 plants ha-1; and three herbicide 

programs, (1) a non-treated control, (2) a PRE application of prepackaged S-metolachlor plus 

atrazine at 100% of the recommended rate, referred to as PRE, and (3) a PRE application of 

prepackaged S-metolachlor plus atrazine at 75% of the recommended rate followed by early 

POST application of 2,4-D, referred to as PRE followed by POST (PRE fb POST). Palmer 

amaranth control for all locations benefited from the addition of a POST herbicide and also 

by increasing the sorghum population from 99,000 to at least 297,000 plants ha-1. Palmer 

amaranth response to row spacing was variable across rating dates and years. Narrower row 

spacing or increased sorghum population did not affect Palmer amaranth density but caused 

significant dry biomass reduction by 33% with 19 and 38 cm compared to 76 cm, and by 

43% with 297,000 or 396,000 compared to 99,000 plants ha-1. Our results underscored the 

need for a POST application combined to sorghum population ≥ 297,000 plants ha-1 to 

consistently maintain ≥90% late season morningglory control. Light interception by the 
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sorghum canopy was little or not affected by row spacing. However, sorghum population had 

large influence with canopy closure occurring one and a half weeks earlier for 297,000 or 

396,000 plants ha-1 density compared to 99,000 plants ha-1. Consistent grain yield increase by 

18% on average was observed for 19 cm rows compared to 38 and 76 cm whereas sorghum 

plant populations used here had little or no effect. Overall, results from these experiments 

indicate that in the absence of POST application, narrow row spacing and sorghum 

populations of 297,000 plants ha-1 or more provide greater broadleaf weed control and 

biomass reduction.  

Nomenclature: S-metolachlor; atrazine; 2,4-D; Palmer amaranth, Amaranthus palmeri S. 

Wats.; ivyleaf morningglory, Ipomoea hederacea Jacq.; pitted morningglory, Ipomoea 

lacunosa L.; sorghum, Sorghum bicolor (L.) Moench. 

Key Words: row spacing, crop density, weed control, light interception. 
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Growers of the Southeastern United States have expressed renewed interest in 

planting grain sorghum [Sorghum bicolor (L.) Moench.] following winter wheat in a region 

where sorghum is primarily used as an animal feedstock for the local poultry and hog 

industry. With either conventional or reduced tillage, weed control remains a major challenge 

for economically viable grain sorghum production due to several factors. Crop sensitivity to 

weed competition is a major concern, especially between the second and fourth week after 

planting when weed growth outcompetes crop development (Burnside and Wicks 1967; 

Burnside and Wicks 1969; Everaarts 1993). The impact of early season germinating weeds 

on grain sorghum has been emphasized by Wiese et al. (1964) who reported 8% yield 

reduction by uncontrolled weeds in comparison to a hand weeded check when rainfall 

following crop emergence was only 42% of the monthly average but a 25% yield loss for 

72% of the precipitation average. While sorghum weed management is clearly critical, POST 

herbicide options are more restricted in grain sorghum than for other major row crops 

because the sorghum worldwide market is not large enough to justify the development and 

registration of new herbicides (Stahlman and Wicks 2000). Furthermore, herbicides able to 

suppress grasses are extremely limited due to sorghum sensitivity and the lack of sorghum 

cultivars genetically engineered to provide resistance to commonly used herbicides.  

Additionally, sorghum weed management may be complicated by herbicide resistant 

weeds that developed resistance to modes of action used for controlling weeds in sorghum. 

For example, in the Southeastern United States, resistance to photosystem II (PSII)-inhibitor 

herbicides has been documented in common lambsquarters (Chenopodium album L.), Palmer 
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amaranth or smooth pigweed (Amaranthus hybridus L.) whereas resistance to ALS-inhibitor 

herbicides has been reported in common cocklebur (Xanthium strumarium L.), common 

ragweed (Ambrosia artemisiifolia L.) or Palmer amaranth (Heap 2015). Several agronomic 

and weed management strategies have been identified that can alleviate the development and 

dissemination of herbicide resistance (Norsworthy et al. 2012). Among them, cultural 

practices that promote crop competitiveness, such as crop rotation, narrowing row spacing or 

increasing crop density, can contribute to reduced weed growth, fecundity, and soil seedbank 

(Harder et al. 2007; Jha et al. 2008a; Walsh and Powles 2007; Yelverton and Coble 1991).  

Numerous research studies mainly conducted with corn (Zea mays L.) and soybean 

[Glycine max (L.) Merr.] have confirmed the benefits of narrower rows and higher crop 

populations on weed control and crop yield (Buehring et al. 2002; Harder et al. 2007; Nice et 

al. 2001; Norsworthy and Frederick 2005; Steckel and Sprague 2004; Teasdale 1995; 

Teasdale 1998; Tollenaar et al. 1994). Reduction in corn row width from 76 cm to 38 cm 

increased grain yield by 10 to 15%, improved sicklepod [Senna obtusifolia (L.) H.S. Irwin & 

Barneby] and arrowleaf sida (Sida rhombifolia L.) control by 5% but did not have significant 

effect on pitted morningglory (Ipomoea lacunosa L.) control (Norsworthy and Frederick 

2005). Steckel and Sprague (2004) observed 46% biomass reduction and 44% seed 

production reduction of common waterhemp in 19 cm soybean rows when waterhemp 

emergence was delayed from VE toV2-V3 soybean growth stages whereas no biomass 

difference and only13% reduction in seed production occurred in 76 cm rows. This response 

to row widths was linked to a difference in the amount of photosynthetic active radiation 
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(PAR) able to penetrate soybean canopy with 98% and 45% of the available PAR at V2-V3 

for 76 cm and 19 cm rows, respectively. 

Research on sorghum row spacing and population has mainly focused on yield 

impact. Several studies demonstrated higher grain yield under favorable environmental 

conditions with narrower row width, the yield increase being attributed largely to a higher 

density of heads per square m resulting from greater tillering in response to more equidistant 

plant spacing (Fromme et al. 2012a; Jones and Johnson 1991; Maas et al. 2007; Staggenborg 

et al. 1999). Comparing the effects of velvetleaf and yellow foxtail [Setaria pumila (Poir.) 

Roemer & J.A. Schultes] competition on sorghum grain yield in Nebraska, Limon-Ortega et 

al. (1998) reported lower yield loss with increasing weed competition in 38 cm row spacing 

compared to 76 cm with adequate water supply but no differences under drought conditions. 

Yet, no extensive research has been conducted to determine the influence of management 

practices that may provide supplemental weed control on sorghum competitiveness with 

weeds. Therefore, a study was initiated to ascertain the influence of reduced row spacings 

and higher sorghum populations on (1) broadleaf weed control, density and biomass 

following PRE only or PRE followed by POST herbicide applications, or in the absence of a 

herbicide treatment, (2) grain sorghum canopy closure, (3) crop height as well as flag leaf 

width and length at boot stage, and (4) grain yield in the presence and absence of weeds. 
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Materials and Methods 

 

Field experiments were conducted on a grower field near Whiteville, NC, in 2012 and 

at the Upper Coastal Plain Research Station near Rocky Mount, NC, in 2012 and 2013. Soil 

characteristics for each site are presented in Table 1. Conventional tillage was performed at 

all locations and followed by field disking before planting sorghum. Seeds were planted on a 

flat seedbed at an average depth of 2.2 cm. Dekalb ‘DKS53-67’ sorghum was planted on 

June 19, 2012 at Whiteville and on June15, 2012 and 2013 at Rocky Mount. Standard 

fertilization and insect management practices as recommended by the North Carolina 

Cooperative Extension Service were followed. Fields were not irrigated because of the 

abundance of rainfall that occurred during the 2012 and 2013 growing season (Table 2). As a 

result, minimal or no visual moisture stress symptoms were observed at Rocky Mount and 

Whiteville.  

The experimental design was a three factors factorial arrangement in a randomized 

complete block with treatments replicated four times at each location. Main factors consisted 

of row width, sorghum population, and herbicide program. Sorghum was seeded either in 19 

cm rows using a no-till drill (Model 3P606NT, Great Plains Ag., Salina, KS or Model Tye 

2005, AGCO Corp., Duluth, GA) or in 38 or 76 cm rows using a vacuum planter (Model 

1760, John Deere, Moline, IL, 61265). There were nine rows per plot at the 19 cm width, six 

rows per plot at 38 cm, and three rows per plot at 76 cm. Plots were 2.4 m wide and 9 m long 

at all locations. Assuming 90% emergence of 90% germinated seeds, seeding rates were 
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adjusted within each row spacing to establish target sorghum populations of 99,000, 198,000, 

297,000, and 396,000 plants ha-1. The drill was calibrated by converting the targeted crop 

density to a seeds per meter basis, then by adjusting the metering mechanism to drop the 

correct number of viable seeds per meter of row, and finally by checking the subsequent 

seeding rate and depth of placement in the field prior to actual seeding of the experiment. 

Seeding plates and setting adjustments for the vacuum planter were selected according to the 

recommendations provided by the planter technical manual. Final sorghum populations were 

determined four weeks after planting (4 WAP) from three 2 m sections of row in each plot. 

Stand counts conducted 4 WAP confirmed the uniformity of sorghum plant populations 

within treatments with coefficients of variation ranging from 3 to 16% (data not shown). 

Herbicide treatments included (1) a non-treated control, (2) PRE application at 

planting with a premix (Bicep II Magnum®, Syngenta Crop Protection, Greensboro, NC) of 

1,410 g ai ha-1 of S-metolachlor and 1,820 g ai ha-1 of atrazine, and (3) PRE application at 

planting of 1,070 g ai ha-1 of S-metolachlor and 1,380 g ai ha-1 of atrazine followed by a 

POST application of 2,4-D (Weedar® 64, Nufarm Inc., Burr Ridge, IL) at 330 g ae ha-1. Each 

year, herbicides were applied in water with a CO2-pressurized backpack sprayer equipped 

with flat-fan nozzles XR1102 (TeeJet, Glendale Heights, IL, 60139) calibrated to deliver 140 

L ha-1 at 165 kPa. PRE herbicides were applied within 24 hours of sorghum seeding at each 

location and POST herbicides were applied four weeks after planting (4 WAP) when 

sorghum plant size ranged from 20 to 30 cm, corresponding to the V4 to V5 sorghum growth 

stages. 
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Palmer amaranth and morningglory control were visually rated at 4, 7 and 10 WAP 

on a 0 (no control) to 100% (death of all plants) scale, based on a composite estimation of 

density reduction, growth inhibition and foliar injury (Frans et al. 1986). At 4 and 14 WAP, 

two 50 by 50 cm (0.25 m²) quadrats were placed in the center of each non-treated plot to 

record Palmer amaranth and morningglory density. Palmer amaranth aboveground biomass 

was harvested from within the quadrats at 14 WAP and separated by species. Total fresh 

weight was recorded immediately after harvest, and weeds were dried in a forced-air oven at 

65°C for one week. Total dry weight was then measured and converted to g m-2. 

Growing degree days (GDD) were obtained from data provided by the State Climate 

Office of North Carolina website (http://www.nc-climate.ncsu.edu/). GDD units were 

calculated using Equations 1 through 3 such that: 

TAVG =  [
(TMAX−TMIN)

2
]  [1] 

Where TAVG (°C) is the estimated daily average temperature, TMAX (°C) equals the daily 

maximum air temperature, and TMIN (°C) the daily minimum air temperature, 

GDD = 0 when TAVG <  TBASE  [2] 

Where GDD are the daily growing degree days and TBASE was the temperature below which 

GDD did not progress (McMaster and Wilhelm 1997). A base temperature of 10°C was used 

here (Gerik et al. 2003). When TAVG ≥ TBASE, GDD was calculated as: 

GDD =  TAVG − TBASE  [3] 

http://www.nc-climate.ncsu.edu/
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Gerik et al. (2003) showed that GDD for grain sorghum did not increase beyond an upper 

temperature threshold (TUT) of 38°C. Thus, whenever TMAX was greater than 38°C, TMAX was 

set equal to TUT. 

Photosynthetically active radiation (PAR) was measured at Whiteville in 2012 and 

Rocky Mount in 2013 at approximately 150 cumulative growing degree-day (CGDD) 

intervals, starting at 250°C CGDD. A 1 m long line quantum sensor (Model LI-191R, LI-

COR Inc., Lincoln, NE, 68504) was used to quantify PAR at the soil surface parallel to the 

sorghum rows as well as above the crop canopy. Measurements were taken under cloudless 

sky conditions around solar noon at two random locations in each PRE followed by POST 

plot. An averaged percentage of light intercepted was calculated for each plot based on these 

measurements. Crop height was determined at boot stage by randomly selecting six sorghum 

plants within the PRE followed by POST plots to avoid any potential interference due to 

competing weeds. The width and length of the flag leaf were also measured at Rocky Mount 

in 2012. Based on an equation developed by Fisher and Wilson (1975) for grain sorghum, 

flag leaf area was estimated as follows (Equation 4): 

Area (cm2) = 0.54 ∗ (𝑙 ∗ 𝑤) + 8.5 [4] 

Where l is the length (cm) and w the maximum width (cm) of the leaf. 

Plots were machine harvested between mid-October and mid-November using a 

combine (Model Delta, Wintersteiger, Ried, Austria) specifically adapted for harvesting 

small-plots and crop weights were adjusted to 14% moisture. 
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Data were subjected to analysis of variance (ANOVA) by using the PROC GLM 

procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC, 27513). Year and location were 

combined as proposed by Carmer et al. (1989) and here after referred to as ‘environment’. 

Environment, sorghum population, row width and herbicide program, and all interactions 

containing these factors were considered fixed effects whereas replications (nested within 

environment) were considered random effects. Mean comparisons were performed using 

Fisher’s Protected LSD test when F-values were statistically significant (P ≤ 0.05). Because 

of unequal variance, visual estimates of weed control were arcsine square root transformed 

before analysis prior to ANOVA (Grafen and Hails 2002). Because the transformation of the 

data did not change the separation of means, only non-transformed analysis is presented. As 

suggested by Knezevic et al. (2002), a Gompertz model (Equation 5) was used to describe 

the progression of the percentage of light intercepted by the crop canopy and such that : 

𝑌 = 𝑎 exp(−𝑏 exp(−𝑘𝑇))    [5] 

Where Y is the percentage of light intercepted, a is the upper light interception asymptote, b 

and k are constants representing the displacement along the x axis (initiation time) and the 

rate at which the canopy is closing, respectively, and T is the number of CGDD after 

sorghum emergence. Nonlinear regression analysis using the PROC NLMIXED in SAS was 

used to evaluate light interception response to variations in row width or sorghum population. 

CGDD were used as the independent variable as recommended by Knezevic et al. (2002). 
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Results and Discussion 

 

In 2012, precipitation between June and August were greater than the 30-year average 

at all locations, the excess being concentrated in July and August while June rainfall was 

below the 30-year average (Table 2). Despite the June deficit, the PRE application of 

S-metolachlor and atrazine received timely rainfall for activation with 3.7 and 2.8 cm of 

rainfall within the first 10 d following herbicide application at Whiteville and Rocky Mount, 

respectively. Rainfall greater than the 30-year average were recorded again in June 2013 at 

Rocky Mount. PRE applications received enough rain within 10 d after spraying for adequate 

herbicide activation with 9 cm. 

Broadleaf weed species and their initial density 4 WAP are listed in Table 3. Palmer 

amaranth was the only broadleaf weed present at Whiteville whereas weed population 

consisted in a mixture of Palmer amaranth and morningglory at Rocky Mount with Palmer 

amaranth being the predominant species. 

Palmer Amaranth Control, Density and Biomass. 

A significant location effect (P ≤ 0.01) was evident for Palmer amaranth control, 

therefore results were analyzed by location. No significant effect of row spacing, sorghum 

population or herbicide strategy was observed 4 WAP with ≥ 98% Palmer amaranth control 

at each location (data not shown). 

At Whiteville in 2012, Palmer amaranth control was significantly affected by 

sorghum population, with lowest control occurring at the lowest seeding rate when averaged 
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over row spacing and herbicide strategy (Table 4). Palmer amaranth control 10 WAP was 

significantly affected by row spacing, sorghum population, and herbicide strategy main 

effects. Although differences are significant, results are of little biological importance. 

Palmer amaranth control at Rocky Mount in 2012 and 2013 at 7 and 10 WAP was 

significantly affected by a row spacing by sorghum population by herbicide strategy 

interaction (P ≤ 0.01). Year was also significant; therefore interaction results were analyzed 

by year.  

In 2012, Palmer amaranth control 7 WAP was lowest, 83%, where the 19 cm row 

spacing was combined with the lowest sorghum populations and no POST herbicide was 

applied (Table 5). Control was marginally increased to 90%, although not significantly, when 

2,4-D was applied to the 19 cm row spacing and 99,000 plants ha-1 sorghum population. 

Increasing the population within the 19 cm row spacing increased Palmer amaranth control 

regardless of herbicide strategy, and at the 38 cm row spacing when no POST was applied. 

Palmer amaranth control at the 76 cm row spacing with a PRE only strategy was variable 

with control ranging from 96 to 99% and no significant differences. When 2,4-D was 

applied, Palmer amaranth control was >90% for all row spacing and sorghum populations. In 

fact, control was >99% for all row spacing and sorghum populations receiving 2,4-D POST 

excluding the 19 cm by 99,000 plants ha-1 combination. Palmer amaranth control increased 

for all treatments when evaluated at 10 WAP. Twenty treatments achieved 98% or greater 

control of Palmer amaranth and were not significantly different from each other. Four 

treatment combinations were significantly lower than others; three receiving PRE only 
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herbicide strategies and one that received both PRE and POST herbicide applications. 

Control of Palmer amaranth was 93% where 2,4-D followed S-metolachlor plus atrazine with 

a sorghum population 99,000 plants ha-1 planted in 19 cm rows. Significant reductions in 

control, 88 and 95%, were also observed with the 99k sorghum population at the 19 and 38 

cm row spacing, respectively, where a PRE only herbicide strategy was used. Additionally, 

Palmer amaranth control was significantly lower (91%) where no POST was applied to 

sorghum planted at 198,000 plants ha-1 in 19 cm rows.  

In general, Palmer amaranth control at Rocky Mount in 2012 was greatest where a 

two-pass herbicide strategy was implemented, regardless of row spacing or sorghum 

population. Sorghum population did contribute to Palmer amaranth control in 19 and 38 cm 

row spacing, however the impact of row spacing was less pronounced.  

In 2013 at Rocky Mount, Palmer amaranth control was generally lower than in 2012. 

Rainfall data shows 2013 received two and half times greater precipitation than the 30-year 

average following PRE herbicide application, which may have resulted in increased leaching 

and more rapid breakdown or herbicides, ultimately contributing to reduced residual activity.. 

Examining the influence of rainfall on the efficacy of different PRE and POST herbicides, 

Stewart et al. (2012) reported that precipitation exceeding 50% of the monthly average 

during the first two weeks after application could cause atrazine to leach, resulting in reduced 

efficacy to control weeds. Control of Palmer amaranth did however follow a similar trend to 

that observed in 2012 for several row spacing by sorghum population by herbicide strategy 

combinations. In 2013, 100% control of Palmer amaranth was only achieved with six 
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treatments at 7 WAP compared to 15 treatments achieving 100% control in 2012 (Table 5). 

Similarly to 2012, in 2013 greater control of Palmer amaranth was observed in treatments 

receiving a POST application of 2,4-D following the PRE. All combinations receiving 2,4-D 

POST were significantly similar to the highest control, excluding the treatment to sorghum 

planted in 19 cm rows at 99,000 plants ha-1 population. Additionally, Palmer amaranth 

control increased within all row spacing and herbicide strategies as sorghum population 

increased from 99,000 to 396,000 plants ha-1. Where a PRE only was used as the herbicide 

strategy, Palmer amaranth control ranged from 81 to 90% at 99,000 and 198,000 plants ha-1 

sorghum populations and was significantly lower than the highest sorghum population for all 

row spacing options. Interestingly, Palmer amaranth control decreased at the highest 

sorghum population as row spacing increased regardless of herbicide strategy. Increased 

Palmer amaranth control was observed in 2013 in Rocky Mount 10 WAP compared to the 7 

WAP evaluation, just as it was in 2012. The lowest Palmer amaranth control was consistently 

observed for the 99, 000 plants ha-1 sorghum population regardless of row spacing or 

herbicide strategy, with the only exception occurring at 76 cm where the PRE fb POST 

herbicide strategy was used. Where no POST herbicide was applied, Palmer amaranth control 

was reduced at the 76 cm row spacing compared to the 19 and 38 cm row spacing for 

sorghum populations >198,000 plants ha-1. Similar reductions in control were observed for 

the PRE fb POST herbicide strategy where sorghum population was 198k or 396k planted in 

76 cm rows. Although in soybean, similar late season control has been reported by Schultz et 
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al. (2015) with 97% multiple-resistant waterhemp control in 19 and 38 cm rows and 94% in 

76 cm rows, averaged over different PRE fb POST or POST alone programs. 

Palmer amaranth control for all locations benefited from the addition of a POST 

herbicide and also by increasing the sorghum population from 99,000 to at least 297,000 

plants ha-1. Palmer amaranth response to row spacing was variable across rating dates and 

years. In 2012, increased Palmer amaranth control was observed by planting sorghum in 

wider rows, however greater control was often observed in the 19 cm row spacing in 2013. 

Palmer amaranth density and biomass data have been pooled over environments 

because of the lack of significant interactions between environment, row spacing or sorghum 

population. No significant difference in response to row spacing or sorghum population was 

observed on Palmer amaranth density in the non-treated plots (Table 6). Palmer amaranth dry 

biomass was significantly reduced by 190 g m-2 on average for the 19 and 38 cm row widths 

compared to 76 cm. Hock et al. (2006) reported comparable reduction of common sunflower 

(Helianthus annuus L.) dry biomass by 27% in soybean with 275 g plant-1 in 19 cm rows 

versus 375 g plant-1 in 76 cm rows. Increasing sorghum population from 99,000 to 297,000 

plants ha-1 reduced Palmer amaranth dry biomass by 270 g m-2 whereas increasing density 

beyond 297,000 sorghum plants ha-1 did not provide further weed biomass reduction. In 

agreement with our results, Harder et al. (2007) and Schultz et al. (2015) did not observe any 

difference in weed density for soybean populations ranging from 124,000 to 445,000 plants 

ha-1. However, Harder et al. (2007) reported an averaged 27% decline in cumulative weed 
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biomass across 19, 38 and 76 cm row spacing when soybean population increased from 

124,000 to 445,000 plants ha-1. 

Morningglory Control. 

Analysis of morningglory species resulted in a significant year effect (P ≤ 0.05), 

which could also indicate a species effect since only one species was observed in each trial 

year, therefore data were analyzed by species. A significant sorghum population main effect 

was observed for both ivyleaf and pitted morningglory when evaluated 4 WAP (Table 7). 

Control increased as sorghum population increased when pooled over row spacing and 

herbicide strategy, with maximum control of 51 and 61% for ivyleaf and pitted 

morningglory, respectively. While the level of control would not be acceptable to growers, 

the increase in control shows the importance of sorghum population for competition with 

morningglory species. Herbicide strategy averaged over row spacing and sorghum population 

was significant for ivyleaf morningglory control 7 and 10 WAP in 2012; with significantly 

greater control observed where the PRE was followed by 2,4-D POST (data not shown).  

Pitted morningglory reacted differently, with ANOVA indicating a row spacing by 

sorghum population by herbicide strategy interaction (P ≤ 0.05), therefore the three way 

interaction is presented. PRE fb POST herbicide strategy was more effective than the PRE 

only herbicide strategy for all row spacing by sorghum population combinations (Table 8). 

This trend was also true when evaluations were recorded at 10 WAP. Although treatments 

could not be statistically separated within the PRE fb POST strategy, a trend toward greater 

pitted morningglory control was observed as sorghum population increased. Additionally, for 
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all herbicide strategy by sorghum population by row spacing combinations, the lowest 

observed pitted morningglory occurred at the 99k sorghum population. One outlier was 

observed, with significantly lower pitted morningglory occurring where no POST was 

applied to the 396k sorghum population planted in 76 cm rows. This may be due to field 

variability, or it may point to greater intraspecific sorghum competition allowing pitted 

morningglory vines to flourish.  

Our results underscore the need for a POST application combined to sorghum 

population ≥ 297,000 plants ha-1 to consistently maintain ≥90% late season morningglory 

control. 

Light Interception. 

Significant differences (P ≤ 0.05) were noted among parameter estimates for row 

width and sorghum population; therefore curves representing the progression of light 

interception by crop canopy as a function of CGDD are presented for each row spacing and 

population within each sampled environments.  

Row width did not influence intercepted PAR at Whiteville in 2012, no significant 

difference being noted between row spacings for the light interception asymptote, initiation 

time, or rate at which the canopy was closing (Figure 1). At Rocky Mount, the k parameter 

estimate reflecting the rate at which canopy closes was significantly lower (P ≤ 0.05) for 76 

cm compared to 38 cm rows in 2012 (Figure 2) whereas significant difference was observed 

for the time at which canopy closure was initiated between 19 or 38 cm and 76 cm row 

spacing (P ≤ 0.01) with canopy closure starting 100 CGDD later in the widest rows (Figure 



129 

 

 

 

 

3). Canopy closure lag for 76 cm rows might explain why Palmer amaranth control in 2013 

and in the absence of POST application was generally lower 7 and 10 WAP for 76 cm rows 

compared to 19 and 38 cm. On the opposite, canopy closure was initiated at the same time 

for different row widths at Whiteville and Rocky Mount in 2012. Differences in the amount 

of PAR intercepted when noticeable were observed late in the season and did not result in 

significant differences among row spacings for Palmer amaranth control. Other authors also 

reported no or limited row spacing effect on canopy closure, the difference in photosynthetic 

active radiation intercepted not exceeding 10% between 38, 56, and 76 cm row widths 

(Norsworthy and Oliveira 2004; Tharp and Kells 2001; Westgate et al. 1997).  

Sorghum population played a more important role on the progression of canopy 

closure. The k parameter estimate was significantly lower (P ≤ 0.01) for the 99,000 compared 

to ≥ 297,000 plants ha-1 sorghum population at Whiteville (Figure 4) and Rocky Mount 

(Figure 5) in 2012, reflecting a slower rate of canopy closure for the lowest sorghum 

population. Significant differences(P ≤ 0.01) in the light interception asymptote or canopy 

closure initiation time were noted at Rocky Mount in 2013 (Figure 6) where canopy closure 

never exceeded 93% for 99,000 plants ha-1 but surpassed 97% for ≥ 297,000 plants ha-1 

sorghum population. As a consequence of the slower rate of canopy closure or lag in time at 

which closure is initiated, lower Palmer amaranth control tended to be observed at the lowest 

sorghum population compared to ≥ 297,000 plants ha-1 at 7 and 10 WAP and in the absence 

of POST application. The importance of rapid canopy closure is also expressed by the strong 
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reduction in Palmer amaranth biomass observed for ≥ 297,000 plants ha-1 sorghum 

population compared to 99,000 plants ha-1. 

Averaged over row spacing and locations, 90% canopy closure occurred at 750, 620, 

590, and 580 CGDD for sorghum population equal to 99,000, 198,000, 297,000, and 396,000 

plants ha-1, respectively. This would correspond to a time of canopy closure reduced by 12 d 

on average for sorghum population ≥ 297,000 plants ha-1 compared to 99,000 plants ha-1. 

Previous researchers have also reported increased light interception or earlier canopy closure 

when corn populations were increased (Teasdale 1995; Tollenaar et al. 1994; Westgate et al. 

1997). Shading occurring more rapidly in sorghum population ≥ 297,000 plants ha-1 may 

decrease weed emergence and growth as shown by Teasdale (1995) who observed greater 

weed coverage in 76 cm rows and 1x corn population than in 38 cm and 2x corn population.  

Sorghum Development at Boot Stage. 

Sorghum height at boot stage was affected by an interaction between row spacing and 

sorghum population. Year was also significant; therefore interaction results were analyzed by 

year (Table 9). At the 19 cm row spacing, increasing sorghum population from 99,000 to 

396,000 plants ha-1 resulted in taller plants by 7 cm at Rocky Mount and Whiteville in 2012, 

and by 20 cm at Rocky Mount in 2013. No consistent trend was observed for 38 cm rows 

whereas multiplying sorghum population by four significantly decreased plant height for 76 

cm rows at Rocky Mount by 4 cm in 2012 and by 16 cm in 2013. Within sorghum 

population, significant effect of row width was only observed at 99,000 plants ha-1 with 5 to 

18 cm taller plants when row spacing increased from 19 to 76 cm. 
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In 2012, at Rocky Mount, significant differences in the estimated flag leaf area were 

noted between sorghum populations with 19% diminution of the leaf area when sorghum 

population increased from 99,000 to 198,000 plants ha-1, 10% reduction between 198,000 

and 297,000 plants ha-1, and by another 10% between 297,000 and 396,000 plants ha-1. 

Similar observations relative to the leaf structure and area have been reported by Fischer and 

Wilson (1975) as well as by Bayu et al. (2005) who characterized leaves in high density grain 

sorghum (> 200,000 plants ha-1) as being narrower and less droopy than at lower crop 

densities. Such features of the canopy have been reported to be more favorable to light 

interception per unit leaf area (Fischer and Wilson 1975; Loomis and Williams 1969). 

Greater light interception combined with rapid canopy closure as demonstrated by light 

interception measurements contribute to earlier shading of the soil surface and may explain 

higher and longer weed control observed for sorghum population ≥ 297,000 plants ha-1. 

Grain Yield. 

Grain sorghum yield in herbicide treated plots is presented by environment due to a 

significant overall treatment-by-environment interaction (P ≤ 0.05). Significant interaction 

between row spacing and sorghum population (P ≤ 0.05) was also observed within each 

environment, grain yield, therefore the two way interaction is presented within each 

environment (Table 10). 

Regardless of environment, sorghum population ≥ 297,000 plants ha-1 planted in 19 

cm rows significantly increased yield on average by 1.8 Mg ha-1 at Rocky Mount and 

Whiteville in 2012, and by 2,8 Mg ha-1 at Rocky Mount in 2013 when compared to similar 
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sorghum populations at 38 or 76 cm row width. Within 38 or 76 cm rows, increasing 

sorghum population did not result in increased yield for at Rocky Mount in 2012 and 2013 

whereas in Whiteville, sorghum population ≥ 397,000 plants ha-1 yielded less than any other 

lower crop densities. Similar yield response to row spacing has been observed in Kansas 

(Staggenborg et al. 1999), Texas (Fromme et al. 2012a; Jones and Johnson 1991), and 

Alabama (Bishnoi et al. 1990). Staggenborg et al. (1999) reported an average gain of 1.1 Mg 

ha-1 with 25 cm sorghum rows compared to 76 cm rows in environments with grain yield 

above 6.3 Mg ha-1. No yield response to row width was noted below this threshold, 

corresponding to below-average rainfall during the growing season. These authors suggested 

that lack of yield response in narrow rows might be due to longer period of water stress 

caused by increased water consumption resulting from greater light interception. This is 

especially critical two months after planting when reproductive structures of the panicles are 

formed and the number of seeds per panicle determined (Fromme et al. 2012a). In North 

Carolina, rainfall in July and August were above-average in 2012 and 2013; therefore 

sorghum did not suffer from water stress and yield potential was not restricted in narrow 

rows.  

Consistent yield response to sorghum population was only noted at the 19 cm row 

spacing where increasing population from 99,000 to ≥ 297,000 plants ha-1 resulted in 

significant yield increase by 3 and 2.5 Mg ha-1 at Rocky Mount and Whiteville, respectively, 

in 2012 but only by 0.9 mg ha-1 at Rocky Mount in 2013. Staggenborg (1999) and Conley et 
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al. (2005) reported up to 0.5 Mg ha-1 yield gain when sorghum population increased from 

74,000 to 148,000 plants ha-1, but no further increase with 222,000 plants ha-1.  

Grain yield of the plots that received no herbicides were significantly lower by 1.8 

Mg ha-1 compared to PRE alone or PRE fb POST application (data not shown). Lack of 

herbicide treatment resulted in 336% yield reduction at Whiteville in 2012 where Palmer 

amaranth density and dry biomass averaged over row spacings and plant population reached 

41 plants m-2 and 948 g m-2, respectively, at the end of the growing season in non-treated 

plots. At Rocky Mount, only 9 plants m-2 cumulating 768 g m-2 of dry biomass were noted in 

2012 whereas higher density with 51 plants m-2 was reported in 2013 but for a total dry 

biomass of only 115 g m-2 indicating that a flush of Palmer amaranth emergence occurred 

late in the season. Lower Palmer amaranth pressure at Rocky Mount resulted in 22 and 15% 

yield reduction in 2012 and 2013, respectively, in the absence of herbicide application.  

This research suggests that row spacing and plant population can be effective 

components of a Palmer amaranth and sicklepod management program in grain sorghum. 

Results indicate that plant populations exceeding 198,000 plants ha-1 combined with 

herbicide applications provided higher Palmer amaranth and morningglory control. Narrower 

rows and increased sorghum population had no effect on Palmer amaranth density in the 

absence of herbicide application but strongly reduced its biomass. Light interception analysis 

demonstrated that canopy closure occurred earlier in moderate and high populations 

compared to low populations. Planting sorghum at a density greater than 198,000 plants ha-1 

may be beneficial to reduce weed seed production from Palmer amaranth and limit the risk of 
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herbicide resistance development and spread. However, grain yield response was more 

consistently affected by row spacing than by plant population with the highest yields being 

achieved at the narrowest row spacing. These results are consistent with previous reports 

investigating row spacing effect in sorghum (Fromme et al. 2012a; Jones and Johnson 1991; 

Staggenborg et al. 1999). Andrade et al. (2002) demonstrated that corn yield increase in 

response to narrow row was a direct consequence of improved light interception during the 

critical period for kernel set. This stresses the need for limiting weed competition through 

high plant population associated with PRE herbicide application at this critical period to 

enable maximal light interception by narrow rows.  
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Table 1. Description of soils at experiments sites in 2012 and 2013. 

Year  Location  Soil series  Soil texture  Soil pH  Organic matter (%) 

2012 
 Whiteville  Aycock a  

Fine sandy 

loam 
 6.5  1.8 

 Rocky Mount  Wickhamb  Sandy loam  5.7  1.3 

2013  Rocky Mount  Roanoke c   Loam  6.4  2.3 

a Fine-silty, siliceous, subactive, thermic Typic Paleudults 

b Fine-loamy, mixed, semiactive, thermic Typic Hapludults 

c Fine, mixed, semiactive, thermic Typic Endoaquults 
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Table 2. Monthly rainfall, temperature, and 30-year average for Whiteville, NC, in 2012, and Rocky 

Mount, NC, in 2012 and 2013. 

Location  Month 
 Monthly rainfall (cm)  Monthly temperature (°C) 

 2012  2013  30-year  2012  2013  30-year 

Whiteville 

 June  5.8  -  11.9  23.1  -  25.0 

 
 July  20.6  -  14.3  27.1  -  27.1 

 August  36.5  -  14.4  24.7  -  26.2 

Rocky 

Mount 

 June  5.7  25.3  10.0  23.4  24.3  23.9 

 July  17.9  12.5  12.4  27.1  26.0  26.2 

 August  20.6  11.5  11.2  24.9  24.2  25.2 
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Table 3. Weed species and density four weeks after planting, 

averaged over row width and sorghum population for three 

environments in NC. 

Location  Year  Weed species a  Density  

      plants m-² 

Whiteville  2012  Palmer amaranth  41 

Rocky 

Mount 

 
2012 

 Palmer amaranth  7 

  Ivyleaf morningglory  < 1 

 
2013 

 Palmer amaranth  19 

  Pitted morningglory  3 

a Palmer amaranth, Amaranthus palmeri S. Wats.; 

  ivyleaf morningglory, Ipomoea hederacea Jacq.; 

  pitted morningglory, Ipomoea lacunosa L.;  
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Table 4. Effect of row spacing, sorghum population and herbicide 

strategy on Palmer amaranth control at Whiteville, NC in 2012. a,b 

Treatment 
 7 WAP  10 WAP 

 % 

Row spacing c       

19 cm  100 ns  99 ns 

38 cm  100 ns  100 ns 

76 cm  100 ns  100 ns 

Sorghum population d       

  99k plants ha-1  99 b  98 b 

198k plants ha-1  100 a  99 ab 

297k plants ha-1  100 a  100 a 

396k plants ha-1  100 a  100 a 

Herbicide strategy e       

PRE  100 ns  99 Bz 

PRE fb POST  100 ns  100 Ay 

a Means within a column and main effect followed by the same letters 

are not different according to Fisher’s Protected LSD test at P ≤ 0.05. 

e Abbreviations: WAP, weeks after planting; PRE, preemergence; 

POST, postemergence; fb, followed by; ns, not significant. 

b Means pooled over sorghum populations and herbicide strategy 

represent a main effect. 

c Means pooled over sorghum populations and herbicide strategy 

represent a main effect. 

d Means pooled over sorghum populations and herbicide strategy 

represent a main effect. 
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Table 5. Effect of row spacing, sorghum population and herbicide strategy on Palmer 

amaranth control at Rocky Mount, NC in 2012 and 2013. a,b 

Herbicide 

strategy  

 Row 

spacing 

 Sorghum 

population  

 2012  2013 

   7 WAP   10 WAP  7 WAP   10 WAP 

 cm  plants ha-1  % 

PRE 

 

19 

 99k  83 e  88 d  83 f-h  90 b-d 

  198k  85 de  91 cd  90 c-e  93 a-d 

  297k  100 a  100 a  97 a-c  99 a 

  396k  100 a  100 a  100 a  100 a 

 

38 

 99k  93 bc  95 bc  79 h  74 e 

  198k  100 a  100 a  88 e-g  91 a-d 

  297k  100 a  100 a  99 ab  100 a 

  396k  100 a  100 a  99 ab  100 a 

 

76 

 99k  98 ab  100 a  84 f-h  83 de 

  198k  96 a-c  100 a  81 gh  86 cd 

  297k  99 a  100 a  89 d-f  88 b-d 

  396k  96 a-c  98 ab  93 a-e  95 a-c 

PRE fb 

POST 

 

19 

 99k  90 cd  93 c  92 b-e  91 b-d 

  198k  99 a  100 a  100 a  100 a 

  297k  100 a  100 a  100 a  100 a 

  396k  100 a  100 a  100 a  100 a 

 

38 

 99k  100 a  100 a  97 a-c  98 ab 

  198k  100 a  100 a  98 ab  100 a 

  297k  100 a  100 a  100 a  100 a 

  396k  100 a  100 a  100 a  100 a 
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Table 5 (continued). 

 

PRE fb 

POST 

 

76 

 99k  100 a  100 a  95 a-e  100 a 

  198k  100 a  100 a  96 a-d  94 a-d 

  297k  100 a  100 a  98 ab  100 a 

  396k  100 a  100 a  98 ab  96 a-c 

a Means within a column followed by the same letters are not different according to 

Fisher’s Protected LSD test at P ≤ 0.05. 

d Abbreviations: WAP, weeks after planting; PRE, preemergence; POST, 

postemergence; fb, followed by. 
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Table 6. Effect of row width and sorghum population on 

Palmer amaranth density and dry biomass in non-treated 

plots 14 weeks after planting in NC. a,b 

Treatment 
Density   Biomass 

plants m-2  g m-2 

Row spacing c    

19 cm 22 ns  387 b 

38 cm 15 ns  368 b 

76 cm 25 ns  567 a 

Sorghum population d      

  99k plants ha-1 22 ns  633 A 

198k plants ha-1
 18 ns  457 AB 

297k plants ha-1
 22 ns  360 B 

396k plants ha-1
 20 ns  367 B 

a Means within a column and main effect followed by the 

same letters are not different according to Fisher’s 

Protected LSD test at P ≤ 0.05. 

b Abbreviation: ns, not significant. 

c Means pooled over sorghum populations represent a main 

effect. 

d Means pooled over row spacings represent a main effect. 
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Table 7. Effect of sorghum population 4 weeks 

after planting on ivyleaf morningglory control in 

2012 and pitted morningglory control in 2013 at 

Rocky Mount, NC. a,b 

Year 
 

Sorghum 

population 
 4  WAP c 

 plants ha-1  % 

2012 

 99k  37 b 

 198k  41 ab 

 297k  42 ab 

 396k  51 a 

2013 

 99k  42 B 

 198k  43 B 

 297k  68 A 

 396k  61 A 

a Means within a column and year followed by 

the same letters are not different according to 

Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: WAP, weeks after planting. 

c Means pooled over row spacing and herbicide 

strategy represent a main effect. 
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Table 8. Effect of row spacing, sorghum population, and herbicide strategy 7 

and 10 weeks after planting on pitted morningglory control at Rocky Mount, 

NC, in 2013. a,b 

Row 

spacing 
 

Sorghum 

population 

 7 WAP  10 WAP  

 PRE  
PRE fb 

POST 
 PRE  

PRE fb 

POST 

cm  plants ha-1  % 

19 

 99k  35 H-J  91 AB  18 fg  64 cd 

 198k  50 F-H  99 A  36 ef  86 a-c 

 297k  61 E-G  99 A  63 cd  89 ab 

 396k  70 DE  100 A  55 de  85 a-c 

38 

 99k  40 HI  92 A  34 ef  84 a-c 

 198k  70 DE  100 A  51 de  100 a 

 297k  64 D-F  100 A  55 de  100 a 

 396k  78 B-D  100 A  61 cd  94 a 

76 

 99k  29 IJ  90 A-C  10 g  63 cd 

 198k  20 J  90 A-C  15 fg  70 b-d 

 297k  75 C-E  100 A  50 de  100 a 

 396k  48 GH  100 A  36 ef  93 ab 

a Means within a rating date followed by the same letters are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviations: WAP, weeks after planting;  PRE, preemergence; POST, 

postemergence; fb, followed by. 
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Table 9. Effect of row spacing and sorghum population on sorghum 

height at boot stage for three environments in NC. a,b 

Row 

spacing 
 

Sorghum 

population 

 Rocky Mount  
Whiteville 

2012 

 2012  2013  

cm  plants ha-1  cm 

19 

 99k  60 CD  60 e  79 e 

 198k  64 A-C  74 bc  85 d 

 297k  59 CD  72 cd  89 a-c 

 396k  67 A  80 a  86 cd 

38 

 99k  65 AB  71 cd  89 a-d 

 198k  63 A-D  69 d  90 ab 

 297k  60 CD  69 d  91 ab 

 396k  59 D  78 ab  88 b-d 

76 

 99k  65 AB  78 ab  92 a 

 198k  61 B-D  74 bc  91 ab 

 297k  63 A-D  68 d  90 ab 

 396k  61 B-D  62 e  89 a-d 

a Means within an environment followed by the same letters are not 

different according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Means are pooled over herbicide strategies 
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Table 10. Effect of row spacing and sorghum population on sorghum 

grain yield for three environments in NC. a,b 

Row 

spacing 
 

Sorghum 

population 

 Rocky Mount  
Whiteville 

2012 

 2012  2013  

cm  plants ha-1  Mg ha-1 

19 

 99k  7.3 D  8.0 bc  5.4 e 

 198k  8.8 B  8.4 a-c  6.1 cd 

 297k  10.2 A  9.2 a  7.5 b 

 396k  10.3 A  8.5 ab  8.2 a 

38 

 99k  8.0 C  6.1 de  6.7 c 

 198k  8.5 BC  6.2 de  6.6 c 

 297k  8.7 BC  6.0 e  6.5 c 

 396k  8.3 BC  6.0 de  5.5 de 

76 

 99k  8.2 BC  7.3 cd  6.5 c 

 198k  8.4 BC  6.3 de  6.5 c 

 297k  8.8 B  6.5 de  6.5 c 

 396k  8.2 BC  5.9 e  5.8 de 

a Means within an environment followed by the same letters are not 

different according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Means are pooled over PRE and PRE fb POST herbicide strategies. 
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Figure 1. Effect of row width on photosynthetic active radiation (PAR) interception by crop canopy, averaged over sorghum 

population, at Whiteville, NC, in 2012. The nonlinear regression model used to predict light interception by sorghum was 

Y = a exp(-b exp(-kT)), where T are the cumulative growing degree days after sorghum emergence. 
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Figure 2. Effect of row width on photosynthetic active radiation (PAR) interception by crop canopy, averaged over sorghum 

population, at Rocky Mount, NC, in 2012. The nonlinear regression model used to predict light interception by sorghum was 

Y = a exp(-b exp(-kT)), where T are the cumulative growing degree days after sorghum emergence. 
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Figure 3. Effect of row width on photosynthetic active radiation (PAR) interception by crop canopy, averaged over sorghum 

population, at Rocky Mount, NC, in 2013. The nonlinear regression model used to predict light interception by sorghum was 

Y = a exp(-b exp(-kT)), where T are the cumulative growing degree days after sorghum emergence. 
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Figure 4. Effect of sorghum population on photosynthetic active radiation (PAR) interception by crop canopy, averaged over 

row spacings, at Whiteville, NC, in 2012. The nonlinear regression model used to predict light interception by sorghum was 

Y = a exp(-b exp(-kT)), where T are the cumulative growing degree days after sorghum emergence. 
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Figure 5. Effect of sorghum population on photosynthetic active radiation (PAR) interception by crop canopy, averaged over 

row spacings, at Rocky Mount, NC, in 2012. The nonlinear regression model used to predict light interception by sorghum 

was Y = a exp(-b exp(-kT)), where T are the cumulative growing degree days after sorghum emergence. 
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Figure 6. Effect of sorghum population on photosynthetic active radiation (PAR) interception by crop canopy, averaged over 

row spacings, at Rocky Mount, NC, in 2013. The nonlinear regression model used to predict light interception by sorghum 

was Y = a exp(-b exp(-kT)), where T are the cumulative growing degree days after sorghum emergence. 
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Abstract 

 

Weed control remains a major challenge for economically viable sorghum production 

in North Carolina due to sorghum’s inability to efficiently compete with weeds during early 

growth stages. Moreover, herbicides capable of suppressing grasses are extremely limited 

due to sorghum sensitivity. Previous studies have shown major advantages of narrower row 

spacing and increased planting density for greater sorghum competition with weeds. 

Field experiments were performed over two years to determine which association of row 

spacing, sorghum density and herbicide program would increase crop competitiveness with 

sicklepod and diverse grass species and eventually reduce the need for POST application. 

The experiment was conducted as a factorial arrangement of three independent variables in a 

randomized complete block design. Main factors consisted of three row spacings (19, 38, and 

76 cm), four planting density (99,000, 198,000, 297,000, and 396,000 plants ha-1), and three 

herbicide programs (non-treated, PRE alone, and PRE fb POST). Weed control was visually 

estimated four weeks after PRE application, 3 and 6 weeks after POST application for 

sicklepod, large crabgrass, crowfootgrass, broadleaf signalgrass, and yellow foxtail. Weed 

density and biomass were evaluated before harvest as well as grain yield at harvest. Narrower 

row spacing and increased sorghum density resulted in improved weed control over the 

course of the season, especially when PRE herbicide was applied alone. POST application of 

acetochlor associated or not with quinclorac contributed to maintain greater and longer grass 

control as compared to a single PRE application. There was little evidence that row spacing 
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had any impact on cumulative or species specific weed density, but row widths inferior to 76 

cm contributed to reduce cumulative weed biomass by 18%. At the highest sorghum 

population, cumulative weed density was slightly reduced whereas cumulative weed biomass 

dropped by 25% as compared to the lowest sorghum population. In the absence of water 

stress both years, the highest yields were obtained with high spatial uniformity, 

corresponding to the narrowest row spacing, and a sorghum population of 297,000 sorghum 

plants ha-1. The results indicate that increased sorghum density and narrower rows may 

reduce the need for a POST herbicide application but underscore the importance of a timely 

activated PRE herbicide application to efficiently control sicklepod and grass weeds. 

Nomenclature: grain sorghum, Sorghum bicolor L.; sicklepod, Senna obtusifolia (L.) H.S. 

Irwin & Barneby; large crabgrass, Digitaria sanguinalis (L.) Scop.; crowfootgrass, 

Dactyloctenium aegyptium (L.) Willd.; broadleaf signalgrass, Urochloa platyphylla (Nash) 

R.D. Webster; yellow foxtail, Setaria pumila (Poir.) Roemer & J.A. Schultes; S-metolachlor; 

atrazine; 2,4-D; acetochlor; quinclorac; 

Key Words: Cultural weed control, crop density, spatial pattern, crop-weed competition. 
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In seven states of the southern region of the United States, sicklepod [Senna 

obtusifolia (L.) H.S. Irwin & Barneby] and grass weed species rank in the top ten of the most 

common and troublesome weeds in grain sorghum [Sorghum bicolor (L.) Moench.], large 

crabgrass [Digitaria sanguinalis (L.) Scop.] and broadleaf signalgrass [Urochloa platyphylla 

(Nash) R.D. Webster] ranking first and second, respectively, among the most common weeds 

for this crop in North Carolina (Webster 2008; 2012). However, data on sicklepod or grass 

interference with grain sorghum remain relatively limited. Norris (1980) reported a nearly 

10% reduction in grain sorghum yield for one barnyardgrass [Echinochloa crus-galli (L.) 

Beauv.] plant m-1 of crop row whereas 175 weeds m-1 reduced yield by 52%. Regardless of 

grass species, Smith et al. (1990) predicted a 3.6% grain sorghum yield loss for each week of 

barnyard grass, large crabgrass or Texas millet [Urochloa texana (Buckl.) R. Webster] 

infestation. 

In North Carolina, grain sorghum is particularly suited for sequential cropping 

systems that do not rely on conventional tillage. Therefore, adequate grass control becomes 

crucial with reduced or no-till systems as herbicides are relied upon to control weeds and 

reduce tillage frequency (Triplett and Dick 2008). Grass control in grain sorghum relies 

essentially on programs based on PRE herbicides such as S-metolachlor, atrazine, alachlor, or 

dimethenamid-P. These programs are effective only if PRE herbicides receive timely rainfall 

for activation. Too little moisture following application may result in lack of grass control 

whereas excessive precipitations can cause some crop injury and delay crop emergence 



162 

 

 

 

 

(Barber et al. 2015). POST options for grass control are extremely limited due to sorghum 

sensitivity and to long rotation restrictions incompatible with a double-cropping system.  

Numerous research studies mainly conducted with corn (Zea mays L.) and soybean 

[Glycine max (L.) Merr.] have shown the benefits of narrow rows and higher crop seeding 

densities on weed control and crop yield. These agronomic practices promote crop 

competitiveness and contribute to reduce weed growth and fecundity as well as soil seedbank 

(Harder et al. 2007; Jha et al. 2008a; Walsh and Powles 2007; Yelverton and Coble 1991). 

Tollenaar et al (1994) found that increasing corn plant density from four to 10 plants m-2 

reduced cumulative biomass of redroot pigweed, common lambsquarters (Chenopodium 

album L.), and wild mustard (Sinapis arvensis L.) at silking by 62% for an average pressure 

of 29 weeds m-2, and by 50 % when weeds density increased to 67 weeds m-2. Buehring et al. 

(2002) reported improved sicklepod control by 29% in 19 compared to 76 cm row soybean. 

They also observed 92% sicklepod control with a soybean population of 688,000 plants ha-1 

as compared to only 29% control when population decreased to 269,000 plants ha-1. 

However, crop and weed control response can be inconsistent due to weed species or 

environmental factors (Johnson et al. 1998; Teasdale 1998).  

Research on the impact of agronomic practices on weed control in grain sorghum is 

limited. Wiese et al. (1964) showed that under high moisture conditions in Texas, sorghum 

competed best with weeds when planted in 25 and 50 cm as compared to 75 and 100 cm 

rows. As a potential result of earlier and increased shading of the soil surface, cumulative 

biomass of large crabgrass, green foxtail [Setaria viridis (L.) Beauv.], tall waterhemp 
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[Amaranthus tuberculatus (Moq.) Sauer], and smooth pigweed (Amaranthus hybridus L.) 

decreased by 22% in 50 cm sorghum rows when compared to 100 cm row spacing (Burnside 

and Wicks 1969). Limon-Ortega et al. (1998) compared the competitiveness of pearl millet 

[Pennisetum glaucum (L.) R. Br.] and grain sorghum with velvetleaf (Abutilon theophrasti 

Medik.) and yellow foxtail [Setaria pumila (Poir.) Roemer & J.A. Schultes] as influenced by 

row spacing. They reported less sorghum grain yield losses with increasing weed competition 

in 38 cm row spacing as compared to 76 cm with adequate water supply but no differences 

under drought conditions. In Australia, Wu et al. (2010) observed that sorghum planted at 7.5 

plants m-2 reduced Japanese millet (Echinochloa frumentacea Link) density, biomass and 

seed production by 22, 27, and 38%, respectively, when compared to a sorghum density of 

4.5 plants m-2. However, no information on how narrower row spacing or higher crop density 

may affect weed growth and development are available for grain sorghum grown under the 

environmental conditions of the southeastern United States. Therefore, the objectives of this 

study were to evaluate the (1) effects of sorghum population and row spacing on sicklepod 

and grass weeds density and biomass, (2) optimal strategy associating herbicide application 

and agronomic practices to control sicklepod and grasses, and (3) grain yield response to row 

spacing, sorghum population, and herbicide program. 

 

 

 

 



164 

 

 

 

 

Materials and Methods 

 

Field experiments were conducted from 2012 to 2014 at the Caswell Research Farm 

near Kinston, NC, in 2013 at the Central Crops Research Station near Clayton, NC, and in 

2014 at the Upper Coastal Plain Research Station near Rocky Mount, NC. Each location was 

naturally infested with sicklepod mixed with large crabgrass, except in 2014, at Kinston, 

large crabgrass and crowfootgrass [Dactyloctenium aegyptium (L.) Willd.] at Clayton and a 

mixture of large crabgrass, broadleaf signalgrass and yellow foxtail at Rocky Mount. 

Conventional tillage was performed at all locations and followed by field disking before 

planting sorghum. Dekalb ‘DKS53-67’ sorghum was planted at each location on a flat 

seedbed at an averaged depth of 2.2 cm. Standard fertilization and insect management 

practices as recommended by the North Carolina Cooperative Extension Service were 

followed. Soil characteristics and planting dates are presented in Table 1. Fields were not 

irrigated because of the abundance of rainfall that occurred during the growing season. As a 

result, no visual moisture stress symptoms were observed.  

The experimental design was a three-factorial arrangement in a randomized complete 

block with treatments replicated four times at each location. Main factors consisted of row 

width, sorghum population and herbicide strategy. Sorghum was seeded either in 19 cm rows 

using a no-till drill (Model 3P606NT, Great Plains Ag., Salina, KS / Model Tye 2005, AGCO 

Corp., Duluth, GA) or in 38 cm or 76 cm rows using a vacuum planter (Model 1760, John 

Deere, Moline, IL). There were nine rows per plot at the 19 cm width, six rows per plot at 38 
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cm, and three rows per plot at 76 cm. Plots were 9 m long at all locations. Based on 90% 

emergence of 90% germinated seeds, seeding rates were adjusted within each row spacing to 

establish sorghum populations of 99,000, 198,000, 297,000, and 396,000 plants ha-1. The 

drill was calibrated by converting the targeted crop density to a seeds per foot basis, then by 

adjusting the metering mechanism to drop the correct number of viable seeds per foot of row, 

and finally by checking the subsequent seeding rate and depth of placement in the field prior 

to actual seeding of the experiment. Seeding plates and settings adjustments for the six row 

planter were selected according to the recommendations provided by the planter technical 

manual. Stand counts were determined four weeks after planting (4 WAP) from three 2 m 

sections of row in each plot. The uniformity of sorghum populations within treatments was 

confirmed by coefficients of variation ranging from 1 to 20% (data not shown).  

Herbicide treatments included (1) a non-treated control, (2) PRE application alone at 

planting with a premix (Bicep II Magnum®, Syngenta Crop Protection, Greensboro, NC) of 

1,410 g ai ha-1 of S-metolachlor and 1,820 g ai ha-1 of atrazine (100% rate of the 

recommended rate), and (3) PRE application at planting of 1,070 g ai ha-1 of S-metolachlor 

and 1,380 g ai ha-1 of atrazine (75% of the recommended rate) followed by a POST 

application of 2,4-D (Weedar® 64, Nufarm Inc., Burr Ridge, IL) at 330 g ae ha-1 at Kinston, 

acetochlor (Warrant®, Monsanto Co., St. Louis, MO) at 2,100 g ai ha-1 at Clayton, and 

acetochlor at 2,100 g ai ha-1 mixed with quinclorac (Facet® L, BASF Corp., Research 

Triangle Park, NC) at 290 g ai ha-1 at Rocky Mount. In 2013, at Kinston, glyphosate 

potassium salt (Roundup PowerMax®, Monsanto Co., St. Louis, MO) at 860 g ae ha-1 was 
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added to the PRE herbicides to control 0.5 to 3 cm tall sicklepod seedlings that had emerged 

during the 3 days that separated tillage from seeding. Time of application and sorghum 

growth stage for POST treatment are listed in Table 1. Herbicides were systematically 

applied in water with a CO2-pressurized backpack sprayer equipped with flat-fan nozzles 

XR1102 (TeeJet, Glendale Heights, IL) calibrated to deliver 140 L ha-1 at 165 kPa. PRE 

treatments were applied within 24 hours following planting at each location. POST 

treatments were applied four weeks after planting (4 WAP) when grain sorghum plant size 

ranged from 20 to 30 cm, corresponding to V4 to V5 sorghum growth stage.  

Weed control was visually rated at 4, 7 and 10 WAP on a 0 (no control) to 100 % 

(death of all plants) scale, based on a composite estimation of density reduction, growth 

inhibition and foliar injury (Frans et al. 1986). Two quadrats measuring 0.25 m² were placed 

in the center two rows of each non-treated plot. Density and biomass of sicklepod at Kinston 

as well as different grass species at Clayton and Rocky Mount were obtained in each quadrat 

at 14 WAP, before sorghum physiological maturity. Total fresh weight was recorded 

immediately after harvest, and weeds were dried in a forced-air oven at 65°C for one week. 

Total dry weight was then measured and converted to g m-2. Plots were machine harvested 

between mid-October and mid-November using a combine (Model Delta, Wintersteiger, 

Ried, Austria) specifically adapted for harvesting small-plot and crop weights were adjusted 

to 14% moisture. 

Data were subjected to analysis of variance (ANOVA) by using the PROC 

GLIMMIX procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC). Year and location 
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were combined as proposed by Carmer et al. (1989) and here after referred to as 

‘environment’. Environment, sorghum population, row width and herbicide program, and all 

interactions containing these factors were considered fixed effects whereas replications 

(nested within environment) were considered random effects. Mean comparisons were 

performed using Fisher’s Protected LSD test when F values were statistically significant (P ≤ 

0.05). Because of unequal variance, visual estimates of weed control were arcsine square root 

transformed before analysis prior to ANOVA (Grafen and Hails 2002). Because the 

transformation of the data did not change the separation of means, only non-transformed 

means are presented. Herbicide-by-sorghum population interaction (P ≤ 0.05) for sicklepod 

and environment-by-herbicide interactions (P ≤ 0.01) for large crabgrass weed control data 

following POST application to be separated by herbicide program and by environment, 

respectively. Further separation by herbicide program was made for large crabgrass control 

10 WAP at Rocky Mount because of an herbicide-by-sorghum population interaction (P ≤ 

0.01). Broadleaf signalgrass and yellow foxtail control data were also analyzed by herbicide 

program for the same reason. Weed biomass, weed density, and crop height data have been 

pooled over environments because of the lack of significant interactions. Grain sorghum 

yield is presented by environment due to a significant row spacing or population or 

herbicide-by-environment interaction (P ≤ 0.01). An interaction between herbicide and 

sorghum population (P ≤ 0.05) at Rocky Mount required yield analysis by herbicide program. 
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Results and Discussion 

 

Despite a rainfall deficit in June 2012 at Kinston, PRE herbicide received timely 

precipitation for activation within the first 10 d following application with 1.2 cm of rain. In 

2013, cumulative monthly rainfall in June was two times and seven times greater than the 30-

year average at Kinston and Clayton, respectively (Table 2). Timely precipitation enable 

activation of S-metolachlor and atrazine with 11.7 and 30.4 cm of water within the first 10 d 

following herbicide application at Kinston and Clayton, respectively. Activation also 

occurred at Rocky Mount and Kinston in 2014 with 7.6 and 4.6 cm of cumulative rainfall 

within the first 10 d following herbicide application. The overlapping residual herbicide 

acetochlor applied POST was activated at Clayton in 2013 and Rocky Mount in 2013, with 

rainfall totalizing 3.5 and five cm within the first 10 d following its application. Partial 

flooding of the field occurred several times during the growing season at Rocky Mount in 

2014 because the sandy loam texture and poor drainage characteristics of the field prevented 

a quick evacuation of excessive water in July and August. Sorghum growth was severely 

impeded during boot and half bloom stages, resulting in low grain yield.  

Weed Control. 

Sicklepod. 

Sicklepod control at 4 WAP averaged 48% across environments (Table 3 and no 

significant differences were observed for row widths or based on the rate of S-metolachlor 

plus atrazine applied PRE. Sicklepod control was significantly improved by 12% when the 
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sorghum population increased from 99,000 to 297,000 plants ha-1 or from 198,000 to 396,000 

plants ha-1.  

Following POST application of 2,4-D at 330 g ae ha-1, row spacing effect was noted 

10 WAP with sicklepod control reduced by 15% on average in 76 cm rows compared to 19 

or 38 cm widths. Sorghum population had a more significant impact on sicklepod control. At 

7 WAP, doubling the sorghum population from 99,000 to 198,000 plants ha-1 significantly 

improved control by 10% and by another 5% when sorghum population reached 297,000 

plants ha-1. However, no further improvement resulted from an increase to 396,000 plants 

ha-1. Similar results were observed later in the season with control increasing by 14% when 

initial sorghum population was doubled and by 21% when tripled, no further increase being 

gained from quadrupling it.  

In the absence of POST application, sorghum population effect on sicklepod control 

was even more remarkable. Sicklepod control doubled at 7 WAP and tripled at 10 WAP 

when sorghum population increased from 99,000 to 396,000 plants ha-1. Between 7 and 10 

WAP, sicklepod control did not fluctuate much at the highest sorghum population but 

dropped by 10% at the lowest one at 10 WAP compared to 7 WAP. Row spacing effect was 

noted at both rating dates. At 7 WAP, 19 and 38 cm rows presented similar sicklepod control 

but doubling row width to 76 cm resulted in control declining by 22%. At 10 WAP, row 

spacing segregated sicklepod control even more with a significant decrease of 12% when row 

width increased by 19 cm and 8% for a 38 cm increase. 
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In previous reports, Shaw et al. (1991) noted better sicklepod control in 25 cm rows 

than in 97 cm row soybean whereas Buehring et al. (2002) have shown no further sicklepod 

control with row width reduced to 19 cm in comparison to narrowing rows from 76 to 38 cm.  

Overall, our results indicated that the sequential application of a PRE followed by a 

POST herbicide, combined with 19 or 38 cm row spacing and sorghum population equal or 

superior to 297,000 plants ha-1, provided at least 80% control (data not shown) consistently 

across environments. In 2014, comparable control was achieved with a single PRE 

application only at the narrowest row spacing associated with the highest sorghum population 

and under low sicklepod density conditions. 

Large Crabgass. 

At Clayton and Rocky Mount, row spacing had no incidence on large crabgrass 

control 4 WAP, before POST herbicide application, the application of a full or reduced rate 

of S-metolachlor and atrazine at planting providing at least 99% control (Table 4). However, 

later in the season (7 and 10 WAP), narrowing row width to 38 cm resulted in control ≥ 97% 

at Clayton and ≥ 85% at Rocky Mount. No significant increase in control was observed when 

row width was further decreased below 38 cm. At Rocky Mount, the absence of POST 

application caused sicklepod control 10 WAP to significantly decrease by 10% in 76 cm 

rows compared to the average control at 19 and 38 cm whereas no difference was noted when 

a POST application was included. Walker et al. (1991) also reported greater large crabgrass 

control in grain sorghum with paired-rows 23 cm apart than with 76 cm single rows. 
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Sorghum population affected large crabgrass control 10 WAP at Clayton with 90% 

control for 99,000 plants ha-1 whereas control ranged from 95 to 99% with higher sorghum 

populations. Sorghum population effect was more pronounced under higher crabgrass 

pressure at Rocky Mount where large crabgrass control 10 WAP was 67% at the lowest 

sorghum population versus 95% at the highest in the absence of POST application. No 

significant differences were observed when a POST application was included with control 

ranging from 96 to 100%.  

Control 4 WAP was not affected by applying S-metolachlor plus atrazine PRE at two 

different rates with 99% control. Herbicide program effect was more pronounced later in the 

season, following POST application. At Clayton, in a low crabgrass infestation situation, the 

benefit of a POST application of acetochlor was noted 10 WAP with slightly higher control 

when residual herbicides overlapped. A Rocky Mount, similar results were noted at 7 WAP 

with large crabgrass control reduced by 11% in the absence of a residual herbicide POST 

application whereas at 10 WAP, POST application of acetochlor and quinclorac resulted in 

control remaining ≥ 96%. 

Previous studies have shown increased large crabgrass control when a soil-applied 

residual herbicide was included with POST herbicides (Askew et al. 2002; Culpepper and 

York 1999; Everman et al. 2009; Walker et al. 1991).  

Crowfootgrass. 

Regardless of row spacing, sorghum population or herbicide program, crowfootgrass 

control always exceeded 90% in a situation of relatively low infestation (Table 5). Lower 
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control by 5% 7 WAP and by 7% 10 WAP was noted for 76 cm rows compared to the 

average of 19 and 38 cm. Sorghum population effect on control was noticeable following 

POST application. Sorghum population ≥ 297,000 plants ha-1 resulted in at least 96 % control 

10 WAP whereas 99,000 plants ha-1 did not exceed 91%. The overlapping of a residual 

herbicide applied POST controlled crowfootgrass control 3% up to 10 WAP as compared to 

PRE alone. Previous research with atrazine, simazine, ethalfluralin or pendimethalin applied 

PRE had similar levels of control, especially with timely rainfall or irrigation following 

application (Ferell et al. 2006; Prostko et al. 2001).  

Broadleaf signalgrass. 

Following PRE alone, average control for 19 and 38 cm rows was greater by 7% and 

10% 7 and 10 WAP, respectively, compared to 76 cm rows (Table 6). Averaged over row 

spacing, greater control was obtained 7 and 10 WAP with 297,000 plants ha-1 or more than 

with 99,000 or 198,000 plants ha-1. A 25% reduction of the PRE application rate resulted in 

lower control 4 WAP and underscored more markedly the role played by row spacing and 

plant population with control increased by 8% with 19 cm compared to 76 cm width and by 

10% for 396,000 compared to 99,000 plants ha-1. Excellent control (≥ 98%) of broadleaf 

signalgrass was observed following a POST application of acetochlor plus quinclorac, 

regardless of row spacing or sorghum population. Other research has previously shown the 

benefits of adding a chloroacetamide herbicide, such as S-metolachlor, for broadleaf 

signalgrass control in peanut (Arachis hypogaea L.) (Chamblee et al. 1982). 
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Yellow foxtail. 

Yellow foxtail control ≥99% was observed 4 WAP following a PRE application of 

S-metolachlor and atrazine at full rate regardless of row spacing or sorghum population 

(Table 7). A similar response at 7 and 10 WAP resulted from a POST application of 

acetochlor and quinclorac. Applied at 75% of the recommended rate, S-metolachlor plus 

atrazine resulted in 93% average control 4 WAP with only 86% control at the lowest 

sorghum population compared to 100% at the highest. In the absence of POST application, 

control averaged over row spacing remained greater than 95% at the highest sorghum 

population 7 and 10 WAP. In comparison, 10 WAP control was significantly lower by 24% 

for 198,000 plants ha-1 and by 30% for 99,000 plants ha-1. 

Weed Density and Biomass. 

Sicklepod density decreased by 6 plants m-2 for 19 cm rows as compared to 76 cm 

(Table 8) and increasing sorghum population from 99,000 to 297,000 plants ha-1 produced a 

similar reduction. No further change was noted when sorghum population increased beyond 

297,000 plants ha-1. Our observations are consistent with the findings of Nice et al. (2001), 

who reported overall up to 80% sicklepod density reduction in response to the cumulated 

effect of row width diminution from 76 to 19 cm and increased soybean population from 

269,000 to 680,000 plants ha-1. Row spacing had no effect on grass density except for 

crowfootgrass where reducing row width from 76 to 19 cm decreased its density by 8 plants 

m-². Crowfootgrass seems to be less tolerant to water stress (Burke et al. 2003a) than large 

crabgrass (King and Oliver 1994) or broadleaf signalgrass (Burke et al. 2003b). Greater 
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competition for water and nutrients can occur in narrower rows and may have caused reduced 

crowfootgrass emergence and growth. Light interception measurements were conducted in a 

similar sorghum study looking at broadleaf weeds control. Row width had little or no effect 

on intercepted PAR, the progression rate and light interception asymptote being similar 

between row spacings (data not shown). Other studies have also reported similar light 

interception between wide and narrow row spacings in corn (Dalley et al. 2004; Norsworthy 

and Oliveira 2004; Westgate et al. 1997). These results may help to explain the lack of 

response of large crabgrass, broadleaf signalgrass, and yellow foxtail to different sorghum 

row spacings as already observed with giant foxtail (Setaria faberi Herrm.) in previous 

research (Johnson et al. 1998; Johnson and Hoverstad 2002). Sorghum population equal to 

396,000 plants ha-1 significantly reduced grass density by 11, 15, and 103 plants m-² for large 

crabgrass, crowfootgrass, and broadleaf signalgrass, respectively, as compared to the average 

of 99,000 and 198,000 plants ha-1. No significant sorghum population effect was noted on 

yellow foxtail density. 

While there was no significant difference in sicklepod dry biomass between 38 and 

76 cm rows, reducing row width to 19 cm caused sicklepod biomass to decline by 40 g m-2 

compared to the average for 38 and 76 cm widths (Table 9). Following the same trend as 

previously observed for sicklepod density, sicklepod biomass was reduced by 97 g m-2 when 

the lowest sorghum population was increased three-fold, no further biomass decrease 

occurring at the highest sorghum population of 396,000 sorghum plants ha-1. Large 

crabgrass, broadleaf signalgrass, and yellow foxtail biomass was not affected by row spacing 
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whereas row width reduction from 76 to 19 cm cause a 100 g-m-2 decline of crowfootgrass 

biomass. Grass biomass declined by 105, 124, 131 and 151 g m-2 for yellow foxtail, large 

crabgrass, crowfootgrass and broadleaf signalgrass, respectively, when sorghum population 

increased from 99,000 to 396,000 plants ha-1. Although a reduction on weed biomass with 

increased crop density has been documented in numerous studies (Harder et al. 2007; 

Kristensen et al. 2008; Murphy et al. 1996; Teasdale 1998; Tollenaar et al. 1994; Weiner et 

al. 2001), data on sorghum ability to efficiently compete with weeds at increased population 

are extremely limited. Wu et al. (2010) reported a 27% reduction in Japanese millet biomass 

when sorghum increased from 4.5 to 7.5 plants m-2. Our results indicate that weed biomass 

reduction based on increased sorghum population may vary depending on weed density. 

Crowfootgrass density did not exceed 24 plants m-2 and increasing sorghum population from 

99,000 to 198,000 plants ha-1 was sufficient to reduce its biomass by 55 g m-2. On the other 

hand, significant biomass reduction for broadleaf signalgrass with 169 plants m-2 and yellow 

foxtail with 111 plants m-2 only occurred when sorghum population reached 396,000 plants 

ha-1. In agreement with our observations, Mohler (2001) reviewed numerous studies 

addressing the ability of crop density to reduce weed pressure and indicated that weed 

biomass declined more rapidly at lower compared to higher weed densities in response to 

increased crop population.  

Row spacing had no effect on cumulative grass density but reducing row width from 

76 to 38 cm caused cumulative grass biomass to decline by 298 g m-2 (Figure 1). Increasing 

sorghum population from 99,000 to 396,000 plants ha-1 significantly reduced cumulative 
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grass density by 15 plants m-2 whereas cumulative grass biomass declined by 146 and 198 g 

m-2 for 297,000 and 396,000 sorghum plants ha-1, respectively, as compared to 99,000 plants 

ha-1 (Figure 2). 

Grain Yield.  

No yield difference was noted between the 38 and 76 cm row widths at Kinston in 

2013 and 2014 as well as at Clayton in 2013 (Table 10). However, decreasing row width to 

19 cm caused yield to increase by 0.6 Mg ha-1 at Kinston in 2013, by 2.2 Mg ha-1 at Kinston 

in 2014, and by 1.6 Mg ha-1 at Clayton compared to the average yield for 38 and 76 cm. 

Similar sorghum grain yield response to row spacing has been observed in Kansas 

(Staggenborg et al. 1999), Texas (Fromme et al. 2012a; Jones and Johnson 1991) or Alabama 

(Bishnoi et al. 1990). Staggenborg et al. (1999) suggested that lack of yield response in 

narrow rows some year may be due to longer water stress caused by increased water 

consumption resulting from greater light interception. This is especially critical two months 

after planting when reproductive structures of the panicles are formed and the number of 

seeds per panicle determined (Fromme et al. 2012). In North Carolina, precipitation in July 

and August were above the 30-year average in 2013 and 2014 (Table 2). In the absence of 

water stress, the yield potential appears to have not been restricted in narrow rows. At Kinson 

in 2012 and 2013 where average large crabgrass biomass in non-treated plots at 14 WAP 

reached 245 and 432 g m-2, respectively, and without POST efficient grass control, sorghum 

population had no effect on grain yield. In 2014, in the absence of grass competition, 

sorghum achieved higher grain yield at Kinston than the two previous years. Under these 
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conditions, significant yield loss by 0.5 Mg ha-1 was noted when sorghum population 

increased from 297,000 to 396,000 plants ha-1. At Clayton, yield increased by 13% when 

sorghum population increased from 99,000 to 297,000 plants ha-1. Staggenborg (1999) and 

Conley et al. (2005) noted between 0.1 and 0.5 Mg ha-1 yield gain when sorghum population 

increased from 7.5 to 15 plants m-², but no further increase with 22 plants m-². Lack of 

herbicide application resulted in yield loss ranging from 0.6 to 1.9 Mg ha-1 at Kinston and 

Clayton. There were no significant yield differences between the PRE and PRE fb POST 

treatments at both locations. At Rocky Mount, a significant row spacing or sorghum 

population effect was only observed for the PRE fb POST herbicide program with 0.15 Mg 

ha-1 yield reduction for 76 cm compared to 38 cm row width and significant yield increase by 

0.1 and 0.2 Mg ha-1 for the 396,000 plants ha-1 sorghum population compared to 198,000, and 

99,000 plants ha-1, respectively. 

These results are consistent with those of other studies investigating row spacing 

effect in sorghum (Fromme et al. 2012a; Jones and Johnson 1991; Staggenborg et al. 1999). 

They also support the hypothesis that increased sorghum population and reduced row spacing 

allowing greater spatial uniformity can play an important role in grass weed management by 

decreasing grass density and biomass as well as maintaining greater grass control over time. 

A strategy based on increased crop density and narrower row width may reduce the need for 

a POST application, especially if activation of the PRE application occurs in a timely manner 

and environmental condition are not penalizing sorghum development. However, it does not 
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eliminate the necessity of controlling grasses early in the season with an efficient PRE 

herbicide as demonstrated by the yield results of the non-treated plots.   
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Table 1. Soil characteristics, planting date and herbicide application time. 

  2012  2013  2014 

  Kinston  Kinston  Clayton  Rocky Mount  Kinston 

Soil type  
Portsmouth 

a loam 
 

Pocalla b 

loamy 

sand 

 
Norfolk c 

loamy sand 
 

Goldsboro d / 

Rains e      

sandy loam 

 
Woodington f 

loamy sand 

Soil pH  5.8  6.1  6.3  5.8  6.1 

Organic matter (%)  2.3  1.9  1.1  1.1  1.9 

Planting date  June 12  June 18  June 24  June 19  May 27 

POST application 

date  
 July 12  July 16  July 23  July 7  June 23 

Crop stage at 

application 
 V5  V4  V5  V4  V4 

a Fine-loamy over sandy or sandy-skeletal, mixed, semiactive, thermic Typic Umbraquults 

b Loamy, siliceous, subactive, thermic Arenic Plinthic Paleudults 

c Fine-loamy, kaolinitic, thermic Typic Kandiudults 

d Fine-loamy, siliceous, subactive, thermic Aquic Paleudults  

e Fine-loamy, siliceous, semiactive, thermic Typic Paleaquults 

f Coarse-loamy, siliceous, semiactive, thermic Typic Paleaquults 
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Table 2. Monthly rainfall, temperature, and 30-year average for three NC locations in 2013 and 2014. 

Location  Month 

Monthly rainfall (cm)  Monthly temperature (°C) 

2012  2013  2014  30-year  2012  2013  2014  30-year 

Kinston 

 June 1.8  25.3  8.3  11.4  23.6  24.3  24.9  24.0 

 July 15.6  14.0  29.4  13.4  27.1  26.1  25.3  26.1 

 August 23.9  13.7  28.7  13.6  24.8  24.5  24.2  25.1 

Clayton 

 June -  66.1  -  9.3  -  23.9  -  24.1 

 July -  32.8  -  12.0  -  25.4  -  26.3 

 August -  14.5  -  11.6  -  24.0  -  25.2 

Rocky Mount 

 June -  -  13.1  10.0  -  -  27.3  23.9 

 July -  -  16.9  12.4  -  -  27.2  26.2 

 August -  -  23.5  11.2  -  -  26.7  25.2 
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Table 3. Control of sicklepod as affected by row spacing, sorghum population, 

and herbicide strategy at Kinston, NC. a,b 

 

Treatment 
4 WAP 

 7 WAP  10 WAP 

 PRE  
PRE fb 

POST 
 PRE  

PRE fb 

POST 

% 

Row spacing c               

19 cm 46 a  58 a  85 a  55 a  85 a 

38 cm 52 a  55 a  89 a  43 b  88 a 

76 cm 45 a  33 b  84 a  31 c  71 b 

Sorghum population d               

  99k plants ha-1 39 c  32 d  76 c  22 d  67 c 

198k plants ha-1 45 bc  43 c  86 b  36 c  81 b 

297k plants ha-1 51 ab  53 b  91 a  48 b  88 a 

396k plants ha-1 57 a  65 a  91 a  64 a  89 a 

a Means within a column followed by the same letters are not different according 

to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: WAP, weeks after planting; PRE, preemergence; POST, 

postemergence; fb, followed by. 

c Means are pooled over sorghum populations and represent a main effect. 

d Means are pooled over row spacings and represent a main effect. 
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Table 4. Control of large crabgrass as affected by row spacing, sorghum 

population, and herbicide strategy at Clayton and Rocky Mount, NC. a,e 

Treatment 
4 WAP 

 Clayton  Rocky Mount 

 

7  

WAP 
 

10 

WAP 

 

7  

WAP 

10 WAP 

 
 PRE  

PRE fb 

POST 

% 

 
Row spacing c                 

19 cm 99 a  98 a  97 a  92 a 85 a  96 a 

38 cm 100 a  99 a  97 a  93 a 88 a  98 a 

76 cm 99 a  95 b  92 b  90 a 76 b  98 a 

Sorghum population d                 

  99k plants ha-1 99 a  96 b  90 c  86 b 67 c  96 a 

198k plants ha-1 100 a  97 ab  95 b  92 a 78 b  100 a 

297k plants ha-1 99 a  99 a  99 a  92 a 85 ab  96 a 

396k plants ha-1 99 a  97 ab  98 a  97 a 94 a  98 a 

Herbicide strategy e                 

PRE only 99 a  97 a  94 b  86 b - 

PRE fb POST 99 a  98 a  97 a  97 a - 

a Means within a column followed by the same letters are not different according 

to Fisher’s Protected LSD test at P ≤ 0.05. 

bAbbreviation: WAP, weeks after planting; PRE, preemergence; POST, 

postemergence; fb, followed by. 

c Means pooled over sorghum populations and herbicide strategies (except 10 

WAP at Rocky Mount) represent a main effect. 

d Means pooled over row spacing and herbicide strategies (except 10 WAP at 

Rocky Mount) represent a main effect. 

e Means pooled over row spacing and sorghum populations represent a main 

effect. 
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Table 5. Control of crowfootgrass as affected by row spacing, sorghum 

population, and herbicide strategy at Clayton, NC.a,b 

Treatments 
4 WAP  7 WAP  10 WAP 

% 

Row spacing c         

19 cm 99 a  97 a  96 a 

38 cm 100 a  98 a  97 a 

76 cm 97 b  93 b  90 b 

Sorghum population d         

  99k plants ha-1 99 a  94 c  91 c 

198k plants ha-1 98 a  95 bc  93 b 

297k plants ha-1 99 a  98 a  96 a 

396k plants ha-1 99 a  97 ab  97 a 

Herbicide strategy e         

PRE only 98 a  94 b  93 b 

PRE fb POST 99 a  97 a  96 a 

a Means within a column followed by the same letters are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: WAP, weeks after planting; PRE, preemergence;      

POST, postemergence; fb, followed by. 

c Means pooled over sorghum populations and herbicide strategies 

represent a main effect. 

d Means pooled over row spacings and herbicide strategies represent a 

main effect. 

e Means pooled over row spacings and sorghum populations represent a 

main effect. 
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Table 6. Control of broadleaf signalgrass as affected by row spacing and sorghum 

population at Rocky Mount, NC.a,b 

Treatment 

PRE  PRE fb POST 

4 WAP  7 WAP  10 WAP  4 WAP  7 WAP  10 WAP 

% 

Row spacing c                  

19 cm 100 a  92 a  90 a  94 a  100 a  100 a 

38 cm 99 a  90 a  90 a  90 ab  100 a  99 a 

76 cm 98 a  84 b  80 b  86 b  100 a  99 a 

Sorghum population d                  

  99k plants ha-1 99 ab  84 b  83 c  86 b  99 a  99 ab 

198k plants ha-1 100 a  85 b  85 bc  88 b  100 a  100 a 

297k plants ha-1 97 b  92 a  90 ab  90 b  100 a  100 a 

396k plants ha-1 100 a  93 a  91 a  96 a  100 a  98 b 

a Means within a column followed by the same letters are not different according to 

Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: WAP, weeks after planting; PRE, preemergence; POST, 

postemergence; fb, followed by. 

c Means pooled over sorghum populations and herbicide strategies represent a main 

effect. 

d Means pooled over row spacings and herbicide strategies represent a main effect. 
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Table 7. Control of yellow foxtail as affected by row spacing and sorghum 

population at Rocky Mount, NC. a,b 

Treatment 

PRE  PRE fb POST 

4 WAP  7 WAP  10 WAP  4 WAP  7 WAP  10 WAP 

% 

Row spacing c                  

19 cm 100 a  82 a  77 a  93 a  100 a  99 a 

38 cm 100 a  86 a  79 a  93 a  98 a  99 a 

76 cm 99 a  80 a  79 a  94 a  99 a  100 a 

Sorghum population d                  

  99k plants ha-1 100 a  70 b  65 b  86 b  99 a  99 a 

198k plants ha-1 100 a  83 ab  71 b  92 ab  100 a  100 a 

297k plants ha-1 99 a  82 ab  81 ab  95 a  99 a  100 a 

396k plants ha-1 100 a  96 a  95 a  100 a  99 a  99 a 

a Means within a column followed by the same letters are not different according to 

Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: WAP, weeks after planting; PRE, preemergence; POST, 

postemergence; fb, followed by. 

c Means pooled over sorghum populations and herbicide strategies represent a main 

effect. 

d Means pooled over row spacings and herbicide strategies represent a main effect. 
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Table 8.  Effect of row width and sorghum population on weed density in non-

treated plots 14 weeks after planting in NC. a,b 

Treatment 
SENOB  DIGSA  BRAPP  SETLU  DTTAE 

Plants m-2 

Row spacing c               

19 cm 8 b  41 a  160 a  86 a  20 b 

38 cm 10 ab  42 a  146 a  113 a  23 ab 

76 cm 14 a  43 a  182 a  127 a  28 a 

Sorghum population d               

99k plants ha-1 14 a  48 a  181 a  104 a  30 a 

198k plants ha-1
 

 
11 ab  45 ab  217 a  124 a  23 a 

297k plants ha-1
 

 
8 b  40 ab  175 a  94 a  27 a 

396k plants ha-1
 

 
8 b  37 b  78 b  112 a  15 b 

a Means within a column followed by the same letters are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: SENOB, sicklepod; DIGSA, large crabgrass; BRAPP, 

broadleaf signalgrass; SETLU, yellow foxtail; DTTAE, crowfootgrass; PRE, 

preemergence; POST, postemergence; fb, followed by. 

c Means are pooled over sorghum populations and represent a main effect. 

d Means are pooled over row spacings and represent a main effect. 

 

 

 

 

 

 

 

 

 

 

 



194 

 

 

 

 

Table 9. Effect of row width and sorghum population on weed dry biomass in 

non-treated plots 14 weeks after planting in NC. a,b 

Treatment 
SENOB  DIGSA  BRAPP  SETLU  DTTAE 

g m-2 

Row spacing c               

19 cm 50 b  208 a  232 a  187 b  77 c 

38 cm 101 a  178 a  216 a  234 ab  119 b 

76 cm 81 a  224 a  243 a  251 a  177 a 

Sorghum population d               

99k plants ha-1 143 a  275 a  267 a  273 a  185 a 

198k plants ha-1
 

 
95 ab  218 ab  282 a  227 ab  130 b 

297k plants ha-1
 

 
46 b  185 b  256 a  228 ab  126 b 

396k plants ha-1
 

 
49 b  151 b  116 b  168 b  54 c 

a Means within a column followed by the same letters are not different according 

to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: SENOB, sicklepod; DIGSA, large crabgrass; BRAPP, broadleaf 

signalgrass; SETLU, yellow foxtail; DTTAE, crowfootgrass; PRE, 

preemergence; POST, postemergence; fb, followed by. 
 

c Means are pooled over sorghum populations and represent a main effect. 

d Means are pooled over row spacings and represent a main effect. 
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Table 10. Effect of row spacing, sorghum population, and herbicide 

strategy on grain sorghum yield at Kinston and Clayton, NC. a,b 

Treatment 

Kinston  
Clayton 

2012  2013  2014  

Mg ha-1 

Row spacing c           

19 cm 5.0 ab  3.1 a  8.2 a  5.5 a 

38 cm 5.4 a  2.5 b  5.9 b  3.8 b 

76 cm 4.5 b  2.5 b  6.0 b  4.1 b 

Sorghum population d            

  99k plants ha-1 4.6 a  2.8 a  6.8 ab  4.1 b 

198k plants ha-1 5.0 a  2.6 a  6.7 ab  4.4 ab 

297k plants ha-1 4.9 a  2.8 a  6.9 a  4.7 a 

396k plants ha-1 5.0 a  2.6 a  6.4 b  4.7 a 

Herbicide strategy e            

Non treated 4.4 b  1.4 b  6.3 b  3.7 b 

PRE only 5.2 a  3.3 a  6.9 a  4.9 a 

PRE fb POST 5.1 a  3.2 a  6.9 a  4.7 a 

a Means within a column followed by the same letters are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: PRE, preemergence; POST, postemergence; fb, followed 

by. 

c Means pooled over sorghum populations and herbicide strategies 

represent a main effect. 

d Means pooled over row spacings and herbicide strategies represent a 

main effect. 

e Means pooled over row spacings and sorghum populations represent a 

main effect. 
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Table 11. Effect of row spacing and sorghum population on grain 

sorghum yield at Rocky Mount, NC. a,b 

Treatment 

Non 

treated 
 PRE  

PRE fb 

POST 

Mg ha-1 

Row spacing c      

19 cm 0.4 a  0.8 a  0.9 ab 

38 cm 0.4 a  0.9 a  1.0 a 

76 cm 0.3 a  0.8 a  0.8 b 

Sorghum population d         

  99k plants ha-1 0.4 a  0.8 a  0.8 c  

198k plants ha-1 0.3 a  0.9 a  0.9 bc 

297k plants ha-1 0.4 a  0.8 a  1.0 ab 

396k plants ha-1 0.4 a  0.9 a  1.1 a 

a Means within a column followed by the same letters are not different 

according to Fisher’s Protected LSD test at P ≤ 0.05. 

b Abbreviation: PRE, preemergence; POST, postemergence; fb, followed 

by. 

c Means pooled over sorghum populations represent a main effect. 

d Means pooled over row spacings represent a main effect. 
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Figure 1. Effect of row width on cumulative grasses density and dry biomass at 14 weeks 

after planting at Kinston, NC, in 2012 and 2013, at Clayton, NC, in 2013, and Rocky Mount, 

NC, in 2014. Data were pooled over environments and sorghum populations, and means followed by 

the same letters are not different according to Fisher’s Protected LSD test (P ≤ 0.05). 
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Figure 2. Effect of crop density on cumulative grasses density and dry biomass at 14 weeks 

after planting at Kinston, NC, in 2012 and 2013, at Clayton, NC, in 2013, and Rocky Mount, 

NC, in 2014. Data were pooled over environments and row widths, and means followed by the same 

letters are not different according to Fisher’s Protected LSD test (P ≤ 0.05). 
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Abstract 

 

Sorgoleone-358 is an important allelopathic component of the oily droplets exuded 

from the root hairs of sorghum. Due to its hydrophobic nature, sorgoleone-358 and its 

analogs may be strongly adsorbed on soil organic matter, resulting in increased sorgoleone 

soil persistence. Previous studies have demonstrated the herbicidal activity of sorgoleone on 

many small-seeded weeds and recent concerns have been raised that sorghum residues may 

have a detrimental effect on wheat emergence and growth in the Southeastern United States. 

Laboratory experiments were conducted to determine the root exudate production potential 

and its sorgoleone-358 concentration for 36 cultivated sorghum, eight shattercane and one 

johnsongrass cultivars. Using a capillary growing mat system adapted from previous work, 

root exudate was extracted with methylene chloride and subjected to HPLC analysis to 

determine sorgoleone-358 content. Seven to 12 days after the cultivars were seeded, root 

biomass averaged 18.8 mg g-1 of seed and produced between 0.2 and 4.8 mg of root exudate 

g-1 of fresh root weight. Sorghum cultivars varied considerably in the amount of sorgoleone 

produced. Sorgoleone-358 concentration of the root exudate averaged 500 ppm and varied 

from 129 to 1054 ppm for shattercane cultivar S7 and cultivated sorghum cultivar 992123, 

respectively. With respect to the volume of root biomass, sorgoleone-358 concentration 

averaged 490 ppm and ranged from to 58 to 1463 ppm for cultivated sorghum cultivar 

AAS3479 and shattercane cultivar S2, respectively. Segregation of the commercial sorghum 

cultivars according to their maturity group did not show any difference in root biomass and 
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dry extract production but early-maturing cultivars produced on average 18% less 

sorgoleone-358 compared to medium- and late-maturing cultivars. 

Nomenclature: grain sorghum, Sorghum bicolor L.; shattercane, Sorghum bicolor (L.) 

Moench ssp. arundinaceum (Desv.) de Wet & Harlan; johnsongrass, Sorghum halepense (L.) 

Pers.; sorgoleone;  

Key Words: Allelopathy, allelochemical, secondary product, herbicide, grain sorghum. 
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Grain sorghum [Sorghum bicolor (L.) Moench.] allelopathy has been documented in 

numerous studies but it is only recently that chemicals responsible for the allelopathic 

properties have been methodically investigated. Netzly and Butler (1986) isolated six 

compounds belonging to the quinone class of organic compounds from hydrophobic droplets 

exuded by sorghum root hairs. The hydrophobic exudates caused 85% inhibition of root 

elongation in lettuce (Lactuca sativa L.) but did not affect corn (Zea mays L.). Two major 

compounds accounting for 90% of the exudate composition were later identified as 

sorgoleone-358 (2-hydroxy-5-methoxy-3-[(8’Z, 11’Z)-8’, 11’, 14’ pentadecatriene]-p-

benzoquinone) and resorcinol (4,6-dimethoxy-2-[(8’Z, 11’Z)-8’,11’, 14’ 

pentadecatriene]resorcinol) (Dayan et al. 2010; Erickson et al. 2001; Netzly et al. 1988). 

Other minor components were sorgoleone analogs varying in the number of carbons or in the 

saturation degree of the aliphatic chain, and were referred to as sorgoleone-360, sorgoleone-

362, sorgoleone 364, and sorgoleone-386 (Kagan et al. 2003; Netzly et al. 1988). All these 

compounds have been shown to exhibit some allelopathic properties (Barbosa et al. 2001; 

Rimando et al. 2003).  

Several modes of action have been reported to explain sorgoleone herbicidal 

properties. Nimbal et al. (1996) reported that sorgoleone inhibited photosystem II (PSII) by 

attaching to the QB-binding niche on the D1 protein which is the site of action of previously 

known PSII-inhibitor herbicides such as atrazine, diuron or metribuzin. Testing sorgoleone 

sensitivity of wild and atrazine-resistant types of redroot pigweed (Amaranthus retroflexus 

L.), Dayan et al. (2009) did not demonstrate any cross-resistance, suggesting that atrazine 
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and sorgoleone belong to two different families of PSII-inhibitors. Hejl and Koster (2004) 

observed a significant decrease of plasma membrane H+-ATPase with increasing sorgoleone 

concentrations, leading to perturbation of root metabolism. Sorgoleone has also been found 

to inhibit 4-hydroxyphenylpyruvate dioxygenase (4-HPPD), causing reduction of the 

plastoquinone and, consequently, carotenoids pool, and resulting in foliage bleaching of 

mouse-ear cress [Arabidopsis thaliana (L.) Heynh.] (Meazza et al. 2002). Sorgoleone 

production occurs shortly after germination and is associated with the formation of functional 

root hair cells (Czarnota et al., 2003a). This production is a dynamic process continuing as 

long as root hairs are functional, the removal of sorgoleone droplets resulting in the 

production of additional sorgoleone and continued exudation (Dayan 2006). Optimum 

sorgoleone production occurs at 30°C, under complete darkness and under moisture 

conditions that do not reduce the local ethylene concentration which is important to root hairs 

formation (Dayan 2006; Yang et al. 2004). As observed by Dayan (2006), the production of 

sorgoleone is constitutive and can vary considerably between sorghum cultivars. Sorgoleone 

and its lipid resorcinol analogue account for a large portion of the oily droplets secreted by 

sorghum root hairs and quantitative analysis of exudates collected from 42 grain sorghum 

cultivars showed sorgoleone concentration ranging from 0.4 to 18 mg g-1 of fresh root weight 

(Nimbal et al. 1996; Uddin et al. 2009).  

Previous hydroponic assays have demonstrated the allelopathic potential of 

sorgoleone on various small-seeded broadleaf and grass weeds (Netzly and Butler 1986; 

Nimbal et al. 1996; Uddin et al. 2009). Research on soil sorption suggested that sorgoleone 
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may sorb strongly to the organic matter because of its hydrophobic nature (Trezzi et al. 

2006). Although recent studies conducted in growth chambers indicate that wheat may be 

somewhat tolerant to formulated sorgoleone with 8.5% and 12% shoot biomass inhibition for 

400 g a.i. ha-1 sorgoleone concentration applied pre- and post-emergence, respectively 

(Uddin et al. 2013), field observations looking at wheat (Triticum aestivum L.) following 

grain sorghum in double-cropping system of the Southeastern United States might suggest 

that sorghum allelopathic chemicals may have a detrimental impact on wheat emergence and 

growth (R. Weisz, personal communication). Therefore, this study was conducted to 

determine the root exudate and sorgoleone-358 production potential of 36 cultivated grain 

sorghum accessions and nine wild sorghum biotypes that included eight shattercane 

[Sorghum bicolor (L.) Moench ssp. arundinaceum (Desv.) de Wet & Harlan] cultivars and 

one johnsongrass [Sorghum halepense (L.) Pers.] biotype. 

 

Materials and Methods 

 

Plant materials. 

Thirty six grain sorghum cultivars tested through the North Carolina Official Variety 

Testing Program were provided by Dr. Ronnie Heiniger (North Carolina State University, 

Vernon G. James Research & Extension Center, Plymouth, NC). Eight shattercane cultivars 

from different U.S. locations were provided by Dr. Adam Davis (USDA-ARS Global Change 
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and Photosynthesis Research Unit, Urbana, IL) and johnsongrass seeds were collected from a 

non-mowed North Carolina State University pasture in Raleigh, NC (Table 1).  

Seed Processing and Root Production. 

Germination frames (28 x 43 cm) were built prior to sorghum seeding. Frames were 

made from four Bailey sash sections (C.R. Laurence Co., Los Angeles, CA) cut to the proper 

length and assembled together. A piece of aluminum window screen (New York Wire Co., 

Mt. Wolf, PA) was then cut to length and put in place with a spline inserted into the spline 

channel.  

For root collection, approximately 200 g of shattercane and johnsongrass seeds were 

surface sterilized to prevent fungal development during the root production phase by soaking 

in a 20% sodium hypochlorite solution for 15 min according to the methodology detailed by 

Czarnota et al. (2003b). Seeds were subsequently removed from the solution and rinsed 

under a continuous flow of distilled cold water for 10 min. Fungicide pre-treated sorghum 

cultivar seeds were not surface sterilized.  

A double layer of cheesecloth was laid on the screen (28 x 43 cm) and humidified 

under a flow of cold tap water prior to seeding. The screen was then oriented vertically for 

five min in order to drain the excess water. Sorghum seeds were then uniformly spread on the 

cheesecloth. A second double layer of cheesecloth, previously wetted, was laid on top to 

form a sandwich enclosing the seeds. Approximately 7,000 seeds of cultivated grain 

sorghum, 3,200 seeds of shattercane, and 15,500 seeds of johnsongrass were disposed on 

each screen, four screens being used and considered as repetitions for each accession. 



206 

 

 

 

 

Screens were then placed in a 10 L nursery vented tray (Kadon Corp., Dayton, OH) on the 

bottom of which was placed a moistened layer of Vattex-P capillary mat (Hummert 

International, Earth City, MO). A layer of Weed-X landscape fabric (Dallen Products Inc., 

Knoxville, TN) was placed between the screen and the capillary mat. The tray containing the 

germination screen was then placed in a 14 L nursery solid tray (Kadon Corp., Dayton, OH 

45439) filled with tap water. The water level was then raised to reach the bottom of the 10 L 

tray so that the capillary mat remained moist. Trays were then covered with a 122 x 51 cm 

black seedling heat mat (Hydrofarm Inc., Petaluma, CA) to keep seedlings under darkness 

and at a temperature of 27°C. Water within the 14 L tray was monitored daily and adjusted to 

maintain its initial level. 

Root exudate collection. 

The collection of the oily droplets exuded from the root hairs of sorghum, hereafter 

referred to as ‘root exudate’, was adapted from a procedure developed by Czarnota et al. 

(2003b). Seeds were allowed to germinate and grow on the capillary mat system for seven 

days. During this time, the root system developed through the mesh of the screen and 

completely covered the bottom side of the screen. Johnsongrass and shattercane grew slower 

and required 10 to12 days to produce harvestable roots. Seven days after seeding for 

cultivated sorghum cultivars and 10 to 12 days for johnsongrass and shattercane, seedling 

roots were shaved from the screen with a single-edge razor blade and placed in a 1 L beaker. 

500 mL of methylene chloride acidified with 0.25% acetic acid was then added to the beaker 

to extract root exudate by dissolving it. Roots remained in methylene chloride for 
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approximately two min to let sufficient time for sorgoleone extraction to take place (LA 

Weston, personal communication). Roots were removed, allowed to dry for five min at room 

temperature, and weighed to determine fresh weight. The remaining methylene chloride 

crude extract was then decanted through a fluted glass funnel lined with Whatman No 42 

filter paper to remove root debris. The filtrated mixture was transferred to a 1 L 

round-bottom flask and evaporated to dryness using a Büchi® rotary evaporator model 

R-215 (Büchi Labortechnik AG, Flawil, Switzerland) with water bath at 40°C.  

The residual dry extract appeared as a golden oily substance remaining on the inside 

of the flask after complete methylene chloride evaporation. Dry extract was then re-

suspended with 2 mL of methylene chloride and transferred with a glass pipette to a pre 

weighed 40 mL amber glass vial. This procedure was repeated three times to remove any 

remaining dry extract from the round-bottom flask. The contents of the amber glass vial were 

concentrated under N2 flow to complete dryness. The vial was subsequently flooded with 

nitrogen and tightly capped with a PFTE lined cap. Dry weight of the methylene chloride 

extract was obtained separately for each replicate sample by weighing the vial containing the 

dry extract with a precision scale (Model AE160, Mettler-Toledo, Columbus, OH) and 

subtracting the weight of the empty vial. The dry extract was finally stored at -20°C until 

analyses. This procedure was repeated for all four repetitions of each accession. 
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High Performance Liquid Chromatography Analysis 

Prior to high performance liquid chromatography (HPLC) analysis, the known 

amount of dry extract in each vial was dissolved in 100% acetonitrile acidified with 2.5% 

acetic acid to obtain a solution of root exudate at a concentration of 1 mg mL-1. This solution 

was further diluted in acetonitrile to reach a final concentration of 100 μg mL-1. 

Quantification of sorgoleone was performed with an Agilent 1260 Infinity HPLC 

system with a diode array detector (Agilent Technologies, Santa Clara, CA) equipped with a 

100 x 4.6 mm Biphenyl reversed phase column (Phenomenex Inc., Torrance, CA). The 

mobile phase was 65% acetonitrile acidified with 0.1% acetic acid and 35% water acidified 

with 0.1% acetic acid at a flow rate of one mL min-1. The injection volume for each sample 

was 5 μL and the run time was 10 min. Sorgoleone-358 was detected using a diode array 

detector set at 280 nm. 

Quantification of sorgoleone in each sample was based on a calibration curve of a 

purified external standard obtained from Dr. Franck E. Dayan (USDA-ARS, Natural 

Products Utilization Research Unit, University, MS). The calibration curve was based on 

injection of standard solutions of known sorgoleone concentration: 1, 5, 10, 25, 50, 100, and 

200 ppm. A bulk sorgoleone standard solution at 1000 ppm was prepared by dissolving the 5 

mg dry standard in a corresponding volume of 100% acetonitrile acidified with 2.5% acetic. 

Standard concentrations were prepared by sampling an aliquot of the bulk solution and 

diluting it with the required volume of 100% acetonitrile acidified with 2.5% acetic to obtain 

the predetermined concentration. Following injection of increasing concentrations of the 
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standard solutions, the area of the sorgoleone-358 resulting peaks was measured and plotted 

against sorgoleone concentration. Linear regressions and associated coefficient of correlation 

were computed by the HPLC system software (Agilent OpenLAB CDS ChemStation Edition, 

Agilent Technologies, Santa Clara, CA). The totality of the samples was divided into six 

groups, each group including 20 to 50 samples to analyze. Prior to each group run, a set of 

standard solutions was prepared from the bulk solution and injected. Correlation coefficients 

before each run were all ≥ 0.999796. 

 Statistical Analysis. 

The experimental design was a randomized complete block with each sorghum 

cultivar replicated on four different screens. Data were analyzed with SAS 9.4 (SAS Institute 

Inc., Cary, NC). Analysis of variance was performed using the PROC MIXED procedure. 

Root fresh weight, exudate production and sorgoleone concentration were non-normally 

distributed; therefore, data were log-transformed prior to the ANOVA. Because the 

transformation of the data did not change the separation of means, non-transformed means 

are presented. Mean comparisons were performed using Tukey’s studentized range test when 

F values were statistically significant (P ≤ 0.05).  

Although a statistical analysis of combined sorghum cultivars and species was first 

conducted, sorghum cultivars were separated and analyzed according to their maturity group 

as defined by Balota et al. (2013) to facilitate presentation of the results. 
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Results and Discussion 

 

Chromatograms of the sorgoleone standard (Figure 2), a cultivated grain sorghum 

(Figure 3), johnsongrass (Figure 4), and a shattercane (Figure 5) presented four peaks 

corresponding approximately to retention time 3.6, 4.2, 5.1, and 6.3 min. Sorgoleone 

standard was obtained by purification on thin layer chromatography, yielding a mixture of 

sorgoleone-358, sorgoleone-360, sorgoleone-362, and sorgoleone-364 (Rimando et al. 2005). 

As described by Dayan et al. (2010), sorgoleone-358 is the major component, accounting for 

approximately 90% of the benzoquinone constituents, whereas sorgoleone-360, 362, and 364 

represent the three minor analogues that differ by the number and positions of the double 

bonds in the aliphatic side chain. The major peak observed at 3.6 min. corresponds to 

sorgoleone-358 (three double bonds) and minor peaks at 4.2, 5.1, and 6.3 min to sorgoleone-

360 (two double bonds), sorgoleone-362 (one double bond), and sorgoleone-364 (fully 

saturated aliphatic side chain), respectively. Because of time constraints with the use of the 

HPLC system, only the major analog, sorgoleone-358, was quantified in our study. 

Previous experiments used either methylene chloride (Czarnota et al. 2003b; 

Einhellig and Souza 1992; Nimbal et al. 1996) or methanol (Uddin et al. 2010; Uddin et al. 

2014) for sorgoleone extraction. Therefore a preliminary study was conducted with four 

cultivars to assess the extraction potential of each solvent. Dry extract recovery was 

significantly lower by 35%, 42%, and 50% with methylene chloride than with methanol for 

sorghum cultivars 5556, 83P17, and DKS5367, respectively (Table 2). HPLC analysis of the 
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dry extract indicated an average sorgoleone-358 concentration four times higher when 

extraction was conducted with methylene chloride compared to methanol for the four tested 

cultivars (Table 3). Methanol is a polar solvent that can result in more water being extracted 

from living roots during the extraction process. Furthermore, N2 evaporation of the samples 

extracted with methanol never produced a completely dry residue. Higher water content of 

the root exudate resulting in partial drying of the samples may explain the lower sorgoleone-

358 concentration of the methanol-extracted samples. Consequently and as recommended by 

other researchers (FE Dayan and LA Weston, personal communication), methylene chloride 

was the solvent used to proceed to sorgoleone extraction for the 45 sorghum cultivars tested 

in this study.  

No significant differences in the production of root biomass or dry extract amount 

were observed between early-, medium- and late-maturing groups (Table 4). However, 

early-maturing varieties produced less sorgoleone-358 than the average of medium- and 

late-maturing cultivars with 0.40 and 0.49 mg g-1 of root fresh weight (RFW), respectively. 

Early-Maturing Cultivars. 

RFW production varied considerably among the 11 early-maturing cultivars, ranging 

from 7.6 mg RFW seed-1 for DKS3888 to 39.3 mg RFW seed-1 for KS310 (Table 5). 

AAS3141, AG3101, DKS3707, and SP3425 produced ≤ 17.3 mg RFW seed-1 and were 

similar to DKS3888 for root biomass production. On the other hand, 5556, K35Y5, and 

49473 were similar to KS310 in producing roots with ≥ 25.6 mg RFW seed-1.  
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AAS3479 produced 0.16 mg dry extract g-1 RFW whereas K35Y5 and SP3425 dry 

extract production was ≥ 7.9 times greater with 1.27 and 1.40 mg dry extract g-1 RFW, 

respectively.  

The sorgoleone-358 concentration of the dry extract ranged from 0.29 to 0.70 mg g-1 

dry extract for DKS3888 and 5556, respectively (data not shown). No significant difference 

was noted between the other cultivars with sorgoleone-358 concentration ranging from 0.40 

to 0.55 mg g-1 dry extract. When expressed with respect to the RFW, sorgoleone-358 

production reached as much as 0.75 mg g-1 RFW for cultivar 5556, 12.5 times greater than 

what was produced by AAS3479. High levels of sorgoleone-358 production (≥ 0.63 mg g-1) 

were also noted for cultivars AG3101, K35Y5, and SP3425. Despite a high potential for root 

biomass production, KS310 had a sorgoleone-358 concentration that was significantly lower 

than for the aforementioned cultivars with only 0.32 mg g-1 RFW. By contrast, K35Y5 and 

5556 cumulated high levels of both root production and sorgoleone concentration.  

Medium-Maturing Cultivars. 

As for early-maturing cultivars, root production varied greatly among the 12 

medium-maturing cultivars (Table 6). 84P80, DKS4545, and GW9417 produced less than 10 

mg RFW seed-1 whereas root biomass production for cultivars 3552 and AG3201 was 39 mg 

seed-1. DKS5367, DKS54000, GW9320, and M3838 produced between 20.9 and 25.9 mg 

RFW seed-1, ≥ 2.2 times greater compared to 84P80, DKS4545, and GW9417. 

Dry extract production did not exceed 0.50 mg g-1 RFW for cultivars 3552, 

DKS5367, and 92123 whereas it reached up to 1.58 mg g-1 RFW for DKS4545. 
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Sorgoleone-358 concentration of the dry extract varied from 0.34 to 1.05 mg g-1 dry extract 

for cultivars DKS4545 and 92123, respectively (data not shown). In addition to 92123, 

M3838 and DKS5367 also showed significantly higher concentration in sorgoleone-358 of 

the dry extract than the remaining of the varieties, with 0.77 and 0.88 mg g-1, respectively.  

Despite a moderate sorgoleone-358 concentration of the dry extract (0.58 mg g-1), 

sorgoleone-358 concentration attained as much as 0.74 mg g-1 RFW for AG3201 because of 

the high volume of roots and dry extract produced by this cultivar. Most of other cultivars 

yielded between 0.40 and 0.60 mg g-1 RFW, except 3552 and DKS5367 that displayed lower 

sorgoleone content with 0.18 and 0.30 mg g-1 RFW, respectively. 

Late-Maturing Cultivars. 

Differences in root biomass production between the late-maturing cultivars were not 

as statistically pronounced as previously discussed for early- and medium-maturing cultivars 

(Table 7). Cultivars 6173 and NK7829 produced twice more root biomass than 8433, with 

28.3 and 27.7 mg seed-1 versus 13.9 mg seed-1, respectively.  

Similarly, limited differences among the 13 sorghum cultivars were noted with 

respect to the production of dry extract. The highest dry extract producer was NK8817 with 

1.12 mg g-1 RFW whereas NK7829 only yielded 0.62 mg g-1 RFW. Cultivars 6173 and 

GW9480 statistically differed from the two previous varieties with dry extract production 

reaching 0.97 mg g-1 RFW.  

Sorgoleone-358 concentration of the dry extract varied from 0.29 to 0.64 mg g-1 for 

cultivars NK8817and NK8828, respectively (data not shown). With respect to the root fresh 



214 

 

 

 

 

weight, highest sorgoleone-358 producer was NK8828 with 0.70 mg g-1 RFW whereas 

cultivars 6173, AAS3076, GX13661, and TX85131 yielded statistically similar 

sorgoleone-358 concentration ranging from 0.60 to 0.63 mg g-1 RFW. On the opposite, 

sorgoleone-358 concentration was significantly lower for cultivars 83P17, NK8817, 

NK7829, TR48 or GW9480, and did not exceed 0.40 mg g-1 RFW.  

Johnsongrass and Shattercane. 

Johnsongrass and shattercane cultivar S2 produced significantly less root biomass 

than the other shattercane cultivars (Table 8). However, their dry extract production with 

regard to amount of root biomass produced was higher than for shattercane cultivars S3 and 

S6, with 4.80 and 4.44 mg g-1 RFW, respectively, versus 1.23 and 1.42 mg g-1 RFW. The 

concentration of sorgoleone-358 in the dry extract was 4.8 times higher for shattercane 

cultivar S4 than for S7 with 0.62 and 0.13 mg g-1, respectively, whereas johnsongrass only 

produced 0.18 mg of sorgoleone-358 g-1 of dry extract. 

 Important variations of the sorgoleone-358 concentration computed with the quantity 

of root biomass produced were noted, sorgoleone-358 concentration ranging from 0.27 to 

1.46 mg g-1 RFW for shattercane cultivars S6 and S2, respectively. With 1 mg g-1 RFW, 

sorgoleone-358 concentration of shattercane cultivars S4 was significantly higher than for 

any other cultivars with the exception of S2. Despite its important dry exudate production 

compared to its root biomass, johnsongrass produced only 0.64 mg g-1 RFW of 

sorgoleone-358.  
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Variations in the amount of root exudate or sorgoleone produced by sorghum 

cultivars have been reported in previous studies. Extracting sorgoleone from seeds grown in 

Petri dishes, Nimbal et al. (1996) observed sorgoleone content varying from 0.67 to 17.80 mg 

g-1 RFW for 25 North American cultivars whereas Uddin et al. (2009) measured 

concentration ranging from 0.33 to 6.98 mg g-1 RFW for 17 cultivars from South Korea, 13 

not exceeding 1.70 mg g-1 RFW . With a root exudate collection system comparable to what 

was used in our research, Czarnota et al. (2003b) reported similar quantities of exudate for 

five cultivated sorghum cultivars ranging from 1.33 to 1.85 mg g-1 RFW whereas 

johnsongrass yielded 14.75 mg g-1 RFW and shattercane only 0.50 mg g-1 RFW. The 

sorgoleone-358 content represented between 55 and 80% of the exudate amount for the five 

cultivated cultivars and shattercane but only 6% for johnsongrass (Rimando et al. 2005). 

These results are relatively similar to those obtained in our research where sorgoleone-358 

represented 35 to 70% of the exudate content for the majority of the 36 tested cultivars. 

Results appeared more variable for wild species of sorghum with sorgoleone-358 accounting 

for less than 35% of the root exudate in four of the eight shattercane cultivars and only 18% 

for johnsongrass. Our sorghum cultivars were grown under the same controlled 

environmental conditions; therefore, variations in the amount of dry extract produced and 

sorgoleone-358 concentration per unit of RFW among the 36 cultivated cultivars may be a 

consequence of their genetic diversity. This diversity can be traced back to wild ancestors of 

cultivated sorghum such as shattercane which cultivars presented the highest variation in 

sorgoleone-358 content among the 45 tested cultivars. Contrarily, Hess and al. (1992) 
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reported no significant difference in the amount of sorgoleone exuded by 12 sorghum 

cultivars hydroponically grown and whether or not susceptible to witchweed [Striga asiatica 

(L.) Kuntze] parasitism. They hypothesized that sorgoleone production may be inhibited by 

excessive moisture when seeds are grown on a filter paper substrate. Dayan et al. (2009) 

suggested that root exudate is involved in a feed-back mechanism regulating the production 

of sorgoleone, the exudation process from root hairs stopping when oily droplets accumulate 

at the root tips. This mechanism potentially protects sorghum from autotoxicity and may 

explain the difference in sorgoleone production results obtained from culture in Petri dishes 

or on a large screen as used in our research. Seedlings germinating on a screen produce a 

dense mat of intertwined roots on an impermeable fabric, resulting in the accumulation of 

root exudates that may suppress further exudation. 

In conclusion, dry extract production and sorgoleone-358 concentration varied among 

the 36 cultivated and nine wild cultivars tested in this study. These results suggest that 

sorgoleone production potential is genetically constitutive, since environmental conditions 

were similar for all sorghum cultivars and despite potential feedback inhibition of sorgoleone 

production. However, sorgoleone production is also modulated by environmental factors, 

such as temperature, osmotic stress or the presence of other plants (Dayan 2006). Therefore, 

it would be interesting to extend this study to field experimentation and verify if the results 

obtained under controlled conditions may have potential practical applications in agriculture, 

such as the choice of cultivars producing low or high level of sorgoleone to either prevent 
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potential damages to the following crop or integrate grain sorghum crop as a rotational tool 

in a weed management strategy based on reduced reliance on herbicides.  
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Table 1. Geographical origin of wild sorghum cultivars.  

Cultivar  Location  State  
Latitude   Longitude   Elevation 

N  W  m 

Shattercane S1  Tunica  MS  34.690  -90.380  59 

Shattercane S2  Columbia  MO  38.950  -92.320  226 

Shattercane S3  Keene  NE  40.425  -99.066  672 

Shattercane S4  Randolph  KS  39.427  -96.770  380 

Shattercane S5  Fairfield  OH  39.334  -84.562  264 

Shattercane S6  Iola  IL  38.840  -88.610  159 

Shattercane S7  Hickman  NE  40.820  -96.680  385 

Shattercane S8  Pike township  OH  39.992  -83.962  85 

Johnsongrass  Raleigh  NC  35.486  -78.431  410 
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Table 2. Amount of dry extract obtained with methanol or methylene 

chloride used as extracting solvent for four grain sorghum cultivars. a,b 

Solvent 
5556  83P17  DKS5367  M75GB39 

mg g-1 RFW  

Methanol 1.66 a  1.22 a  0.32 a  1.17 a 

Methylene 

chloride 
1.09 b  0.70 b  0.16 b  1.05 a 

a Means within a column followed by the same letters do not differ 

significantly at 5% level according to Tukey’s studentized range test. 

b Abbreviation: RFW, root fresh weight. 
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Table 3. Sorgoleone-358 concentration obtained with methanol or 

methylene chloride used as extracting solvent for four grain sorghum 

cultivars. a,b 

Solvent 
5556  83P17  DKS5367  M75GB39 

mg g-1 DE  

Methanol 0.12 b  0.10 b  0.29 b  0.09 b 

Methylene 

chloride 
0.70 a  0.44 a  0.96 a  0.43 a 

a Means within a column followed by the same letters do not differ 

significantly at 5% level according to Tukey’s studentized range test. 

b Abbreviation: DE, dry extract. 
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Table 4. Average root biomass, dry extract, and sorgoleone-358 production 

across sorghum maturity groups. a, b 

Maturity 

group 

Root fresh weight  Dry extract   Sorgoleone-358  

mg seed-1  mg g-1 RFW 

Early 21.6 a  0.89 a  0.40 b 

Medium 20.3 a  0.97 a  0.49 a 

Late 19.7 a  0.91 a  0.49 a 

a Means within a column followed by the same letters do not differ 

significantly at 5% level according to Tukey’s studentized range test. 

b Abbreviation: RFW, root fresh weight. 
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Table 5. Root biomass, dry extract and sorgoleone-358 production for 

early-maturing sorghum cultivars. a, b 

Cultivar 
Root fresh weight  Dry Extract  Sorgoleone-358  

mg seed-1  mg g-1 RFW 

49473 25.6 ab  0.75 a-e  0.42 c-e 

5556 28.5 ab  1.08 a-d  0.75 a 

AAS3141 14.1 de  1.14 a-d  0.45 b-d 

AAS3479 20.6 b-d  0.16 f  0.06 f 

AG3101 11.8 e  1.27 a-c  0.63 a-c 

DKS3707 16.1 c-e  0.54 e  0.23 e 

DKS3888 7.6 e  0.72 c-e  0.22 ef 

K35-Y5 26.5 ab  1.27 ab  0.65 ab 

KS310 39.3 a  0.70 b-e  0.32 de 

M75GB39 22. 6 bc  1.05 a-e  0.44 b-d 

SP3425 17.3 c-e  1.40 a  0.68 ab 

a Means within a column followed by the same letters do not differ 

significantly at 5% level according to Tukey’s studentized range test. 

b Abbreviation: RFW, root fresh weight. 
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Table 6. Root biomass, dry extract and sorgoleone-358 production for 

medium-maturing sorghum cultivars. a, b 

Cultivar 
Root fresh weight  Dry Extract  Sorgoleone-358  

mg seed-1  mg g-1 RFW 

3552 38.6 a  0.26 d  0.18 d 

84P80 9.5 ef  1.25 ab  0.48 a-c 

92123 11.1 d-f  0.44 cd  0.42 b-d 

AAS3976 13.9 c-e  1.30 ab  0.59 ab 

AG3201 39.6 a  1.28 ab  0.74 a 

DKS4945 7.9 f  1.58 a  0.51 a-c 

DKS5367 25.9 ab  0.32 d  0.30 cd 

DKS54000 22.2 a-c  1.03 ab  0.58 a-c 

GW9320 20.9 bc  0.94 bc  0.48 a-c 

GW9417 9.7 d-f  0.97 bc  0.38 b-d 

M3838 21.0 bc  0.81 bc  0.62 ab 

M77GB52 17.2 b-d  1.11 ab  0.43 bc 

a Means within a column followed by the same letters do not differ 

significantly at 5% level according to Tukey’s studentized range test. 

b Abbreviation: RFW, root fresh weight. 
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Table 7. Root biomass, dry extract and sorgoleone-358 production for 

late-maturing sorghum cultivars. a, b 

Cultivar 
Root fresh weight  Dry Extract  Sorgoleone-358  

mg seed-1  mg g-1 RFW 

6173 28.3 a  0.97 b  0.60 ab 

83P17 18.2 ab  0.70 bc  0.31 d 

8433 13.9 b  1.08 ab  0.58 bc 

AAS3076 18.5 ab  1.03 ab  0.61 ab 

GW9480 14.9 ab  0.97 b  0.39 cd 

GX13661 24.0 ab  1.05 ab  0.62 ab 

NK7829 27.7 a  0.62 c  0.35 cd 

NK8817 18.7 ab  1.12 a  0.32 d 

NK8828 16.1 ab  1.06 ab  0.70 a 

NK8831 15.6 ab  0.74 bc  0.49 b-d 

SP7868 22.4 ab  0.80 bc  0.44 b-d 

TR481 15.8 ab  0.76 bc  0.38 cd 

TRX85131 22.5 ab  1.05 ab  0.63 ab 

a Means within a column followed by the same letters do not differ 

significantly at 5% level according to Tukey’s studentized range test. 

b Abbreviation: RFW, root fresh weight. 
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Table 8. Root biomass, dry extract and sorgoleone-358 production for 

johnsongrass and shattercane cultivars. a, b 

Cultivar 
Root fresh weight  Dry Extract  Sorgoleone-358  

mg seed-1  mg g-1 RFW 

Johnsongrass 0.4 c  4.80 a  0.64 c 

Shattercane S1 11.5 a  1.96 ab  0.46 cd 

Shattercane S2 4.0 b  4.44 a  1.46 a 

Shattercane S3 20.8 a  1.23 b  0.48 cd 

Shattercane S4 11.9 a  1.61 ab  1.00 b 

Shattercane S5 12.8 a  1.99 ab  0.54 cd 

Shattercane S6 14.8 a  1.42 b  0.27 e 

Shattercane S7 9.3 a  2.41 ab  0.37 de 

Shattercane S8 18.3 a  2.10 ab  0.49 cd 

a Means within a column followed by the same letters do not differ 

significantly at 5% level according to Tukey’s studentized range test. 

b Abbreviation: RFW, root fresh weight. 
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Figure 1. Averaged calibration curve of measured sorgoleone-358 concentrations with high performance liquid 

chromatography (HPLC) versus prepared concentrations of sorgoleone-358 standard. 
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Figure 2. Chromatogram of sorgoleone standard at 10 ppm showing sorgoleone-358 (A), sorgoleone-360 (B), sorgoleone-362 

(C), and sorgoleone-364 (D) peaks.  
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Figure 3. Chromatogram of grain sorghum cultivar DKS5367 showing sorgoleone-358 (A), sorgoleone-360 (B), sorgoleone-

362 (C), and sorgoleone-364 (D) peaks.  
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Figure 4. Chromatogram of johnsongrass showing sorgoleone-358 (A), sorgoleone-360 (B), sorgoleone-362 (C), and 

sorgoleone-364 (D) peaks.  
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Figure 5. Chromatogram of shattercane cultivar S1 showing sorgoleone-358 (A), sorgoleone-360 (B), sorgoleone-362 (C), 

and sorgoleone-364 (D) peaks.  
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