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PEST MANAGEMENT: INSECTS

Screening Rice Lines for Susceptibility
to Rice Stink Bug: Results from

the Arkansas Rice Performance Tests
J.L. Bernhardt, K.A.K. Moldenhauer, and J.W. Gibbons

ABSTRACT

Rice lines were evaluated for susceptibility to causes of kernel discolorations. 
Advanced rice lines in the Arkansas Rice Performance Trials (ARPT) were compared 
to check varieties for susceptibility to feeding by rice stink bugs, Oebalus pugnax (F.). 
Susceptibilities were assessed by manual evaluation of brown rice kernels for discolor-
ations that result from rice stink-bug feeding probes. Results of the ARPT evaluations 
in 2003 could be categorized as excellent for evaluating susceptibility to rice stink bugs 
because natural infestations were high. Based on these results, the new rice variety 
‘MedArk’ had typical medium-grain susceptibility (highly susceptible) to damage from 
rice stink bugs; the new variety ‘Cybonnet’ should be considered susceptible to damage 
from rice stink bugs but slightly less so than the moderately susceptible ‘Cypress’ and 
‘Wells’; and the new variety ‘Banks’ should be considered as susceptible as ‘Drew’ to 
rice stink bug damage. These data from yearly evaluations of rice lines and varieties 
are given to rice breeders and can be used to help in the selection of lines to continue 
in the breeding program. Rice growers can use the information to select varieties and 
use management practices that will reduce quality reductions due to rice stink bugs. 

INTRODUCTION

Rice lines have different levels of susceptibility to organisms that discolor kernels 
(Bernhardt, 1992). In the ýeld, kernel discolorations are caused by fungi alone, such as 
kernel smut [Tilletia barclayana (Bref.) Sacc. & Syd. in Sacc.], or by fungi introduced 
by the rice stink bug, Oebalus pugnax (F.), and by physiological responses to adverse 
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environmental conditions during grain ýll, such as linear damage. Agents that discolor 
rice kernels are commonly found in all Arkansas rice ýelds. Rice stink bug adults and 
nymphs feed on most rice kernels at all stages of development except at hard dough 
and maturity. Feeding during the later stages of development often results in only a 
portion of the contents being removed. Yet, very often after the hull is pierced by rice 
stink bugs, fungi gain entry, and the infection results in a discoloration of the kernel. 
The amount of damage by rice stink bugs often inþuences the acceptability and value 
of rough rice. Such was the case in 2001 and 2002 when rice ýelds were highly infested 
with rice stink bugs. Grain inspections by rice buyers during those years found unusu-
ally high levels of discolored kernels that decreased the value of grain by as much as 
$0.25 per bushel.

The entomology research program has placed emphasis on the development of 
control strategies that integrate control methods such as less-susceptible rice lines, 
insecticides, and rice stink bug parasites. This portion of the program evaluates rice 
lines for susceptibility to rice stink bug feeding and other causes of kernel discoloration. 
The overall objective is to provide information to breeders and, perhaps, to safeguard 
against the release of more-susceptible varieties from breeding programs than exist at 
the present time, and to evaluate the rice germplasm for sources of resistance. 

To accomplish the objectives, rice grain samples must be obtained from several 
sources for several years and evaluated for the amount of discolored kernels. Results 
from the evaluations of rice lines are compared and conclusions made on the relative 
susceptibility of rice lines based on the amounts of discolored kernels. This report is a 
summary of the annual evaluation of rice lines in the Arkansas breeding program for 
susceptibility to rice stink bug damage.

PROCEDURES

Rice samples from the following sources and years have been evaluated: (1) rice 
lines from the rice breeding program of the University of Arkansas placed in the Arkansas 
Rice Performance Trials (ARPT) (1988-2003); (2) rice lines from breeding programs 
of other universities and private seed companies in the ARPT (1988 - 2003); and (3) 
advanced rice lines placed in the Uniform Regional Rice Nursery (URRN) (1993-2003). 
Locations of the ARPT in 2003 were the Rice Research and Extension Center, Stuttgart 
(RREC, Arkansas Co.); Clay County, Ark.; Jackson County, Ark.; Pine Tree Branch 
Experiment Station, Colt (PTBES, St. Francis Co.); Northeast Research and Extension 
Center, Keiser (NEREC, Mississippi Co.); and the Southeast Branch Experiment Station, 
Rohwer (SEBES, Desha Co.). Evaluations of the URRN grown at the RREC started in 
1993 and have been evaluated yearly through 2003. Check varieties interspersed among 
the rice lines in the ARPT and URRN are used for comparisons.

Uncleaned rough rice samples are taken and then hulled. Brown rice was passed 
three times through an electronic sorting machine that separated discolored kernels 
from other kernels. The discolored kernels were examined with magniýcation to de-
termine the cause of the discoloration. The categories of discolored kernels were (a) 
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kernels discolored by rice stink bug feeding, (b) kernels infected with kernel smut, (c) 
all other discolorations of which most had the discoloration conýned to the bran layer, 
and (d) linear discolored kernels. Linear discolored kernels had a straight (linear) ‘cut’ 
in the kernel that was surrounded by a dark brown to black area (Douglas and Tullis, 
1950). The amount of discolored kernels in a category was weighed and expressed as 
a percentage of the total weight of brown rice.

Data included in this report are amounts of discolored kernels in check varieties 
from 1990 through 2003 and advanced rice lines in the ARPT from 2003.

RESULTS AND DISCUSSION

In 2003, rough rice samples were evaluated from all entries at ýve of the six loca-
tions in Arkansas (RREC, Clay Co., SEBES, NEREC, and Jackson Co.). No samples 
were evaluated from the PTBES. Large-ýeld tests such as the ARPT rely on natural 
infestations of the rice stink bug. In 2003, infestations varied from low, in Clay Co., 
to moderate at the RREC, SEREC, and Jackson Co., and to high at NEREC. General 
trends of varietal susceptibility that were noted in other years of the ARPT and other 
varietal studies (Bernhardt, 1992) remained the same (Table 1). For example, the amount 
of discolored kernels in medium-grain varieties was more than that in most long-grain 
varieties (Tables 2 and 3). It is also evident that although lines have different amounts 
of damage, there are no varieties or lines that are truly resistant to the rice stink bug. 
However, long-grain varieties that routinely have less damage from rice stink bug in 
previous years, such as ‘Katy’, ‘Kaybonnet’ and ‘LaGrue’, had lower amounts of dam-
age when compared to most advanced rice lines.

Early-Season Maturity Group

This maturity group had 18 advanced lines that were distributed as 5% short-, 
5% medium-, and 90% long-grain, seven check varieties, and one ClearýeldÈ variety 
(Table 2). Among the 16 long-grain lines, several lines had damage numerically lower, 
but none had damage levels statistically signiýcantly lower than the check óJeffersonô. 
Many lines were numerically lower in damage than the check óCocodrieô but ýve lines 
(RU0301161, RU9903092 from Texas, RU0301093, RU0301096, and RU0101093) had 
statistically signiýcant damage lower than that of Cocodrie. All ýve lines were tested 
again in 2004. Also, among those ýve lines, RU0101093 is being released in 2005 as 
the variety óSpringô. The Clearýeld line óCL-XL8ô had a moderate level of damage that 
was similar to that of the parent variety, RiceTec óXL8ô.

Very Short-Season Maturity Group

The 19 advanced rice lines in this maturity group were distributed as 11% me-
dium- and 89% long-grain (Table 2). Neither of the medium-grain lines, ‘RiceTec 
XP712ô nor RU0301127, had a level of damage that was signiýcantly lower than either 
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of the check lines óBengalô or MedArk. However, RiceTec XP712 had approximately 
30% less damage than the medium-grain check lines. None of the long-grain lines had 
a level of damage that was statistically signiýcantly lower than the check line LaGrue. 
The check variety LaGrue usually has a low amount of damage and in this test it had 
the lowest amount of damage of all checks and advanced lines.

Short-Season Maturity Group

The 21 advanced rice lines in this maturity group were composed of 10% me-
dium- and 90% long-grains, respectively (Table 3). None of the lines had statistically 
signiýcantly lower levels of damage than the check lines LaGrue or Wells. However, 
RU0101148 and RU0101105 both had amounts similar to that of LaGrue. The medium-
grain lines had typical levels for medium-grains. The new release Cybonnet, a cross 
between Cypress and ‘Newbonnet’ crossed with Katy, had damage levels slightly less 
than Cypress.

Mid-Season Maturity Group

Of the 23 advanced long-grain lines in this maturity group, none had signiýcantly 
lower amounts of damage than the check variety Drew or ‘Banks’ (Table 3). One 
line, STG99F5-02-132, had a damage amount numerically lower than the amount of 
damage in Drew and similar to that of Banks. However, the line was cut from further 
consideration.

SIGNIFICANCE OF FINDINGS

Evaluations of advanced rice lines provide rice breeders with information on the 
susceptibility of lines to rice stink bug damage. If they wish, breeders can then use the 
information in the selection of lines for further tests and the elimination of lines that 
are clearly more susceptible to damage than exist at the present time. Rice growers can 
use the information to select varieties and use management practices that will reduce 
quality reductions due to rice stink bugs. For example, medium-grain and a few long-
grain rice varieties are very susceptible to rice stink bug damage and other types of 
kernel discolorations. Careful scouting and use of insecticides for rice stink bug, when 
necessary, would prevent excessive discounts due to discolored kernels.

The new rice variety MedArk has typical medium-grain susceptibility (highly 
susceptible) to damage from rice stink bugs. The new variety Cybonnet should be 
considered susceptible to damage from rice stink bugs but slightly less than the mod-
erately susceptible Cypress and Wells. The new variety ‘Banks’ should be considered 
as susceptible as ‘Drew’ to rice stink bug damage. If growers have been discounted 
in the past for high levels of ‘pecky rice’ (a term that refers to all discolored kernels 
regardless of cause), all three new releases may require applications of insecticide to 
reduce excessive discounts due to discolored kernels.
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Table 2. Average percent, by weight, of kernels discolored by rice stink
bugs in brown rice samples of varieties and advanced lines from

two maturity groups in the 2003 Arkansas Rice Performance Trials.
Early season Grain % Very short season Grain %
lines Typez discolored lines type discolored
Jefferson L 1.22 Bengal M 2.97
RU9601099 S 1.80 Cheniere L 1.14
Maybelle L 1.09 XP712 M 1.87
Cocodrie L 1.89 LaGrue L 0.80
RU0101093 L 0.61 RU0301127 M 2.25
RU0301090 L 1.54 RU0301027 L 1.12
Pirogue S 2.25 RU0101084 L 1.28
STG00F5-05-096 M 1.95 RU0301145 L 1.80
RU0101108 L 0.98 RU0301151 L 1.00
RU0301093 L 1.05 Francis L 1.05
RU0301001 L 0.92 RU0301030 L 1.13
XL8 L 1.49 MedArk M 2.57
RU0301096 L 0.78 RU0301041 L 1.07
RU0301105 L 1.19 STG00L-16-134 L 1.06
RU0301111 L 1.11 RU0301044 L 1.10
RU0301124 L 1.22 RU0301121 L 1.65
STG00L-22-066 L 1.34 XP710 L 1.62
STG99L-41-009 L 1.11 RU0301047 L 1.14
CL XL8 L 1.25 Ahrent L 1.55
RU0202008 L 1.49 RU0301164 L 0.94
M202 M 2.57 RU0301050 L 0.98
RU0104055 L 1.39 RU0301167 L 1.02
ZHE 733 L 3.06 RU0201133 L 1.32
RU0301099 L 1.56 RU0301170 L 1.06
RU9903092 L 0.75 RU0301061 L 1.02
RU0301161 L 0.94 RU0301064 L 1.18
z L = long-grain, M = medium-grain, and S = short-grain.
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Table 3. Average percent, by weight, of kernels discolored by rice stink
bugs in brown rice samples of varieties and advanced lines from

two maturity groups in the 2003 Arkansas Rice Performance Trials.
Short season Grain % Mid season Grain %
lines Typez discolored lines type discolored
Wells L 1.12 Drew L 0.70
LaGrue L 0.77 RU0301067 L 1.02
Kaybonnet L 0.81 aromatic SE 1 L 1.93
RU9803181 L 1.17 STG00L-16-039 L 1.09
Cypress L 1.39 STG00L-16-025 L 1.06
STG00F5-05-079 M 2.37 STG00F5-08-062 L 1.42
STG00F5-09-128 L 1.15 Banks L 0.64
GLPA L 1.36 RU0101099 L 1.07
STG00F5-07-007 L 1.34 STG99L-34-089 L 0.81
RU0101102 L 1.38 STG00L-03-069 L 0.93
RU0301173 L 1.05 STG00L-22-029 L 1.04
Cybonnet L 1.02 RU0201142 L 1.88
RU0301176 L 1.07 STG00L-14-039 L 0.78
STG00L-16-114 L 0.98 STG99F5-02-110 L 1.29
AB-8649 L 1.94 RU0201130 L 1.25
RU0201136 M 2.40 RU0301070 L 0.88
STG00F5-05-111 L 1.67 STG00P-01-132 L 0.65
RU0101105 L 0.79 RU0201139 L 1.65
STG00L-16-063 L 1.33 STG00L-15-133 L 1.12
AB-8198 L 1.90 STG99L-20-123 L 0.95
STG00L-23-021 L 0.89 Saber L 0.60
STG99L-21-038 L 0.95 STG99L-27-022 L 1.99
RU0101148 L 0.69 STG98L-06-021 L 1.00
STG00L-25-029 L 1.04 RU0301081 L 1.02
CL-161 L 1.32 STG00L-05-131 L 1.05
RU0301185 L 0.90 RU0301087 L 1.08
z L = long-grain, M = medium-grain, and S = short-grain.
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Outcrossing Potential of
ClearfieldTM Rice Varieties with Red Rice 

N.R. Burgos, V.K. Shivrain, M.A. Sales, and M.M. Anders

ABSTRACT

Experiments were conducted at the Rice Research and Extension Center (RREC), 
Stuttgart; Vegetable Substation, Kibler; Cotton Branch Station, Marianna, Ark., in 2002 
to 2003 to evaluate the effects of cultivar, distance from pollen source, and planting 
date on the extent of natural outcrossing between ClearýeldTM (CL) rice and Stuttgart 
strawhull red rice. Planting dates were 25 April and 21 May 2002. CL cultivars CL161 
and CL121 were planted in circles, 33 ft in diameter with three replications. A natural 
red rice population was maintained in the outer concentric circle, 66 ft in diameter. 
There was synchronization in þowering between red rice and CL rice cultivars in both 
planting dates. Red rice panicles were hand-collected at 0, 1.5, 3.0, 6.0, 10.0, 13.0, 
and 16.0 ft from the interface of CL rice. At maturity, CL rice was removed from the 
inner circles and red rice was allowed to shatter. In the spring of 2003, volunteer red 
rice in ýeld plots and seedlings from hand-collected samples were sprayed with three 
applications of NewpathÈ 0.063 lb ai/acre. Survivors were counted, morphologically 
characterized, and genetically tested for hybridization. Outcrossing was higher with 
CL161 (0.008%) than with CL121 (0.003%) regardless of planting date. Averaged over 
cultivars, there was no signiýcant difference in outcrossing rate between April (0.004%) 
and May (0.006%) plantings. Hybrids were located within 20 ft from CL rice, which 
was the limit of detection in these experiments. All the F1 hybrids were taller and had 
longer þag leaves than their parents. The F1 hybrids had rough-textured, pale-colored 
leaves similar to the red rice parent.

1	 This is a completed study.
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INTRODUCTION

The introduction of CL rice provided a selective approach to red rice control. The 
increasing popularity of herbicide-resistant rice has raised concerns about its potential 
hybridization with red rice, possible increased weediness of red rice crosses, and its 
impact on the future of herbicide-resistant technology in rice. Natural hybridization 
between cultivated rice and its weedy and wild relatives, red rice and O. ruýpogon, 
has been reported in many studies (Chen et al., 2004; Messeguer et al., 2004; Song et 
al., 2002, 2003). In a red rice-infested rice ýeld, there is no spatial separation between 
weedy and cultivated rice and the pollen load is high enough to ensure maximum chance 
of cross-pollination if there is synchronization in þowering. An isolation distance of 
20 ft is considered safe for rice hybrid seed-production ýelds to avoid contamination 
with pollen from adjacent ýelds (Khush, 1993), although outcrossing has been recently 
documented up to 105 ft between Minghui-63 and O. ruýpogon under ýeld condition in 
China (Song et al., 2003). Hybrids between red rice and cultivated rice were observed 
to be taller, with more þag leaf area , and more tillers than their parents (Langevin et 
al., 1990; Zhang et al., 2003). Since resistance to acetolactate synthase (ALS)-inhibit-
ing herbicides, such as imidazolinones, is generally a dominant trait, all of the red rice 
hybrids and a majority of the succeeding generations will be herbicide-resistant.

With increasing acreage planted to CL rice in production areas where red rice is a 
problem, it is important to know how various factors affect effective pollen movement 
from CL rice to red rice. Understanding the gene þow between CL rice and red rice 
would help in making management plans and minimizing ecological risks. The objectives 
of this study were to determine the effects of CL cultivars, planting date, and distance 
from pollen source on the outcrossing rate between CL rice and red rice. 

PROCEDURES

Field experiments were conducted at the RREC, Stuttgart, Ark., in 2002 and 2003. 
The experiments were planted in a split-plot design with planting date as main plot and 
cultivar as subplot, with three replications, using an encircle-population combination 
technique (Fig. 1). The soil at the experimental site is a DeWitt silt loam (ýne, smectitic, 
thermic Typic Albaqualfs) with 0.9% organic matter and a pH of 6.2. The ýrst experi-
ment was planted on 25 April, and the second on 21 May 2002. ClearýeldTM cultivars 
CL 161 and CL121 were drill-seeded in 33-ft diameter circles at 100 lb/acre. Natural 
population of Stuttgart strawhull red rice was allowed to grow in the outer concentric 
circle of 66-ft diameter at 2 to 3 plants/ft2. In the inner circle, starting at two- to three-
leaf stage, NewpathÈ was applied at 0.063 lb ai/acre for two consecutive weeks to keep 
the inner circle red rice-free. Other standard agronomic and pest management practices 
were implemented through the growing season. 

Dates of þowering in red rice and CL rice cultivars were recorded. Each circle 
was divided into six sections to observe the effect of wind direction on pollen move-
ment (Fig. 1). At maturity, 50 red rice panicles were hand-harvested from 0, 1.5, 3.0, 
6.0, 10.0, 13.0, and 16.0 ft from the interface of CL rice and red rice. The panicles were 
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threshed by hand, and the seeds were cleaned and stored for planting in the ýeld. These 
samples should provide accurate information on the distance of effective pollen þow 
from CL rice if hybrids are detected. At maturity, CL rice was removed from the inner 
circle and red rice was allowed to shatter. The ýeld was left undisturbed during the fall 
and winter of 2002. Volunteer red rice population was sprayed with NewpathÈ at 0.063 
lb ai/acre three times at weekly intervals starting from the one- to two- leaf stage. The 
F1 hybrids were counted and characterized morphologically. The distance of F1 hybrids 
from the CL rice was also recorded. 

Approximately 2,500 seeds were randomly taken from each hand-collected sample 
and were planted in the ýeld also to detect hybrids. Due to space limitations, this was 
done in two batches; the ýrst in 2003 at the Vegetable Research Substation, Kibler, Ark., 
and the second in 2004 at the Cotton Branch Station, Marianna, Ark. At both locations, 
red rice seedlings starting at two- to three-leaf stage were sprayed with Newpath at 
0.063 lb ai/acre for three consecutive weeks. Survivors from hand-collected samples 
and from among the volunteer red rice at the RREC experimental site were conýrmed 
as F1 hybrids using simple sequence repeat (SSR) DNA-ýngerprinting technique (Ra-
jguru et al., 2002). Percent outcrossing was estimated based on the number of hybrids 
detected relative to the total number of red rice seedlings sprayed.

Data on number of F1s detected were analyzed using GLM procedure in SAS 
(SAS, 2004). Data from volunteer red rice plants and the hand-collected samples were 
combined for the overall outcrossing frequency and effective distance of CL rice pollen 
þow. Data on morphological characteristics of F1s were combined across April and May 
planting because planting date had no effect on the plant traits observed. 

RESULTS AND DISCUSSION

Outcrossing Rate in Volunteer Red Rice Plots

PCR ampliýcation with the SSR primer RM 180 produced one DNA fragment of 
about 100 to 120 bp in red rice, but produced a larger fragment (about 160 to 180 bp) in 
CL rice (Fig. 2). F1 hybrids showed two fragments, one corresponding to each parent. 
There was no interaction between planting date and cultivar on the outcrossing rate, so 
only the main effects are discussed here. Averaged over cultivars and replications in 
volunteer red rice plots, there was no signiýcant difference in outcrossing rates detected 
in April (0.0011%) and May (0.0019%) planting (Table 1). The combined outcross-
ing rate (total 0.55 acre in the experiment )was 0.001% in April and 0.002% in May 
planting. The average outcrossing rate of CL161 (0.0022%) was higher than CL121 
(0.0009%), averaged over planting date and replications. Averaged over two planting 
times, 6 hybrids in CL121 and 16 in CL161 were found at the interface (0 ft) of the CL 
rice and red rice (Fig. 3). The number of hybrids found were higher in CL161 plots than 
CL121 but the trend of decreasing number of hybrids as the distance increased from the 
interface was similar in both cultivars. Most of the hybrids were late in þowering and 
their seeds did not mature in the ýeld due to the onset of cold weather.  
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Outcrossing Rate in Hand-Collected Samples

Outcrossing rate was not signiýcantly different between planting dates as well as 
between CL121 and CL161 cultivars based on the average of three replications (Table 
1). The combined outcrossing rate over both cultivar and replications was 0.007% 
and 0.012% in April and May planting, respectively. The combined outcrossing rate 
over two planting dates and replications was 0.01% and 0.02% for CL121 and CL161, 
respectively. These ýgures were higher than the outcrossing rate estimated from vol-
unteer red rice plants. The average number of hybrids found in CL121 ranged from 
one to two at any distance from the interface, whereas in CL161 the range was from 
one to ýve (Fig. 4).

Grand Total Outcrossing Rates

The grand total outcrossing rate was calculated by combining the number of 
hybrids detected from hand-collected samples and hybrids documented among the 
volunteer red rice plants in each plot. Averaged over cultivars and replications, there 
was no signiýcant difference between the two planting dates (Table 1). Outcrossing rate 
of 0.004% and 0.006% was found in the April and May planting, respectively, in the 
total experimental area under each planting date. CL161 showed signiýcantly higher 
outcrossing (0.0028%) than CL121(0.0012%) when averaged over three replications. 
The combined outcrossing in the 0.56 acre area was 0.003% and 0.008% for CL121 
and CL161, respectively. The overall outcrossing rates observed in this study were 
very close to rates reported between Mediterranean GM rice to conventional rice and 
red rice (Messeguer et al., 2004) and the outcrossing between glufosinate-resistant rice 
and red rice (Zhang et al., 2003). A signiýcant difference was detected between CL rice 
cultivars.  Hybrids were detected among volunteer plants up to this distance. Higher 
outcrossing in CL161 than CL 121 suggests that factors other than synchronization in 
þowering contributed to the difference in outcrossing rates between the two CL rice 
cultivars. This could be the height difference between pollen donor and pollen acceptor. 
Difference in morphology of þowers of CL161 and CL121 could be another reason 
for the difference in outcrossing rate. A detailed study of þoral structure and anatomy 
of CL121 and CL161 can shed light on the difference in outcrossing potential of these 
two cultivars. The amount of pollen production and longevity are also factors to con-
sider. CL rice pollen could potentially move into red rice-infested ditches or adjacent 
production ýelds. On-farm observation experiments will be required to determine how 
far this distance could actually be. 

Morphological Characteristics

The F1 plants from both CL121 and CL161 plots were signiýcantly taller than 
their CL rice parent (Table 2). The average þag leaf length (35 cm) was greater in F1s 
from both cultivars than their parents. The average þag leaf width of F1s was the same 
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as that of CL161 (16 mm). The red rice parent had the narrowest þag leaf (13 mm). 
Hybrids, either from CL121 or CL161, had signiýcantly longer panicles than the red 
rice parent. All the hybrids had pale-colored, rough-textured leaves, which were similar 
to the red rice parent. Increase in plant height of F1 hybrids of CL rice and red rice is 
consistent with observations in other studies conducted between crosses of herbicide-
resistant rice, wild rice, or red rice ( Langevin et al., 1990; Oard et al., 2000; Zhang 
et al., 2003). Due to increased height, þag leaf length, and general plant size, hybrids 
should be more competitive in terms of space, light interception, nutrient uptake, and 
availing themselves of other resources in the ýeld compared to red rice and CL rice 
cultivars. However, the hybrids exhibited some reduced ýtness in terms of delayed 
maturity, which prevented most of them from producing viable seed. 

SIGNIFICANCE OF FINDINGS

Results of this study suggest that CL rice cultivar and distance from pollen source 
inþuence the outcrossing rate. Although the outcrossing rates are very low, in a ýeld 
situation this low rate can result in approximately 70 resistant plants/acre based on data 
from CL161 planted in May. These numbers are signiýcant where rice is planted in 
hundreds of hectares. Scott and Burgos (2004) already reported a conýrmed outcross-
ing between CL 161 and red rice in a farmerôs ýeld in Arkansas, which corroborates 
the ýndings of this study. Given enough warm days, and without further intervention 
after rice harvest, some F1 plants can produce viable seed toward late fall. Control of 
herbicide-resistant gene þow from CL rice to red rice is critical for a sustainable her-
bicide-resistant rice technology. 
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Table 1. Estimated outcrossing rates as affected by cultivar and planting
time at the Rice Research and Extension Center, Stuttgart, 2002; Vegetable

Substation, Kibler; and Cotton Research Branch, Marianna, Ark., 2003 and 2004.
 Outcrossing ratez

 Volunteer red rice plotsy Hand-collectedw Grand totalv

Main effects Average Combinedx Average Combined Average Combined
 ------------------------------------------------- (%)--------------------------------------------------
Planting date	      
 25 April 2002 0.0011 a 0.001 0.008 a 0.007 0.0016 a 0.004
 21 May 2002 0.0019 a 0.002 0.014 a 0.012 0.0023 a 0.006
Cultivar      
 CL 121 0.0009 b 0.003 0.008 a 0.01 0.0012 b 0.003
 CL 161 0.0022 a 0.007 0.013 a 0.02 0.0028 a 0.008
z Means followed by the same letter in columns are not signiýcantly different (  = 0.05), studentôs 

t-test.
y Outcrossing based on the hybrids detected among red rice volunteers.
x Combined outcrossing based on total area of the three replications. 
w Outcrossing based on the hand-collected seed samples.
v Grand total outcrossing is based on the total number of hybrids detected among red rice volun-

teers and hand-collected samples.
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Red Rice
(Natural Population)

Clearfield® Rice
33 ft

16.5 ft

Red Rice
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Clearfield® Rice
33 ft

16.5 ft

Fig. 1. Inner circle represents Clearýeld rice and outer circle
represents natural population of red rice at the RREC, Stuttgart, Ark., 2003.

Table 2. Description of morphological characteristics of F1 hybrids,
ClearýeldTM (CL) rice, and red rice found in the experiment at the

Rice Research and Extension Center, Stuttgart, Ark., 2002.
 Morphological characteristicsz

  Flag leaf Flag leaf Panicle Leaf Leaf
Cultivar Height length width length Colory Texturex

 ----------- (cm)----------- (mm) (cm)  
CL121 F1 117 a 35 a 16 a 25 a P R
CL161 F1 122 a 35 a 16 a 25 a P R
CL121 84 c 25 c 15 b 23 a P R
CL161 93 b 31 b 16 a 23 a G S
RR 108 a 27 c 13 c 21 b P R
z Means followed by the same letter in columns are not signiýcantly different (  = 0.05), studentôs 

t-test.
y P = pale; G= green.
x R= rough; S= smooth.
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987654321M

100-120
bp

160-180
bp

Fig. 2. Representative DNA banding pattern of
red rice (Lane 8), Clearýeld rice (Lane 9), and hybrid

(Lanes 1-7) genomic DNA ampliýed by PCR using SSR primer RM 180.
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Volunteer red rice plots
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Fig. 3. F1s from average of April and May planting dates, and three
replications among volunteer red rice plots in CL121 and CL161 plots

as affected by distance from pollen source at RREC, Stuttgart, Ark., 2002.

Hand-collected samples
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Fig. 4. F1s from average of April and May planting dates, and three
replications in hand-collected seed samples from CL121 and CL161 plots as affected by 

distance from pollen source at Kibler and Marianna, Ark., 2003 and 2004.
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Postemergence Herbicide Programs for Control
of Non-Traditional Broadleaf Weeds in Rice

A.T. Ellis, B.V. Ottis, R.C. Scott, and R.E. Talbert

ABSTRACT

Experiments were conducted in the summer of 2004 to evaluate the performance 
of several postemergence broadleaf rice herbicides on sicklepod, cutleaf groundcherry, 
and pitted morningglory at the Rice Research and Extension Center, Stuttgart, Ark., and 
University of Arkansas Pine Bluff Experiment Station, Lonoke, Ark. At Stuttgart and 
Lonoke, weeds were sown in rows perpendicular to the drilled rice rows. A separate 
experiment was conducted on a natural population of Palmer amaranth at the Arkansas 
Agricultural Research and Extension Center, Fayetteville, Ark. 

Postemergence applications were made at two separate timings, an early pos-
temergence (EP) on 1- to 2-in. weeds and late postemergence (LP) on 12- to 14-in. 
weeds at labeled rates. The plots were periodically þushed when the soil moisture 
level was low; both studies were never under þooded conditions. Control (>71 %) 
of cutleaf groundcherry at the EP timing was shown with carfentrazone, aciþuorfen, 
quinclorac, imazethapyr, propanil, penoxsulam, and bispyribac-sodium. Applications 
of carfentrazone, imazethapyr, triclopyr, and propanil controlled cutleaf groundcherry 
at the LP timing. The EP post-applications of halosulsfuron, aciþuorfen, carfentrazone, 
quinclorac, bispyribac-sodium, imazethapyr, triclopyr, and propanil controlled (>79 
%) pitted morningglory. Pitted morningglory was controlled with LP applications of 
carfentrazone, quinclorac, imazethapyr, triclopyr, and IR 5878. Early postemergence 
applications of quinclorac and propanil controlled sicklepod. Control of sicklepod at 
the LP timing was given by quinclorac and triclopyr. At the EP timing, Palmer amaranth 
was controlled by carfentrazone, penoxsulam, imzethapyr, propanil, and bispyribac-
sodium. All LP treatments failed to control Palmer amaranth.
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INTRODUCTION
Over the past few years many growers have been using clomazone (Command) 

instead of propanil and quinclorac for control of grass weeds, especially the herbicide-
resistant barnyardgrass. This dependance upon Command is allowing broadleaf weeds to 
become more of a problem in rice ýelds. Arkansas rice is mostly grown in rotation with 
soybeans. Several broadleaf weeds can be a problem with this rotation. Weeds such as 
cutleaf groundcherry, if not controlled, can reduce soybean yield by 69% (Bell and Oliver, 
1979). Riley and Shaw (1988) found that pitted morningglory reduced soybean yield by 
50% if uncontrolled. Sicklepod infestations have been found to reduce soybean yield by 
as much as 25% (Shaw et al., 1997). Klingaman and Oliver (1994) found that soybean 
yields were reduced 60 to 70% by Palmer amaranth densities of 4 to 10 plants/3 ft of 
row. Infestations of these weeds in a soybean crop will infest a rice crop the next year. 
Levees in rice ýelds can have these weeds, because levees are not þooded. If improperly 
managed for weed control, rice yields on levees can be seriously reduced, especially 
where levees compose a large proportion of the area in the ýeld. These weeds generally 
do not survive after the þood is established but before þooding, these weeds can also 
compete with rice. Also these types of weeds can be expected to be a greater problem 
under alternative methods of irrigation such as furrow and intermittent irrigation. 

PROCEDURES
At the Stuttgart and Lonoke locations, cutleaf groundcherry, pitted morningglory, 

and sicklepod were each drilled in two rows perpendicular to the drilled rice rows. The 
Clearýeld 161 variety was drill-seeded at 90 lb/acre. The test was þushed regularly when 
soil moisture level was low instead of adding a permenant þood. Flushing allowed the 
weeds to survive throughout the growing season. The separate location for Palmer ama-
ranth was a natural population. Herbicide treatments were applied with a CO2 backpack 
sprayer calibrated to deliver 10 gal/acre. The EP and LP herbicide treatments included 
halosulfuron at 0.056 lb ai/acre, aciþuorfen at 0.094 lb/acre, carfentrazone at 0.25 lb/acre, 
quinclorac at 0.38 lb/acre, bentazon at 0.75 lb/acre, bispyribac-sodium at 0.063 lb/acre, 
imazethapyr at 0.063 lb/acre, triclopyr at 0.25 lb/acre, propanil at 4 lb/acre, penoxsulam 
at 0.031 lb/acre, and IR 5878 at 0.067 lb/acre. Weed heights at the EP application timings 
were 1 to 2 inches and at LP were 12 to 14 inches. Herbicide efýcacy was rated on a 0 
to 100% scale with 0 representing no control and 100 representing death of the weed. 
The EP and LP timings were about 28 d apart. Visual ratings on cutleaf groundcherry, 
pitted morningglory, and sicklepod were taken at 7 d after treatment (DAT) and then in 
7 d increments until 21 d after the LP treatments. The EP and LP applications on Palmer 
amaranth were applied 14 d apart. Ratings on Palmer amaranth were taken 7, 14, 21, 
and 28 d after EP timing and 7 and 14 d after LP timing. Clincher at 0.25 lb/acre was 
applied when needed for grass control within plots at Stuttgart and Lonoke. Maximum 
efýcacy for cutleaf groundcherry, pitted morningglory, and sicklepod was reached at 3 
wk after treatment (WAT) and at 2 WAT for Palmer amaranth. These data were subjected 
to ANOVA using Fishers’ protected LSD with p= 0.05. 
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RESULTS AND DISCUSSION

Data were combined across locations for cutleaf groundcherry and sicklepod as 
the interaction between location and herbicide was not signiýcant. At the EP timing, 
cutleaf groundcherry was controlled (>90%) by carfentrazone, quinclorac, imazethapyr, 
and propanil. Moderate control (60 to 70%) of cutleaf groundcherry was shown with 
halosulfuron, aciþuorfen, bispyribac-sodium, and penoxsulam at the EP timing. Cutleaf 
groundcherry at LP timing was controlled (>80%) by carfentrazone and imazethapyr. 
Aciþuorfen, triclopyr, and propanil gave moderate (60 to 77%) control of cutleaf ground-
cherry for the LP timing. At the EP timing, control of sicklepod was only moderate (60 
to 70%) with applications of propanil and bispyribac-sodium. Quinclorac and triclopyr 
treatments gave moderate control (71 to 78%) of sicklepod for the LP timing. 

Pitted morningglory control varied with treatment at the two locations (Table 
1). Quinclorac was effective applied EP at both locations (95 to 99%). At Lonoke, EP 
treatments of carfentrazone, imazethapyr, propanil, and IR 5878 showed moderate (68 
to 78%) control of pitted morningglory. At Stuttgart, EP treatments of halosulfuron, 
aciþuorfen, carfentrazone, bispyribac-sodium, imazethapyr, triclopyr, and propanil 
controlled (>79%) pitted morningglory. At Lonoke, no LP treatments were effective 
in the control of pitted morningglory. Pitted morningglory at Stuttgart was controlled 
at the LP timing by carfentrazone, quinclorac, imazethapyr, and triclopyr. At Stuttgart, 
higher control of pitted morningglory was observed with many more herbicides than 
at Lonoke. This can be attributed to an early-season hail storm at Stuttgart which dam-
aged the pitted morningglory severely and apparently this damage resulted in greater 
sensitivity of the pitted morningglory to these herbicides.  

Palmer amaranth at the EP timing was controlled (>80%) by carfentrazone, 
penoxsulam, imzethapyr, propanil, and bispyribac-sodium (Table 1). At the LP timing, 
Palmer amaranth was not adequately controlled, <40% with all herbicides. At the LP 
timing, the Palmer amaranth population was very dense and large (>12 inches tall) and 
tolerated all the herbicide treatments.

SIGNIFICANCE OF FINDINGS

Cutleaf groundcherry, pitted morningglory, sicklepod, and Palmer amaranth ef-
ýcacy data from this research can and have been used for updating weed control ratings 
in the Arkansas Weed and Brush Control Guide (MP-44).
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Table 1. Broadleaf weed control with postemergence rice herbicides.
 Weed control
 IPOLA AMAPA
Treatment Rate Timing PHYANz CASOB Stutty Lon Fay
 (lb ai/acre) -----------------------------------(%)-------------------------------
Halosulfuron 0.056 EPx 64 29 100 49 39
   LP 19 18 11 26 18
Aciþuorfen 0.094 EP 76 34 91 49 71
   LP 66 23 51 40 19
Carfentrazone 0.25 EP 97 27 94 69 91
   LP 84 37 81 66 16
Quinclorac 0.38 EP 95 53 99 95 23
   LP 44 71 76 26 0
Bentazon 0.75 EP 42 20 50 33 1
   LP 19 11 11 23 0
Bispyribac- 0.063 EP 75 62 100 23 95
 sodium  LP 28 36 10 36 19
Imazethapyr 0.063 EP 100 37 79 71 88
   LP 81 18 75 24 18
Triclopyr 0.25 EP 42 52 81 49 39
   LP 77 78 98 68 3
Propanil 4 EP 100 70 94 46 100
   LP 70 41 24 40 20
Penoxsulam 0.031 EP 71 39 41 19 98
   LP 45 29 16 5 23
IR 5878 0.067 EP 36 10 0 78 44
   LP 22 34 69 15 14
Non-treated   0 0 0 0 0
LSD (0.05)   34 43 30 44 20
z PHYAN = cutleaf groundcherry; CASOB = sicklepod; IPOLA = pitted morningglory; and AMAPA 

= Palmer amaranth.
y Stutt = Stuttgart location; Lon = Lonoke; and Fay = Fayetteville.
x EP =  early postemergence, weed heights 1 to 2 inches; LP = late postemergence, weed 

heights 12 to 14 inches.
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Rice Cultivar Rooting Tolerance to Penoxsulam

A.T. Ellis, B.V. Ottis, R.C. Scott, and R.E. Talbert

ABSTRACT

Two separate studies were conducted at the Rice Research and Extension Center 
in Stuttgart, Ark., in 2004 to assess the effects of penoxsulam on root development of 
rice. In one experiment observations were made on the effect of penoxsulam (Grasp) on 
rice rooting tolerance (root pruning) of the ‘Wells’ cultivar at four timings: 1- to 2-leaf 
(lf), 4- to 5-lf, postþood (POFLD) 1 wk, and at panicle iniation (PI) rice stages, each 
at two rates [0.031 ai lb/acre (1X) and 0.062 lb/acre (2X)]. Root pruning ratings were 
taken at one-wk increments for ýve wk starting on July 5, one wk after þood (WAF). 
At 2 WAF, root pruning was 38 to 58% compared to 1 WAF. By 3 WAF, rice roots 
had recovered and appeared normal. The PI application did not cause observable root 
pruning. The root pruning observed during the vegetative stage of the rice plants had 
no effect on yield. The second study evaluated the response of four cultivars, Wells, 
óCocodrieô, óXL8ô, and óBengalô, to 1X and 2X rates of penoxsulam applied at the 4- to 
5-lf rice stage. XL8 was the most tolerant to root pruning from penoxsulam with 7% 
pruning with the 2X rate 2 WAF. Cocodrie was the least tolerant with 77% root pruning 
from the 2X rate and Wells and Bengal were intermediate with 63% root pruning with 
the 2X rate of penoxsulam at 2WAF. Root growth with all rates, treatment times, and 
cultivars had fully recovered by 3 WAF. Root pruning from penoxsulam did not affect 
rice yield of the four cultivars studied. 

INTRODUCTION

Penoxsulam, a sulfonylurea herbicide, received a Section 3 registration from the 
EPA in October of 2004 as a selective postemergence herbicide in rice for Arkansas, 
Florida, Mississippi, Missouri, Louisiana, and Texas. The mode of action for penoxsulam 
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is inhibition of acetolactate synthase (ALS) which is used in branched amino-acid syn-
thesis vital to plant growth (Ottis et al., 2004). Penoxsulam controls many broadleaf and 
grass weeds including arrowheads, pigweeds, smartweed, hemp sesbania, ducksalad, 
rice þatsedge, and barnyardgrass (Lassiter et al., 2004). However, penoxsulam has been 
reported to cause rice root growth inhibition (pruning) effects (personal communication 
with Ralph Lassiter, Dow AgroSciences, LLC Representative). Bensulfuron-methyl 
(Londax) is a member of the sulfonylurea family of herbicides and shares the same ALS 
mode of action as penoxsulam. Yim and Bayer (1996) observed signiýcant inhibition 
of rice root growth with bensulfuron-methyl applied 3- to 4- days after emergence of 
rice seedlings. Omokawa et al. (1999) also noticed reduced root growth of rice due to 
applications of bensulfuron-methyl. Bispyribac-sodium (Regiment), a selective rice 
herbicide from Valent, also has similar mode of action as penoxsulam. Rice root pruning 
has been documented due to applications of bispyribac-sodium (personal communica-
tion, Valent representative, F. Carey).  

Field studies were established to compare rates and timings of penoxsulam application 
on rice root growth over time and to assess the effects of root pruning on rice yield. 

PROCEDURES

Two ýeld experiments were conducted at the Rice Research and Extension Cen-
ter located in Stuttgart, Ark., on a Dewitt silt loam soil with 1% organic matter, 8% 
sand, 75% silt, 16% clay, and a pH of 5.6. In the ýrst study, penoxsulam was applied 
at 0.031 lb/acre (1X) and 0.062 lb/acre (2X) rates at the 1- to 2-lf (8 June) , 4- to 5-lf 
(22 June),1 wk after postþood (POFLD 1 wk; 5 July), and at panicle-iniation (PI; 28 
July) rice stages. The rice cultivar Wells was drill-seeded at 90 lb/acre. In the second 
study, cultivars Wells, Cocodrie, XL8, and Bengal were drill-seeded at 90, 90, 30, and 
90 lb/acre, respectively, and penoxsulam was applied at the 1X and 2X rates at the 4- to 
5-lf rice stage only. Each experiment was a factorial arrangement with a randomized 
complete block design replicated four times and a non-treated check was included. Plot 
size was 4 by 6 ft. Prior to þood, triclopyr (Grandstand) at 0.25 lb/acre + halosulfuron 
(Permit) at 0.047 lb/acre + crop oil was applied for broadleaf weed control, and cy-
halofop-butyl (Clincher) at 0.25 lb/acre + crop oil was applied for grass weed control 
for both studies. Herbicides were applied with a CO2 backpack sprayer calibrated to 
deliver 10 gal/acre. Visual ratings of root pruning were taken at 1, 2, 3, 4, and 5 WAF 
by gently pulling plant roots and then washing the soil root mass. Ratings were based 
upon amount of root mass present on the treated samples compared to the root mass 
on the untreated check. Data were entered as a percentage of reduction in root mass. 
Rice was harvested by cutting a 4-ft swath in each plot with a small-plot combine. 
Data were analyzed by ANOVA using SAS, and then were separated using Fishers’ 
protected LSD at p = 0.05. 
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RESULTS AND DISCUSSION

Root pruning was observed from all treatments except for the PI timing (Table 
1). Root pruning at 1 WAF from the 1- to 2-lf and 4- to 5-lf treatments was similar, 20 
to 31% for the 1X and 2X rates. By 2 WAF root pruning had increased to 38 to 58% 
from these treatments for both rates; however, by 3 WAF there was no noticeable root 
pruning any for treatments. At 1 wk after the POFLD 1 wk treatment, 44-45% root 
pruning was observed, but there was full recovery by 2 wk after treatment. At 1 wk 
after the PI application no root pruning was observed. Yields were not affected by early 
injury to the rice roots (Table 1). 

Root pruning on the Wells and Bengal cultivars treated with penoxsulam at the 4- to 
5- lf stage was moderate (13 to 30%) from the 1X and 2X rates at 1 WAF (Table 2). By 2 
WAF, root pruning on Wells increased slightly for the 1X rate, but nearly doubled (69%) 
for the 2X rate; however, by 3 WAF, no pruning was visible. Root pruning for Cocodrie 
at 1 WAF was moderate (25%) for the 1X rate and high (51%) for the 2x rate. At 2 WAF, 
root pruning on Cocodrie increased dramatically to 65% for the 1X rate and 77% for the 
2X rate; however, by 3 WAF no pruning was evident. XL8 was most tolerant to penox-
sulam with pruning at 1 WAF of only 18% for the 1X rate and 28% for the 2X rate, but 
in contrast to the other cultivars root pruning decreased to <7 % by 2 WAF. Yields of all 
cultivars evaluated were not affected by root pruning. One possibility for the no reduction 
in yield from the earlier root pruning is that this effect was very transient. 

SIGNIFICANCE OF FINDINGS

The XL8 hybrid rice cultivar seems to have more of a tolerance to penoxsulam 
than other cultivars observed in this study. Rice yields are not affected when penoxsulam 
was applied to rice even at twice the labeled rate. These results generally support the 
safe use of this new herbicide tool in rice.
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Table 2. Root pruning and yield of rice as affected by cultivar
and rate of penoxsulam applied at 4- to 5-lf rice stage on 22 June.

 Rating date 
Rice Penoxsulam 1 WAFz 2 WAF 3 WAF Rice
cultivar rate 5 July 12 July 19 July yield
 ------------------- (% pruning)-------------------- (bu/acre)
Wells 0 0 0 0 116
 1Xy 29 38 0 109
 2X 30 63 0 110
Cocodrie 0 0 0 0 122
 1X 25 65 0 127
 2X 51 77 0 141
XL8 0 0 0 0 126
 1X 18 4 0 128
 2X 28 7 0 133
Bengal 0 0 0 0 125
 1X 13 53 0 135
 2X 30 63 0 134
LSD (0.05)  20 14 NS 11
z WAF = weeks after þood. Flood applied on 28 June.
y 1X rate =  0.031 lb ai/acre; 2X rate = 0.062 lb/acre.  

Table 1. Root pruning and yield of rice as affected
by application time and rate of penoxsulam.

 Rating date 
  1 WAFz 2 WAF 3 WAF 4 WAF  5 WAF Rice
Timing Rate 5 July 12 July 19 July 26 July 2 Aug yield
 ------------------------ (% pruning)-------------------------- (bu/acre)
Non-treated 0 0 0 0 0 0 105
1- to 2-lfy 1Xx 25 38 0 0 0 101
 2X 26 41 0 0 0 106
4 to 5 lf 1X 31 58 0 0 0 109
 2X 20 52 0 0 0 110
POFLD 1 wk 1X - 45 0 0 0 104
 2X - 44 0 0 0 106
PI 1X - - - - 0 111
 2X - - - - 0 107
LSD (0.05)  14 NS NS NS NS NS
z WAF = weeks after þood. Flood applied on 28 June.  
y 1- to 2-lf applied on 8 June; 4- to 5-lf applied on 22 June; POFLD 1 wk = 1wk after postþood 

applied on 5 July; PI = panicle initiation applied on 27 July. 
x 1X rate, 0.031 lb ai/acre; 2X rate, 0.062 lb/acre.
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PEST MANAGEMENT: WEEDS

Growth, Development, and Physiological
Characteristics of Selected Red Rice

(Oryza sativa) Accessions from Arkansas

D.R. Gealy

ABSTRACT

Seed of 13 awnless strawhull, 5 awned strawhull, and 8 awned blackhull red rice 
accessions were obtained from Arkansas and other southern rice-producing states and 
evaluated for growth, development, and physiological characteristics in ýeld experiments 
at Stuttgart, Ark. Maximum plant heights ranged from 118 to 161 cm compared with 
101 cm for the long-grain cultivar ‘Kaybonnet’. Days to heading for these accessions 
ranged from 83 to 108 days compared with 96 days for Kaybonnet. As a group, awned 
blackhull accessions headed later than the awnless strawhull accessions. All red rice 
accessions except for a rice-red rice cross, KatyRR, experienced signiýcant seed shat-
tering before harvest. Chlorophyll content in red rice seedlings averaged 15% less than 
in Kaybonnet, accounting for the lighter green coloration of red rice. When expressed 
on a per-leaf-area basis, leaf transpiration and photosynthesis rates were similar for 
ýve diverse accessions of red rice, but were 12 to 13% less than for Kaybonnet. The 
relatively low leaf-gas exchange values for red rice were consistent with their relatively 
lower chlorophyll contents compared to Kaybonnet. However, red rice’s low gas-ex-
change rates per leaf area were more than compensated for by its greater production 
of tillers and total biomass which generally ranged between 2 and 3.5 times that of 
Kaybonnet. Most of the red rice accessions were categorized as ‘medium-grain’ types 
based on their seed dimensions. This research quantiýed several key biological traits 
among distinct types of red rice and established baseline comparisons with commercial 
rice in Arkansas.
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INTRODUCTION

Native to the Asian continent, red rice (Oryza sativa L.) is a weedy relative of 
commercial rice and was found in North America in rice-producing areas of the Caro-
linas as early as the mid 1800s (Dodson, 1900; Stubbs et al., 1904). By the late 1800s, 
red rice had been introduced into rice-producing areas of Louisiana (Dodson, 1898, 
1900) and Texas (Laude, 1918), and by the early 1900s, it was present in rice ýelds in 
Arkansas (Vincenheller, 1906). Since that time, it has become one of the most trouble-
some weeds of rice in the southern U.S. (Bridges and Baumann, 1992; Dowler, 1997; 
Webster, 2000), causing losses estimated at $50 million annually in the U.S. (Smith, 
1979), and $10 million annually in Arkansas alone (Baldwin et al., 1989). Red rice was 
estimated to infest 30 to 40% of rice acreage in Arkansas, about 50% in Mississippi, 40 
to 50% in Texas, and almost all the rice acreage in Louisiana (Deshaies, 1996).

It has been a troublesome weed in commercial rice because it is a vigorous com-
petitor, produces numerous dormant red seeds that shatter to the ground before harvest, 
and has not traditionally been controllable in rice by available herbicides (Baldwin et al., 
1995; Baldwin et al., 1989). It is readily distinguishable from commercial rice because 
red rice plants are typically taller and more robust than those of commercial rice, and 
have lighter green leaves with a rough texture. 

Red rice and other weedy rice species are major weed problems in rice world-
wide, particularly in dry-seeded, irrigated cropping systems and other systems where 
rice is not planted or transplanted directly into standing water (Global Workshop on 
Red Rice Control, 2000; Vaughan et al., 1999). Presently, red rice and other weedy rice 
species affect rice in areas of North America, Central America, South America, Europe, 
Africa, and Asia. Nonweedy rice cultivars with red bran color (generally lacking seed 
dormancy and shattering) have long been grown for human consumption elsewhere 
in the world and potentially could be genetically similar to weedy U.S. red rice. The 
USDA-ARS rice collection (housed and maintained at Aberdeen, Idaho, and Stuttgart, 
Ark., respectively), presently consists of approximately 18,000 entries, of which about 
2,950 have red bran color and represent several species, including 2,817 entries of Oryza 
sativa as well as entries of O. glaberrima, O. nivara, O. ruýpogon, O. barthii, O. alta, 
O. glumaepatula, and O. latifolia (GRIN, 2000). More than 50% of these ‘red’ Oryza 
entries are from India, Bangladesh, China, and Pakistan.

With the commercial introduction of imazethapyr-resistant rice (óClearýeldô) in 
2002, red rice can now be controlled in a growing rice crop (Gealy, 2005). Red rice and 
commercial rice intercross naturally at a maximum rate averaging about 0.17% (Gealy, 
2005). Thus, herbicide-resistance genes are likely to move into red rice populations 
over time (Gealy et al., 2003a). Repeated use of an herbicide used on a corresponding 
herbicide-resistant cultivar will create great selection pressure in favor of the herbicide-
resistant weed (red rice in this case) (Diggle and Neve, 2001). Likewise, repeated use of 
an herbicide in a commercial rice ýeld that contains one or more naturally tolerant types 
of a weed will eventually select in favor of weed biotypes with greater tolerance to the 
herbicide, thus increasing their populations (Valverde and Itoh, 2001). To date, 4 to 10% 
of red rice accessions tested in the U.S. have been somewhat tolerant to imazethapyr, 
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glufosinate, or glyphosate (herbicides used on herbicide-resistant rice cultivars under 
development) (Gealy, 2005; Gealy and Black, 1998; Noldin et al., 1999a).

Red rice contamination in harvested rice reduces its market value. Long-grain 
rough rice prices can be discounted more than 80% if red rice contamination levels 
exceed 15% (Gealy, 2005). The rice industry makes signiýcant expenditures in order 
to remove red rice grains from rice and to remove the red seed coat from red rice. Rice 
mills can remove many of the red rice seeds from long-grain rough rice (hulls on) by 
exploiting differences in grain size and shape. Red rice in the U.S. typically is medium-
grain with shorter and wider seeds compared to long-grain commercial rice. However, 
long-grain red rice types, which are more difýcult to remove from long-grain rice, are 
occasionally found. Much of the red seed coat of red rice can be removed during milling, 
but the process often damages the quality and appearance of the milled grain. 

Red rice in the southern U.S. is typically ‘strawhulled’ and awnless, or ‘black-
hulled’ and awned (Diarra et al., 1985) and these populations are genetically distin-
guishable from each other and from commercial rice and rice-red rice crosses (Gealy et 
al., 2002; Vaughan et al., 2001). Recent surveys suggest that up to 80% of the red rice 
populations in Arkansas are strawhull awnless and 20% are awned or blackhull, and a 
small number of other types are also present (Gealy, 2005; Shivrain, 2005). Although 
substantial information on the identiýcation, growth, and biology of southern red rice 
types is available (Diarra et al., 1985; Estorninos et al., 2005a,b; Noldin et al., 1999b; 
Shivrain, 2005), additional knowledge of the growth, development, and grain properties 
for a large number of diverse red rice types and red rice-commercial rice crosses can be 
helpful in the identiýcation of speciýc red rice populations and their management in rice 
production systems, especially since new practices such as planting herbicide-resistant 
rice may alter the existing equilibrium of red rice populations in rice.  

A large number of diverse red rice types from rice-producing areas in Arkansas 
and other southern states were collected and evaluated for their emergence, growth and 
development, physical characteristics, photosynthesis and transpiration, biomass and 
seed production, and seed dimensions under ýeld conditions at Stuttgart, Ark.

PROCEDURES

In 1994 and 1995, seeds from diverse groups of mature red rice plants were 
collected from plants growing in rice ýelds in Arkansas or acquired from Louisiana, 
Mississippi, or Texas. Each seed stock was designated with the preýx AR, LA, MS, or 
TX according to its state of origin, and a unique identiýcation number. There were 19 
strawhull types and 8 blackhull types. Where possible, seeds were initially collected 
from individual panicles or plants and designated as a particular accession in order to 
minimize the genetic diversity among the seeds of that accession. The tropical japonica 
(Mackill, 1995), a traditional short-stature, short-season, high-yield, southern long-grain 
Kaybonnet, was included as a standard commercial cultivar. 

Biological characteristics of the red rice types were evaluated in ýeld experiments 
at Stuttgart, Ark., in 1995 and 1996 on a DeWitt silt loam (ýne, montmorillonitic, ther-
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mic Typic Albaqualf). The ýeld preparation, planting, fertilizer application, and water 
management generally were performed according to standard production practices for 
Arkansas (Helms, 1994). Immediately prior to planting, soil was tilled twice with a 
narrow-hoe chisel and a basket roller. Seeds of red rice types and several rice standards 
were drill-planted into moist soil in early June of 1995 and 21 May 1996. Seeds were 
planted approximately 2 cm deep in single rows that were 140 cm long and spaced 
60 cm apart. Because the number of seeds was limited for many types, only 15 and 
21 seeds per 140 cm row were planted in 1995 and 1996, respectively. Awns, when 
present, were removed from seeds before planting. Nitrogen fertilizer was applied at 
preþood only in early July of both years as urea at 110 kg N/ha to dry soil. Propanil, 
thiobencarb, and bensulfuron were applied uniformly to all plots at labeled use rates 
(Baldwin et al., 1995) as needed to kill unwanted vegetation.   

Approximately 3 wk after planting (WAP), the numbers of emerged plants in each 
row were determined, as were heights and number of leaves per plant for ýve typical 
plants in each row. Relative chlorophyll content in the youngest fully-expanded leaves 
from eight plants was estimated using a hand-held silicon photodiode detector (Minolta 
SPAD 502; Spectrum Technologies Inc., Plainýeld, Ill.). Thus, SPAD meters can provide 
a quantitative measurement of the ‘lightness’ or ‘darkness’ of green color in rice leaves 
and have been used previously to correlate leaf chlorophyll and leaf nitrogen content in 
rice plants (Peng et al., 1996; Takebe and Yoneyama, 1989). The number of days from 
emergence to 50% heading were recorded for each type. 

At the heading stage after þag leaves were fully elongated (early Sept. 1995 and 
late Aug. 1996), net photosynthesis, transpiration, and diffusive resistance of þag leaves 
were measured in the ýeld on regionally representative red rice types, AR-StgS, AR-
StgB, LA-3, MS-4, and TX-4, and on Kaybonnet using a closed-system, infrared gas 
analyzer system equipped with leaf and air thermometers, a humidity meter, and a light 
meter (Model CI-301PS; CID, Inc., Vancouver, Wash.) (Gealy, 1998). Net photosynthe-
sis, transpiration, and stomatal resistance are indirect indicators of plant productivity, 
water use, and the degree of stomatal opening, respectively. Temperatures of leaves in 
the leaf chamber (not temperature controlled) ranged from 38 to 40°C (100 to 104°F) 
and relative humidity ranged from 47 to 49%. Ambient light intensities ranged from 
1930 to 2000 umol m-2 s-1 of photosynthetically active radiation (approximately full 
sun intensity). Ambient CO2 concentrations in the air ranged from 280 to 300 uL L-1. 
Maximum ambient air temperatures were 32 to 35°C (90 to 95°F).

At harvest, plant height, tiller, and panicle numbers (1996 only), stem dry weight, 
seed dry weight (seed yield), and total plant dry weight per meter of row were determined 
for all red rice types and rice standards. Tiller and panicle numbers, and dry weights 
were expressed per meter of row rather than per plant because plant densities sometimes 
varied between plots. A small sample of seed was taken from each type, dried at 50°C 
for three days, and the 100-seed weight determined to the nearest milligram. 

Fifteen seeds were subsampled from each ýeld plot for determination of seed 
dimension and awn length. Length, width, and thickness of each rough-rice seed (Adair 
et al., 1973) and awn length were measured with calipers (Plasti-cal digital calipers, 
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model 30-412-1, Forestry Suppliers, Inc., Jackson, Miss.), which were accurate to 0.1 
mm. Hulls were then removed by hand from these seeds and the resulting caryopses 
were measured.

The experimental design was a randomized complete block with three replications. 
The experiment was conducted in 1995 and 1996 with the year effects considered as 
blocks. Data were combined and subjected to analysis of variance. Means were separated 
using a Fisher’s protected LSD test at the 0.05 level of probability. 

RESULTS AND DISCUSSION

Emergence three WAP of 26 red rice accessions from Arkansas, Louisiana, Mis-
sissippi, and Texas ranged from 48% for AR-12B to 90% for AR-14C (Table 1). Except 
for AR-12B, all red rice accessions emerged at levels similar to Kaybonnet. Low emer-
gence levels appeared to be correlated with late heading in some red rice accessions. 
Plant heights at three WAP ranged from 12.6 cm for AR-20E to 19.3 cm for AR-13A. 
The Kaybonnet standard was intermediate between the high and low at 16.2 cm. At 
this early stage, average height of blackhull types appeared to be slightly greater than 
that of strawhull types (17.3 vs 15.4 cm). 

At three WAP, the number of leaves per plant ranged from 3.0 for AR-12B to 
4.8 for AR-16E with an average of 3.8 (LSD 0.05=0.7; data not shown). At this stage, 
the number of leaves per plant for all red rice accessions was equal to or greater than 
that for Kaybonnet (3.7). The accessions with the fewest leaves at 3 WAP also tended 
to head latest.

Generally, strawhull-awned red rice headed latest, strawhull awnless types headed 
earliest, and Kaybonnet headed between the two groups (Table 1). Heading of blackhull 
awned types varied from early to late, but most were not different from Kaybonnet 
(Table 1). Days to heading ranged from 83 d for AR-14C, AR-16B and AR-StgS to 
108 d for AR-12B and LA3. Kaybonnet headed at 96 d. The range of ‘Days to anthesis’ 
(comparable to ‘emergence to 50% heading’) for the ‘red’ entries in the U.S. rice col-
lection was much greater than that of the southern red rice accessions with values from 
less than 60 d to more than 140 d (GRIN, 2000).

Leaves of Kaybonnet usually were darker green in color (greater SPAD values) 
than the red rice types (Table 1). This is consistent with ýeld observations that red rice 
plants can usually be differentiated visually from the commercial cultivars they infest 
by their lighter green color and their greater height. SPAD values for red rice ranged 
from 29 for AR-11D to 37 for MS4. By comparison, the SPAD value for Kaybonnet 
was 39. The red rice types showing the lightest shades of green color included AR-11D, 
AR-3B, AR-12B, AR-7, AR-20E, AR-14F, AR-13A, and AR-StgS. The darkest green 
types included MS4, AR-16E, AR-9B, AR-14C, AR-5A, AR-4A, AR-16B, AR-10A, and 
TX4. A majority of the eight blackhull red rice types were among the darkest green of 
all types, suggesting that blackhull types may be slightly darker green as a group than 
strawhull types. Overall, SPAD values (chlorophyll content) of red rice seedlings aver-
aged 15% less than for Kaybonnet. Shivrain (2005) has subsequently shown that the light 
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green color trait is dominant over dark green. In addition to the light green coloration, 
leaves of mature red rice plants can be distinguished from commercial rice (glabrous) 
because of their rough, pubescent surface (Gealy et al., 2003b; Shivrain, 2005).

Net photosynthesis, transpiration and diffusive resistance values for þag leaves 
generally were similar among the red rice types tested (Table 2). AR-StgB had a 
slightly lower net photosynthesis and transpiration rate, and appeared to have a slightly 
elevated diffusive resistance compared with several of the other types. Generally, red 
rice leaf-transpiration and photosynthesis rates were similar among accessions, but 
as a group these were 12 to 13% less than for Kaybonnet. The relatively low leaf-gas 
exchange values for red rice were consistent with their relatively lower chlorophyll 
contents compared to Kaybonnet. However, red rice’s low gas-exchange rates were 
more than compensated for by its greater production of tillers and total biomass. Net 
photosynthesis rates of medium-grain rice in California under similar conditions were 
approximately 15 to 45% higher (Bouhache and Bayer, 1993) than the value obtained 
for Kaybonnet in the current study (Table 2). The overall higher photosynthesis rates 
in the California study may have occurred because those plants were younger, were 
periodically treated with fertilizer, and were greenhouse-grown where environmental 
stresses can be less than in the ýeld. 

At harvest, the height of Kaybonnet was 101 cm, and red rice heights ranged from 
118 cm for AR-18E to 161 cm for AR-13A (Table 1). As a group, strawhull-awned red 
rice types were the tallest, strawhull awnless types were the shortest, and blackhull-
awned types were variable (Table 1). All red rice accessions except for the KatyRR cross 
were taller than Kaybonnet. The AR-StgS local type was one of the shortest of all red 
rice types. Many of the taller red rice types lodged late in the season. By comparison, 
heights of ‘red’ entries in the U.S. rice collection ranged from less than 80 cm to more 
than 160 cm (GRIN, 2000). About 60% of these were within the height range of the 
southern red rice accessions in the present study. 

Tiller production (recorded in 1996 only) ranged from 205 per m row for AR-16 
E to 345 per m row for AR-StgB (Table 1). Kaybonnet produced only 110 tillers/m 
of row. Most red rice types produced more than twice the number of tillers/m of row 
compared to commercial rice. A subset of these red rice types have produced similarly 
large numbers of tillers in other studies at Stuttgart (Estorninos et al., 2005 a,b). 

Panicle production in 1996 ranged from 48/m of row for AR-13A to 204/m of row 
for LA3 (Table 1). Six of the ten types ranking lowest in panicles/m of row were also 
among the latest to head (Table 1). Cool, late-season weather in 1996, which induced 
new tiller formation in some types, may have contributed to the reduced number of 
panicles in those types.

Stem dry-weight production ranged from 490 g/m of row for AR-11D to 860 
g/m of row for LA3 (Table 1). Kaybonnet stem dry weight was less than half of that 
of all red rice types at 210 g/m of row. Seed yield (rough rice) ranged from 56 g/m of 
row for AR-12B to 215 g/m of row for AR-16B (Table 1). Many red rice types lost a 
portion of their seeds to shattering before they could be harvested. Therefore, the red 
rice seed yields reported are probably lower than the true seed yields. The long-grain 
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cross, KatyRR (Gealy et al., 2002), produced the greatest seed yield in 1996, largely 
because it does not shatter. Total biomass ranged from 540 g/m of row for AR-11D to 
980 g/m of row for AR-StgB (Table 1). Total biomass of Kaybonnet was 290 g/m of 
row, about 50% of that for the least massive red rice type. 

The 100-seed weight ranged from 1.4 g for MS4 to 2.1 g for AR-StgB and TX4 
(Table 1). Several types produced proportionately lighter seeds in 1995 than in 1996 
(AR-10A, AR-11D, AR-13A, and AR-12B; data not shown). The reduced 100-seed 
weight levels apparently occurred in these types in 1995 because their normally late 
maturity was delayed even more due to late-season cold weather which prevented 
optimal seed ýlling. 

Considerable variation in growth characteristics among red rice types has been 
reported previously (Diarra et al., 1985). In these studies, tillering and straw production 
were greater and maturity dates were later for blackhull than for strawhull types. In the 
same study, a blackhull type from Arkansas emerged earlier, tillered 6 to 38% more, 
and produced 8 to 38% more panicles per plant than other red rice types. A blackhull 
type from Texas was 11 to 26% taller than the other types.

Dimensions of red rice seed with and without hulls present are shown in Table 3. 
For red rice seed with hulls present (rough rice), length ranged from 7.71 mm for AR-
2B to 8.75 mm for AR-11D (Kaybonnet was highest at 8.80 mm); width ranged from 
2.77 mm for AR-13A and AR-18E to 3.26 mm for AR-17A (Kaybonnet was second 
lowest at 2.33 mm); thickness ranged from 1.55 mm for MS4 to 1.99 mm for AR-14C 
(Kaybonnet was near the mean at 1.77 mm); and length:width ratio ranged from 2.56 
for AR-StgS to 3.14 for AR-11D (the Kaybonnet was 3.87). Among all red rice acces-
sions, the length:width ratios were generally greatest for awned strawhull types and 
lowest for awnless strawhull types. Lengths, widths, and length:width ratios of all red 
rice accessions with hulls present were within the ranges that are typical of conventional 
U.S. medium-grain rices grown in Uniform Performance Trials in the southern U.S.A. 
(Webb, 1991). Thickness of red rice seeds spanned the ranges for both medium-grain 
and long-grain conventional rices (Webb, 1991). Among the awned red rice entries, 
awn lengths ranged from 25.7 mm for MS4 to 44.6 mm for AR-17C.

For red rice seed with hulls removed (brown rice), seed lengths ranged from 5.26 
mm for AR-2B to 5.95 mm for AR-StgB (Kaybonnet was 6.45 mm); widths ranged from 
2.19 mm for AR-18E to 2.75 mm for AR-11B (Kaybonnet was 1.91 mm); thickness 
ranged from 1.22 mm for MS4 to 1.75 mm for AR-17A (Kaybonnet was 1.46 mm); 
and length:width ratios ranged from 2.02 for AR-StgS to 2.66 for AR-13A (Kaybonnet 
was 3.39). Ratios of seed widths with and without hulls ranged from 0.79 for AR-18E 
to 0.87 for AR-StgS (Kaybonnet was 0.87). The brown rice grading standards estab-
lished by the USDA for medium-grain types have speciýed average kernel lengths of 
5.51 mm to 6.60 mm and average kernel length:width ratios of 2.1 to 3.0 (Adair et al., 
1973). Values for most of the dehulled red rice types (Table 3) are within these ranges. 
The dehulled seeds produced by the cross, KatyRR, were very long (6.76 mm) with a 
length:width ratio (2.88) near the upper range for a medium-grain type (Table 3). Thus, 
this accession is in a shape-size category intermediate between that for long-grain and 
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medium-grain types. Subsequent DNA ýngerprinting with microsatellite markers has 
shown that KatyRR (A.K.A. AR1996-1) is genetically similar to several other rice-red 
rice crosses (Gealy et al., 2002), suggesting that it was derived from a cross between a 
long-grain commercial rice and medium-grain red rice. The seed dimensions of some 
strawhull accessions were intermediate between those for medium-grain and short-grain 
rices (AR-StgS, AR-2B, AR-7, and AR-20E). The blackhull accessions AR-5A, AR-8, 
AR-17C, and AR-18E also fell into the intermediate category based on seed length 
only. Values for red rice grains with hulls present (‘rough rice’) (Table 3) generally fell 
within the same ranges as those reported previously for red rice types from Arkansas, 
Texas, and Louisiana (Diarra et al., 1985). 

Diverse populations of shattering weedy rices (both red and non-red types) have 
developed in direct-seeded rice cultures of Asia and other parts of the world, and include 
both indica types (generally more tropical) and japonica types (generally more temper-
ate) of O. sativa (Vaughan et al., 1999). Throughout the world, the most troublesome 
weedy rices generally are those possessing the AA genome (usually O. sativa or O. 
glaberrima) which are most similar to the rice crops that they infest. Other weedy Oryza 
species having the AA genome include O. nivara, O. ruýpogon, O. sativa f. spontanea, 
O. barthii, O. longistamminata, O. punctata, and O. latifolia (Vaughan et al., 1999). 

More than half of the foreign ‘red’ entries in the U.S. rice collection are medium-
grain types, which comprise about three and ýve times the number of long-grain and 
short-grain types, respectively (GRIN, 2000). Additionally, more than 95% of these 
‘red’ entries had partially or completely pubescent seed hulls. The general similarities 
between U.S. red rice accessions (Table 3) and ‘red’ entries in the U.S. rice collection 
(GRIN, 2000) leave open the possibility that U.S. red rice may be closely related to one 
or more of these foreign ‘red’ types. DNA studies addressing this question in detail are 
currently underway at Stuttgart (Gealy, unpublished data). 

With a few exceptions, red rice accessions evaluated in the present studies were 
medium-grain types and generally could be grouped visually into strawhull awnless, 
strawhull awned, and blackhull awned types. The awned and awnless red rice types may 
have developed from different genetic backgrounds as indicated by DNA ýngerprinting 
studies in which awned red rice, awnless red rice, rice-red rice crosses, and rice culti-
vars could generally be grouped into genetically distinct clusters (Gealy et al., 2002). 
In similar ýngerprinting studies, awnless strawhull red rice, but not awned blackhull 
red rice, appeared to have a genetic background similar to that of indica rice (Vaughan 
et al., 2001). Growth, development, and seed characteristics varied widely among red 
rice accessions, but all were taller, lighter green in color, and produced more tillers than 
rice. The large difference in seedling emergence between certain red rice types may 
affect the overall weed pressure from these types early in the growing season when 
impacts from herbicides and competition often are most critical. Red rice types with 
low or delayed emergence may cause relatively little crop damage and be more easily 
controlled by herbicides compared to those with greater emergence. Variable þowering 
dates are likely to ensure partially synchronous þowering between some red rice types 
and herbicide-resistant rice, thus increasing the probability of gene þow between the 
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two Oryza types. Minimizing this gene þow rate will be a key to managing herbicide-
resistant cropping systems in rice.

SIGNIFICANCE OF FINDINGS

This research revealed key differences in several biological characteristics between 
and among awnless-strawhull, awned-strawhull, and awned-blackhull red rice types, 
a rice-red rice cross, and commercial Kaybonnet rice. For instance strawhull-awnless 
red rice types headed much earlier and were taller than strawhull-awned types. Relative 
chlorophyll content (used to estimate darkness of green coloration) and photosynthesis 
rates of red rice leaves averaged nearly 15% less than those of Kaybonnet. Although some 
red rice types were noticeably smaller (i.e. less competitive) than others, most red rice 
types more than compensated for these disadvantages in chlorophyll and photosynthesis 
levels by producing 2 to 3.5 times the tillers and biomass compared to Kaybonnet. Most 
red rice accessions were considered medium-grain types based on seed dimensions. Yet 
seed length:width ratios tended to be greatest for awned-strawhull types (more similar 
to long-grain commercial rice) and lowest for awnless-strawhull types (more similar 
to medium-grain or short-grain rice). The collective biological differences among red 
rice types in these studies may result in advantages for some types over other types. 
Strawhull-awned types may be particularly troublesome. Their large, late-maturing 
plants can be particularly competitive and their relatively high seed length:width ratios 
may reduce the efýciency of red rice seed separation from long-grain rice seeds based 
on size or shape differential. Long-grain red rice such as the KatyRR cross could be 
nearly inseparable from long-grain commercial rice using these methods. 
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Table 1. Growth and biological characteristics
   SPAD value 
  Date seed (relative Number
Accession/  collected or chlorophyll seedlings
description Source acquired 3 WAPw 3 WAPw

   (relative units) (% of planted)
Awnless strawhull types 
 AR-StgS  Stuttgart,Ark. 8/94 32 77
 AR-2B  Stuttgart, Ark. 8/94 32 74
 AR-3B  Hazen, Ark. 8/94 30 88
 AR-4A  Hazen, Ark. 8/94 34 83
 AR-7  Hazen, Ark. 8/94 31 77
 AR-9B  Stuttgart, Ark. 8/94 36 73
 AR-11B  DeWitt, Ark. 8/94 33 76
 AR-13G  DeWitt, Ark. 8/94 33  74
 AR-14C  DeWitt, Ark. 8/94 35 90
 AR-16B DeWitt, Ark. 8/94 34 74
 AR-16E  DeWitt, Ark. 8/94 36 65
 AR-17A  DeWitt, Ark. 8/94 33 62
 AR-20E  Stuttgart, Ark. 9/94 31 60
Awned strawhull types 
 AR-11D  DeWitt, Ark. 8/94 29 54
 AR-12B  DeWitt, Ark. 8/94 31 48
 AR-13A  DeWitt, Ark. 8/94 32 60
 LA3  Crowley, La. 1/95 32 77
 MS4 (SH?) Miss. 1/95 37 72
Awned blackhull types
 AR-StgB  Stuttgart, Ark. 8/94 34 67
 AR-5A  Hazen, Ark. 8/94 35 66
 AR-8  Hazen, Ark. 8/94 33 69
 AR-10A  Stuttgart, Ark. 8/94 34 74
 AR-14F  DeWitt, Ark. 8/94 32 82
 AR-17C  DeWitt, Ark. 8/94 33 83
 AR-18E  Stuttgart, Ark. 9/94 33 68
 TX4  Katy, Texas 1/95 33 79
Standards
 Kaybonnet long-grain Stuttgart, Ark. 5/95 39 77
  rice cultivar (SH awnless)    
 KatyRR (SH awnless;      Stuttgart, Ark. 96 35 57
  long-grain cross; 1996)
  only; not included in
  statistical analysis)    

LSD (0.05)   5 19
z Values presented are means of 1995 and 1996 experiments. The SPAD value is a relative 

indication of chlorophyll content in leaves. Within a species, higher values generally indicate 
greater levels of leaf chlorophyll, and thus, a darker green color.

y The LSD (0.05) can be used to compare all means within a column.
x Stuttgart, Ark. and DeWitt, Ark. are located in Arkansas Co. Hazen, Ark. is located in Prairie 

Co. KatyRR is a non-shattering, long-grain type that was discovered in a foundation ýeld of 
óKatyô rice, and is an apparent cross between commercial rice and strawhull red rice (Gealy et 
al., 2002).

w WAP = weeks after planting.
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of red rice accessions grown at Stuttgart, Ark.z,y,x

   Emergence Tillers Panicles Stem Seed Total seed
 Plant height to 50% (1996 only) dwt. dwt. dwt. wt.
 3 WAPw Maturity heading Maturity
 --------- (cm)---------- (days) -----(no./m of row)----  ----------(g/ m of  row)---------  (g)
  
 15 122 83 277 152 561 207 769 1.73
 16 130 88 245 127 538 175 713 1.65
 15 137 87 286 148 532 129 661 1.58
 15 133 88 272 160 599 190 789 1.98
 14 135 85 278 148 599 120 719 1.72
 15 143 86 272 143 634 175 809 1.83
 14 130 85 293 189 578 178 756 1.90
 16 134 86 296 159 611 168 779 1.97
 17 134 83 333 168 603 202 805 1.99
 17 122 83 319 149 568 215 782 1.90
 16 137 86 205 143 555 133 688 2.04
 15 135 89 315 157 600 153 754 1.95
 13 126 84 275 193 511 146 657 1.74
  
 16 151 100 286 125 490 57 548 1.77
 17 157 108 216 81 535 56 591 1.62
 19 161 105 248 48 584 67 650 1.70
 14 152 108 322 204 862 105 967 1.88
 14 133 105 267 140 665 103 768 1.37
  
 19 142 106 345 174 842 166 979 2.14
 17 151 94 311 161 582 147 730 
 18 142 97 305 86 499 64 563 1.59
 16 142 104 300 171 714 127 821 2.01
 17 139 97 338 186 691 148 838 1.90
 17 123 89 219 179 517 135 652 1.76
 16 118 102 239 154 497 91 588 1.65
 18 142 103 283 136 784 103 899 2.12
  
 16 101 96 110 --- 212 151 286 1.72
         
 - 114 93 138 112 261 242 739 – 
         
         
         
         
 3 14 9 107 78 142 57 166 0.18
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Table 2. Flag leaf photosynthesis, transpiration, and
diffusive resistance for selected red rice accessions in the ýeld.z,y,x

 Plant Net  Stomatal diffusive
Accession type photosynthesis Transpiration resistance
  (mmol m-2s-1) (mmol m-2s-1) (mol m-2s-1)
AR-StgS awnless strawhull red rice 17.9 3.3 9.9
LA3 awned strawhull red rice 16.1 3.2 9.7
MS4 awned strawhull red rice 17.4 3.7 9.4
AR-StgB awned blackhull red rice 15.8 2.9 12.3
TX4 awned blackhull red rice 16.1 3.7 8.6
Kaybonnet awnless strawhull   19.1 3.8 8.1
  commercial long-grain rice
LSD (0.05)   3.0 0.5 NS
     (LSD=2.9 at P=0.11)
z Measurements taken 17 Aug. 1995 and 22 or 26 August 1996 on þag leaves of fully grown red 

rice and rice plants. 
y Ambient light intensities ranged from 1930 to 2000 µmol m-2 s-1 (approximately maximum sun 

intensity). Leaf temperatures in the leaf chamber were 38 to 40°C (~100 to 104°F). Relative 
humidity in the leaf chamber ranged from 47 to 49%. Ambient air CO2 concentration ranged 
from 280 to 300 µL L-1.

x The LSD (0.05) can be used to compare all means within a column. Across all data points, 
photosynthesis was positively correlated with transpiration (R= 0.20 in 1995, 0.51 in 1996, and 
0.55 combined over years) and negatively correlated with stomatal diffusive resistance (R= 
-0.21 in 1995, -0.26 in 1996, and -0.29 combined over years).
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PEST MANAGEMENT: WEEDS

Identifying Red Rice
Crosses in Arkansas Rice Fields

D.R. Gealy, L.E. Estorninos, Jr., and C.E. Wilson

ABSTRACT

Interest in outcrossing between herbicide-resistant rice and red rice has increased 
since the introduction of imidazolinone (IMI)-resistant rice cultivars. Study leaders used 
phenotypic traits and 17 simple sequence repeat (SSR) markers to conýrm outcrossing 
between rice and red rice on three Arkansas farms. A short red rice type from Prairie Co. 
in 2003 had uniform erect plants with awned seeds, rough leaves, and heights similar 
to semi-dwarf rice. The SSR technique detected few heterozygous alleles, suggesting 
that the plants had selfed several times since crossing. A tall red rice type from Prairie 
Co. was segregating for leaf texture, and stem and awn color. These plants were erect, 
much taller than rice cultivars, and produced awned seeds. The SSR technique detected 
many heterozygous alleles, suggesting that the plants had selfed relatively few times. 
Second-generation plants grown from long-grain (LG) red rice seeds found in 2001 in 
an Arkansas Co. ýeld of óCypressô rice produced LG or medium-grain (MG) awnless 
seeds that were red or white in color, had purple lower stems, and were genetically 
similar to cultivated rice. Bushy, rough-leafed, IMI-resistant plants with delayed head-
ing were obtained in 2004 from Jackson Co. The SSR technique conýrmed that these 
were ýrst generation crosses of IMI rice and awnless red rice, because alleles consis-
tent with both IMI rice and awnless red rice standards were detected for all markers. 
Similarly, non-bushy, rough-leafed, early heading, IMI-resistant plants that produced 
pink-awned, MG seeds were apparently ýrst-generation crosses of IMI rice and awned 
red rice. These studies show that visual observations and SSR analysis can be used in 
concert to identify speciýc red rice crosses found in farm ýelds. 
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INTRODUCTION

Interest in outcrossing between rice and red rice has increased since the introduc-
tion of imidazolinone (IMI)-resistant rice and the early observations that these cultivars 
can þower nearly synchronously with common red rice types. Red rice can outcross 
readily with rice because both require similar agro-ecosystems, have the same 12 pairs 
of chromosomes, and are diploids with the same “AA” genome (Gealy et al., 2003). 
However, outcrossing and gene þow may lead to increased genetic diversity in red rice 
especially when the IMI-resistance gene moves from rice into the weed. Recent devel-
opments with polymerase chain reaction (PCR)-based molecular markers, particularly 
the simple sequence repeats (SSR) or microsatellites (McCouch et al., 1997), have 
enabled the detection of genetic relationships and outcrossing frequencies between rice 
cultivars or between rice and red rice (Chen et al., 2004; Gealy et al., 2003; Messeguer 
et al., 2001; Messeguer et al., 2004; Vaughan et al., 2001).  The objective of this study 
was to evaluate the post-crossing phenotypic and molecular evidence for outcrossing 
between rice and red rice on several farms in Arkansas using visual observations and 
rice SSR marker analysis.

PROCEDURES

Plant Materials

In Prairie County, samples were apparent rice-red rice (RR) crosses having long 
awned and blackhulled seeds collected from short or tall plants from a ýeld in 2003. At 
least 30 seeds of each type were planted in the ýeld in Stuttgart in 2004. 

In Arkansas County, samples were collected from various areas of a Cypress ýeld 
in 2001 and grown in the greenhouse in 2002. Original sample plants had rough green 
leaves, basal leaf sheath (stem) coloration ranging from light pink to wine red, green 
awns or were awnless, straw-colored hulls (strawhull), and red seeds. Offspring from 
these plants were grown in a greenhouse in 2004 and sampled for SSR analysis.

In Jackson County, plant samples were collected from about 800 acres of IMI rice. 
Typically, these were either late-heading “Bull” plants (indicative of F1 crosses between 
strawhull red rice and LG rice), or pink-awned, blackhull plants (indicative of a cross 
derived from an awned RR parent). Samples from other ýelds were blackhull, with pink 
long awns, and had rough leaves. Some were blackhull, green-awned, medium short, 
had rough leaves, and were early to medium maturing (i.e. normal red rice). Some had 
short, smooth leaves and long-grain seeds (apparent IMI rice). Most crosses came from 
ýelds planted with óCL161ô IMI rice where they were not controlled by IMI applica-
tions, and were the only red rice survivors present. Apparently, these hybrids formed 
in the 2003 rice crop when IMI applications failed to control normal susceptible red 
rice, thus facilitating hybridization between IMI rice and red rice. 
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DNA Extraction and Analysis

Seedlings used for DNA isolation were grown from seeds planted in the green-
house or in the ýeld. DNA was extracted from leaves of 3- to 4-week old seedlings. 
Genomic DNA served as a template for application by PCR using the SSR rice markers 
RM167, RM19, RM206, RM215, RM219, RM235, RM241, RM251, RM258, RM26, 
RM212, RM220, RM230, RM234, RM261, RM253, RM 180, and RM53. This was 
carried out in 15-µl reaction volumes. 

Ampliýed products were grouped and run using the robotic ABI 3700 DNA ana-
lyzer. SSR fragment sizing was done with GenScan 3.1.2 software, scored with Geno-
typer 2.5, and stored manually. Genetic distances were determined using the SAS IML 
program and displayed graphically using multidimensional scaling (MDS) (Gealy et al., 
2002) to show groupings of genotypes in relation to their phenotypic characteristics.

RESULTS AND DISCUSSION

The short plants from Prairie Co. were uniform and erect with awned seeds, 
rough leaves, and heights similar to semi-dwarf rice (Table 1). They produced mostly 
homozygous alleles that were typical of either red rice or cultivated rice standards 
(data not presented). They were genetically similar to awned red rice standards (Fig. 
1), suggesting that they were crosses of awned red rice and rice. The tall red rice type 
was segregating for leaf texture, basal leaf sheaths (stems), and awn color (Table 1). 
These plants were erect, much taller than rice cultivars, and produced awned seeds. 
SSR detected many heterozygous alleles (Table 2), suggesting that the plants had selfed 
relatively few times. The allele patterns in the tall-statured crosses were more variable 
than in the short crosses suggesting that this cross occurred more recently. Based on 
the MDS generated from nine SSR rice markers, these Prairie Co. crosses usually were 
genetically close to awned, but not awnless, red rice standards (Fig. 1), suggesting that 
awned red rice was a likely parent. Both types probably are products of crosses that 
have undergone multiple generations of self-fertilization.

Long-grain red rice seeds from Arkansas Co. produced plants with rough, green 
leaves, stem colors ranging from slight pink to wine red, green awns or were awn-
less, and had strawhull, red seeds (data not presented). Second-generation plants from 
original seeds were grown in the greenhouse in 2004. These plants were slightly taller 
than Cypress and produced leaves with intermediate roughness, purple lower stems, 
and LG or MG awnless seeds that were red or white in color (Table 1).  SSR analysis 
produced homozygous alleles present in either red rice or rice plants, or produced alleles 
not present in the standards (data not presented). Thus, these plants appear to be several 
generations removed from the initial hybridization. They were genetically similar to 
rice although most had purple stems and red seeds (Fig. 1).

Most plants collected from Jackson Co. were Bull, bushy-type plants with rough 
green leaves, green stems, and awnless, MG, strawhull, and red seeds (Table 1). These 
plants did not þower until they were grown in a warm greenhouse for an additional 
month. The SSR markers produced heterozygous alleles consistent with red rice and 
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cultivated rice (Table 3). Based on genetic distance, they grouped midway between 
strawhull red rice and cultivated rice standards (Fig. 1), and thus were probably F1 
hybrids derived from CL 161 and strawhull red rice. The other plants were non-bushy, 
rough-leafed, earlier heading, IMI-resistant plants that produced pink-awned, MG, and 
red seeds (Table 2). They produced heterozygous alleles consistent with awned red rice 
and cultivated rice standards (Table 3), and were grouped in the MDS plot between 
cultivated rice and awned red rice (Fig. 1), indicating that these were a ýrst-generation 
cross between IMI rice and awned red rice.  Earlier rice-red rice crosses obtained from 
Lawrence, Woodruff, and Arkansas counties were mostly genetically similar to awned 
red rice standards (Fig. 1). These studies demonstrate that visual observations and 
SSR analysis are both useful in the identiýcation of red rice crosses. Additional plant 
standards and markers will further clarify these results. 

SIGNIFICANCE OF FINDINGS

The present study’s SSR analyses produced heterozygous alleles, which indicate 
that outcrossing had occurred between red rice and cultivated rice. The data suggest 
outcrossing products in the ýrst generation or crosses that were several generations re-
moved from the initial hybridization event that have undergone multiple generations of 
self-fertilization. The initial outcrossing that led to these plant types could have occurred 
before or after the development of the IMI herbicide-resistant rice, and potentially could 
have resulted from crossing between rice and red rice as well as between strawhull and 
blackhull or awnless and awned red rice. This work provides a sound basis for reliable 
diagnoses of the identities and recentness of red rice crosses on farms. Such knowledge 
will be useful in the management of red rice crossing in IMI rice systems. 
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Table 1. Phenotypic characteristics of suspected rice-
red rice crosses in Prairie, Arkansas, and Jackson counties, Ark.

  Basal leaf   
 Leaf sheath Awn Hull Seed/
Genotype Texture Color (stem) Present Color color pericarp
Prairie County (plants observed and tissues obtained in research ýelds in 2004) 
 PCz Tall 25 Smooth Green Green Yes Green Black Red
 PC Tall 19 Rough Green Green Yes Green Black Red
 PC Tall 3 Rough Green Green Yes Green Straw Red
 PC Tall 2 Rough Green Green Yes Green Black Red
 PC Tall 14 Rough Green Green Yes Green Black Red
 PC Tall red NRy

 NR NR Yes Green Black Red
 PC Tall 18  Rough(I) Green Green Yes Red Black Red
 PC Tall 26 Rough Green Green Yes Red Black Red
 PC Tall 5 Rough Green Green Yes Green Black Red
 PC Tall 17 Rough Green Green Yes Green Black White
 PC Tall 11 Rough Purple Purple Yes Green Straw Red
 PC Tall 13 Rough Green Green Yes Green Black Red
 PC Tall 1 Rough Light Purple Yes Pink Black Red
      purple
 PC Tall 10 Smooth Green Green Yes Green Straw White
 PC Tall 6 Rough Green Green Yes Green Black Red
 PC Tall 15 Rough Light  Purple Yes Pink Black Red
      purple
 PC Tall 12 Rough Green Green Yes Green Black Red
 PC Tall 7 Rough Purple Purple Yes Green Black Red
	 PC short  Rough Green Green Yes Green Black Red
 	 (all 30 entries)
 
Arkansas County (plants observed and tissues obtained in the greenhouse in 2004)
 AC CPRS RR1 Intermed. Green Purple No  --- Straw Red 
 AC CPRS RR2 Intermed. Green Purple No  --- Straw White
 AC CPRS RR3 Intermed. Green Purple No  --- Straw White
 AC CPRS RR4 Intermed. Green Purple No  --- Straw Red
 AC CPRS RR5 Intermed. Green Purple No  --- Straw Red
 
Jackson County (plants observed and tissues obtained in farm ýelds in 2004) 
 Bull red (all) Rough Green Green No  --- Straw Red
 Pink awned (2)  Rough Green Purple Yes Pink Black Red
z PC - Prairie County; AC - Arkansas County; Intermed. = slightly rough, nearly smooth leaves; 

AC plants from previous generation had slightly pink to wine red stems and red seeds; Jack-
son County Bull reds were bushy and with delayed heading while pink awned plants were 
non-bushy and headed much earlier. Awnless and awned red rice standards had rough, green 
leaves, green basal leaf sheaths, and red seeds; awns when present were light green (not 
shown in table).

y NR = not recorded.
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Table 2. Number of base pairs generated from selected
markers used for suspected tall red rice crosses in Prairie County, Ark.

 RM 206z RM 219 RM 241 RM 251
Genotype A/By   A/B  A/B A/B
Suspected tall red rice crosses
 PCx Tall 25 132 195 145 123
 PC Tall 19 0 195 100/145 123
 PC Tall 3 131/132 195 145/151 123
 PC Tall 2 0 195 145 123
 PC Tall 14 131/135 195 100/145 123
 PC Tall red 165/167 215 147 123
 PC Tall 18 149 221 129/131 123
 PC Tall 26 131 195 145/151 117/123
 PC Tall 5 147/149 221 131/132 123
 PC Tall 17 131 195 145 117/123
 PC Tall 11 131 195 145/151 117
 PC Tall 13 131/149 195 0 123
 PC Tall 1 131 195 100/101 117/123
 PC Tall 10 131 195 135/137 117/123
 PC Tall 6 131 195 100/101 123
 PC Tall 15 131 195 0 117/123
 PC Tall 12 131 195 145 123
 PC Tall 7 135 195 145 123
Red rice standards
 RRSI 2004 Stgblack 149 221 145 123
 PC Stgstraw 6 131 205 145 124
 Stgblack 10 131 205 100 123
 Stgstraw 7 147 221 149 113
 RRSI 2004 RR #8 132 205 100 123
Cultivated rice standards
 CL161 rice 132 190 131 117
 Kaybonnet rice 131 195 151 117
z RM = rice marker.
y A and B represent the two parental alleles of a genotype from each marker.
x PC - Prairie County, Ark.
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Table 3. Number of base pairs generated from selected markers
used for suspected F1 IMI-red rice hybrids in Jackson County, Ark.

 RM 19z RM 219 RM 258 RM 26
Genotype A/By A/B A/B A/B
Suspected F1 IMI-red rice hybrids
 JC Bullred 3x 215/245 190/221 130/135 102/110
 JC Bullred 4 215/245 190/221 130/135 102/110
 JC Bullred 8 215/245 190 131/135 102/110
 JC Bullred 6 215/222 191/219 131/135 102/110
 JC Bullred 2 215/245 190 131/135 102/110
 JC Bullred 1 215/245 191 130/135 102/110
 JC Bullred 7 215/245 190/219 130/135 102/110
 JC Bullred 5 215/245 190/221 131/135 102/110
 JC awnless 11 215/245 190 130/135 102/110
 JC WLS red 13 215/245 191/221 130/135 102/110
 JC WLS red 16 215/245 191/219 130/135 102/110
 JC WLS red 14 215/245 190/221 130/135 102/110
 JC - FB awnless 215/221 190/219 130/135 102/110 
 JC - FB awned 215/217 190/205 131/147 102/110
 JC - FB pink awned 215/226 190/205 130/147 102/110

Red rice standards
 JC - FB blackawned 226 205 147 110
 Stgstraw #7 245 221 135 112
 Stgstraw 222 221 135 112
 LA-3-12 straww 226 205 147 110
 Stgblack 10 226 205 147 110

Cultivated rice standards
 CL161 rice 215 190 130 124
 Cypress 4 rice 215 191 131 124
z RM = rice marker.
y A and B represent two parental alleles of a genotype from each marker.
x JC = Jackson County, Ark.
w LA = Louisiana.


