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ABSTRACT  

The effect of different diquat concentrations in irrigation water on rice treated at germinating, young, tillering, and 
mature stages was evaluated. Diquat phytotoxicity to rice at all stages tested was determined using dry weight and growth 
inhibition fourteen-days after treatment (14 DAT). Germinating rice seed was the most sensitive to diquat in irrigation 
water. Concentrations resulting in 10% reduction in seedling dry weight compared to control plants were 0.016 mg L-1 for 
shoots and, 0.004 mg L-1 for roots, respectively. Concentrations greater than 0.2 mg L-1 inhibited root growth and at 0.4 mg 
L-1 shoot growth was reduced. Conversely, plants grown in sand and treated at seedling (3-4 leaf), tillering (initial stage) 
and mature (before seed head setting) vegetative stages were more tolerant to diquat concentrations in irrigation water. 
Diquat concentrations required to reduce dry weights of rice plants at immature to more mature growth stages by 10% 
ranged from 1.11 to 2.89 mg L-1, respectively. Plant growth was inhibited at concentrations greater than 25.0 mg L-1 across 
all growth stages. Depending upon the application rate, irrigation of newly seeded rice fields with water from diquat treated 
irrigation canals or ponds should be delayed until plants reach a minimum of 3-4 leaf stage to avoid potential growth 
inhibition on germinating seeds. 
 
Keywords: diquat, rice, germination, growth, irrigation water, EC10. 
 
INTRODUCTION 

Submersed aquatic weed control in irrigation 
canals, including waters used to irrigate rice in the US and 
elsewhere, is commonly accomplished with acrolein 
(acrylaldehyde or 2-propenal) (Bowmer and Smith, 1984; 
USEPA, 1980; Hill, 1960). This broad-spectrum herbicide 
is generally applied every 2-3 weeks as a drip treatment in 
flowing canals at 75-150 L/m3 of water flow, depending 
upon weed density and weed species present (Hansen et 
al., 1983). Acrolein is volatile, flammable and toxic to 
fish, mammals and other non-target organisms (WSSA, 
2002; Anonymous, 2001; Eisler, 1994; Albin, 1962). 
Alternative herbicides are being sought to reduce or 
replace acrolein use in irrigation canals primarily due to 
toxicity to applicators. Diquat was tested in this study as a 
candidate for acrolein replacement. Diquat is a non-
selective herbicide and was chosen for this study due to its 
lack of persistence in water (Langeland and Warner, 1986; 
Coats et al., 1964), applicators safety, and non-toxic effect 
to fish and aquatic animals when applied at recommended 
rates for weed control in aquatic systems (Paul et al., 
1994).  

Diquat dibromide (6,7-dihydrodipyrido [1, 2-a:2’, 
1’-c] pyrazinediium dibromide) is a contact herbicide used 
for the control of floating and submersed aquatic weeds in 
ponds, lakes, canals and drainage ditches, as a desiccant in 
several crops, and for non-selective weed control in non-
crop areas (Syngenta, 2004). Diquat is absorbed rapidly 
when applied to plants and acts quickly by interfering with 
electron transport in photosystem I ultimately leading to 
plasma membrane disruption (Hess, 2000). Susceptible 
plant tissue can exhibit symptoms within hours of 

treatment and plant death usually occurs in 1 to 3 days, 
depending upon environmental conditions (WSSA, 2002). 

Diquat dissipation in water depends on hydrosoil 
sediment type (Frank and Comes, 1972; Webber et al., 
1969), turbidity (Poovey and Getsinger, 2002; Hofstra et 
al., 2001), pH (Díaz et al., 2002), photolysis (Howard, 
1989; Tucker, 1980), type of aquatic plants present 
(Langeland et al., 1994; Summers, 1980), and 
microorganisms (Simsiman and Chester, 1976). Volatility 
appears to be negligible (Coats et al., 1966). Although 
diquat has a short half-life in water (Langeland and 
Warner, 1986), its extensive use for aquatic weed control 
makes it imperative to understand more completely any 
potential phytotoxicity to non-target plants to prevent 
environmental problems that can result from application of 
this herbicide, particularly if used in water to irrigate 
plants.  

The water use restriction following diquat 
application for aquatic weed control at the highest 
concentration (0.37 mg L-1) is a 5-day interval between 
treatment and use of treated waters for irrigation purposes 
(Syngenta, 2004). However, Peterson et al. (1997) found 
that growth of duckweed (Lemna minor L.), a species 
widely used for environmental risk assessment, and a 
cyanobacterium [Anabaena inaequalis (Kutzing) Bornet 
and F] is inhibited by 50% when exposed to diquat 
concentrations as low as 0.004 and 0.005 mg L-1, 
respectively. In another study, Fairchild et al. (1997) 
found an EC50 (effective concentration 50 - the 
concentration of diquat required to reduce plant dry weight 
by 50%) of 0.018 and 0.08 mg L-1 for duckweed and the 
algae Selenastrum capricornutum Printz, respectively. 
These concentrations are much lower than the maximum 
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aquatic labeled rate, implying that crop plants irrigated 
with diquat containing water may be adversely affected. 
Therefore, this study was conducted to evaluate the 
phytotoxicity of diquat on various growth stages of rice. 
Rice was selected for this study due to its high sensitivity 
to pollutants in soil (Palazzo and Leggett, 1986) and water 
(Holst and Ellwanger, 1982). Also, rice is a semi-aquatic 
plant and requires much more water for growth than other 
crop plants. 
 
MATERIALS AND METHODS  

All experiments were conducted in a temperature 
controlled greenhouse at the University of Florida, Center 
for Aquatic and Invasive Plants, Gainesville, FL. Plants 
were grown under a 14 h photoperiod with maximum 
daytime temperatures of 32 ± 3oC and nighttime 
temperatures of 18 ± 3oC. This study was a completely 
randomized design with five replications and all 
experiments were repeated. 
 
Germination experiment 

Ten rice seeds were germinated in 0.5 L plastic 
cups containing 200 ml of deionized (DI) water with 0, 
0.05, 0.1, 0.2, 0.4, 0.8, 1.0, 1.5 and 2.0 mg L-1 a.i. of 
diquat. Germinating seedlings were observed daily and DI 
water was replenished to maintain the 200 ml initial 
volume. Percent germination, root and shoot length were 
determined 2 WAT (2 weeks after treatment) for each 
seedling in each replication. Roots and shoots were then 
separated and dried at 90oC for 72 hours to determine dry 
weight.  
 
Irrigation experiment 

Rice seeds were pre-germinated in water for 10 to 
14 d to allow easy handling and transplanting. Ten 
seedlings were planted in 3 L pots filled with builder’s 
sand amended with 2.6 grams (1 g/kg dry sand) of 15-9-12 
controlled release Osmocote®1 (The Scotts Company, 
Marysville, OH. 43041). Pots were maintained under 
flooded conditions with unchlorinated tap water until 
harvest. Subsequent applications of 0.479 grams per pot of 
46-0-0 (N-P-K) urea fertilizer and micronutrients were 
also administered to provide optimum plant growth.  

Three growth stages [seedling (3-4 leaf stage), 
tillering and mature (before seed head setting)] were 

exposed to a single application of diquat in irrigation 
water. All pots were drained of excess water before 
treatment and then irrigated with 700 ml of tap water 
containing diquat, except for the control plants. Diquat 
solutions were applied directly onto the sand to simulate 
flood irrigation. Seedling and tillering plants were 
irrigated with diquat concentrations of 0, 0.1, 0.5, 1.0, 2.5, 
5.0, 10.0, 25.0, 50.0, 75.0, and 100.0 mg L-1 a.i., and 
mature plants were irrigated with diquat concentrations of 
0, 0.1, 0.5, 1.0, 2.5, 5.0, 10.0, 25.0, 50.0, 75.0, 100.0, and 
200 mg L-1 a.i.  

Four plants in each pot were randomly chosen 14 
DAT and were measured from their base to the tip of the 
longest leaf. Plants were then clipped at the sand surface, 
dead tissue was removed, and live tissue was dried at 90oC 
for 72 h to determine dry weight. 
 
Data collection and analysis 

Data collected for germination, root length, shoot 
height and dry weights for the germination experiment, 
and shoot height and dry weight for the irrigation 
experiments, were subjected to analysis of variance using 
SAS software (SAS Institute, Cary, NC, USA). Nonlinear 
regression was performed to determine possible 
relationships between dry weights and height, and diquat 
concentration applied in the simulated irrigation water. 
Threshold EC10 (diquat rate that caused 10% reduction in 
dry weight compared to nontreated plants) was calculated 
with regression models. Data from all studies were pooled 
since there was no significant difference between 
experiments. Means within each parameter were separated 
using Fisher’s LSD at P ≤ 0.05. 
 
RESULTS AND DISCUSSIONS 
 
Germination experiment 

The effect of diquat on seed germination, shoot 
and root length are summarized in Table-1. Percent 
germination ranged from 89 to 95%, indicating that the 
seed used for this study was highly viable. Percent 
germination did not differ across the rates tested, except 
for 1.0 mg L-1 a.i. of diquat, which was different from 
nontreated seed; however, germination did not differ from 
other diquat rates (data not shown).  

 
Table-1. Effect of diquat in irrigation water on rice germination and growth 14 DAT. Diquat applied 

once initially to seeds and water level maintained with untreated tap water. 
 

Parameter EC10
1 (95% CI2) Regression equation r2 Safety factor3 

Dry weight     
Roots 0.004 (0.004 - 0.005) Y = 0.0479e-25.9548x 0.92 0.01 
Shoots 0.016 (0.014 - 0.019) y = 0.1137e-6.6777x 0.91 0.04 
Length     
Roots 0.004 (0.0036 - 0.004) Y = 39.8694e-25.6295x 0.94 0.01 
Shoots 0.035 (0.0300 - 0.040) Y = 62.3133e-3.0043x 0.95 0.09 

 
1EC10 = Concentration (mg L-1) of diquat required to reduce plant dry weight by 10% 
295% CI = 95% confidence interval 
3Safety factor = EC10/0.37 mg L-1 a.i. (Maximum recommended rate) 
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 Root and shoot length of nontreated seeds 
(control) were higher than seeds exposed to all diquat 
concentrations tested, except for shoot length at a diquat 
concentration of 0.05 mg L-1. Diquat concentrations as low 
as 0.05 mg L-1 a.i. reduced root and shoot length by 8 and 
75%, respectively. While shoot length was reduced by 
42% when diquat concentration was increased to 0.2 mg 
L-1, root length was reduced by 98% and root growth was 
completely inhibited at greater concentrations. Although 
shoot length was reduced by 95% at diquat concentrations 
of 1.0 mg L-1 and higher, none of the tested rates 
completely inhibited shoot growth, in contrast to the 
cessation of root growth at concentrations > 0.4 mg L-1.  
 The calculated EC10 for roots based on dry weight 
and length was similar (0.004 mg L-1). The EC10 for shoot 
dry weight and length were 0.016 and 0.035 mg L-1, 
respectively (Figure-1 and Table-1). There is no safety 
factor when comparing the maximum label rate (0.37 mg 
L-1) to the EC10 values for roots and shoots. The EC10 for 

roots was 93x, and for shoots 23x and 11x lower than the 
recommended maximum aquatic weed application rate. 
Based on these results, roots of germinating rice appear to 
be more sensitive than shoots to diquat in irrigation water. 
Palazzo and Leggett (1986) also reported that root 
elongation was more sensitive to herbicides than seed 
germination. Li et al. (2005) found similar evidence of a 
sharp decline in rice growth in terms of number of roots, 
total length of roots, surface area of roots, and biomass 
when roots were exposed to 0.05 mg L-1 a.i. of 
metsulfuron-methyl as bound residues in the soil. Similar 
results have been reported in other species. Groninger and 
Bohanek (2000) found that applications of diquat at 0.48 
and 0.96 g ai/L were able to cause a partial and complete 
suppression, respectively, of root growth by black willow 
(Salix nigra Marsh.). Wright (1966) reported that four 
lines of rye grass (Lolium perenne L.) genotypes treated 
with diquat at relatively low concentrations also exhibited 
rapid biomass decline. 
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Figure-1. Relationship between dry weights of germinating rice shoots and roots when exposed to various 
concentrations of diquat in water. Data are pooled for two experiments. Each value is presented as the 

mean ± standard error (n=10). Diquat applied once initially to seeds and water level maintained 
with untreated tap water. Plants where harvested 14 DAT from treatment solutions. 

 
Although germination of rice seed was not 

impacted in our study, adverse effects of diquat on seed 
germination for other species has also been widely 
reported. Rahman et al. (2004) observed reduced 
germination of soybean (Glycine max L.) seed when it was 
desiccated with diquat at seed moisture contents of >30%. 
Miller (2002) found that when diquat was applied as 
desiccant at preharvest, it affected seed germination of 

spinach (Spinacia oleracea L.), table beet (Beta vulgaris 
L.) and coriander (Coriandrum sativum L.). Sund and 
Nomura (1963) reported 50% inhibition of radish 
(Raphanus sativus L.) and sweet Sudan grass (Sorghum 
sudanense Stapf) germination when diquat was applied at 
30 µM. Roberts and Griffiths (1973) observed that treating 
perennial ryegrass with diquat a few days before the 
normal date for harvest resulted in subsequent low seed 
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germination and abnormal seedling growth. These results 
indicate that rice establishment may be severely affected 
by diquat at concentrations lower than 0.05 mg L-1 in 
irrigation water. Growth of rice seedlings in this study was 
affected by diquat concentrations nearly 10 times lower 
than the maximum labeled rate for aquatic weed control. 
There was no soil in contact with these seeds and 
seedlings to adsorb or reduce diquat concentrations, so 
further studies with various soil types are warranted to 

determine if soils reduce the sensitivity of germinating rice 
to diquat in irrigation water.    
 
Irrigation study 

The phytotoxic effects of diquat applied once in 
irrigation water to different developmental stages of rice 
are presented in Table-2 and Figure-2. Rice plants that 
emerged above the irrigation water were more tolerant of 
diquat than submerged germinating seedlings; also, larger 
plants or more mature plants were less affected by diquat. 

 
Table-2. Effect of diquat in irrigation water on rice at different stages of development 14 DAT. 

Diquat applied once to plants at seedling, tillering and mature stages and water level was 
maintained with untreated tap water for 14 d when harvested. 

 

Stage EC10
1 (95 % CI2) Regression equation R2 Safety factor3 

Dry weight     
Seedling 1.67 (1.28 - 2.38) Y = 2.5571e-0.0631x 0.87 5 
Tillering 1.11 (0.96 - 1.33) Y = 6.0409e-0.0945x 0.96 3 
Mature 2.89 (2.28 - 3.93) Y = 5.9143e-0.0365x 0.90 8 

Plant height     
Seedling 2.24 (1.60 - 4.00) Y = 41.3535e-0.0470x 0.61 6 
Tillering 2.40 (1.99 - 2.88) Y = 45.3100e-0.0448x 0.88 7 
Mature 5.30 (4.00 - 7.00) Y = 44.9412e-0.0199x 0.72 19 

 
1EC10 = Concentration (mg L-1) of diquat required to reduce plant dry weight by 10% 
295% CI = 95% confidence interval 
3Safety factor = EC10/0.37 mg L-1 a.i. (Maximum recommended rate) 

 
Plants treated at the seedling and mature stages 

were not different from nontreated plants at diquat 
concentrations lower than 10.0 mg L-1. However, when 
the rate was increased from 10.0 to 25.0 mg L-1, plant 
height of seedling rice decreased by 83% and was 
completely inhibited by higher diquat concentrations 
(Figure-2). Similarly, the length of mature plants was 
reduced by 47% at 10 mg L-1. Despite continued decline 
in length as diquat concentrations increased, complete 
inhibition was only attained at diquat concentrations of 
200 mg L-1, compared to 50 mg L-1 for the seedlings 
(data not shown).  

Shoot elongation at the tillering stage was 
reduced by 22% at a diquat concentration of 5 mg L-1. 
There was no complete inhibition of growth even at 100 
mg L-1, the highest diquat concentration evaluated for 
this growth stage.  

The concentration of diquat in irrigation water 
that produced a 10% reduction in dry weight at the 

seedling stage (1.67 mg L-1) was slightly higher than at 
the tillering stage (1.11 mg L-1) (Table-2). However, the 
opposite was observed when EC10 values were 
calculated based on plant heights. The sensitivity of rice 
to herbicides at the tillering stage has been previously 
reported with diquat, and also with other herbicides. For 
example, Baylis et al. (1991) found that tillering rice was 
more susceptible to several mono and di-substituted 
analogues of 2-phenoxypropionic acid than were wheat 
and barley. Nelson et al. (2003) examined different 
aquatic herbicides on wild rice and noted that the 
application of 2,4-D at the tillering stage was likely to 
affect subsequent seed production. Similar findings were 
reported by other authors; for example, Oelke and 
McClellan (1991) and Clay and Oelke (1990) found that 
application of 2,4-D at early or mid-tillering resulted in 
severe injury to wild rice.  
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Figure-2. Relationship between dry weight of rice 
seedling, tillering and mature stages when exposed to 
various concentrations of diquat in irrigation water. 
Data are pooled for two experiments. Each value is 

presented as the mean ± standard error (n = 10). 
Diquat applied once to plants at seedling, tillering 
and mature stages and water level was maintained 
with untreated tap water for 14 d when harvested. 

 
Rice at the tillering stage is sensitive not only to 

herbicides, but also to adverse environmental (growth) 
conditions. Yang et al. (2007) reported the highest 

reduction of rice yield when water deficit was imposed at 
this stage and Zheng and Shanon (2000) found that 
tillering was very sensitive to salinity stress. However, 
based on these data the application of diquat in flood 
waters at the labeled rate of 0.37 mg L-1 should not have 
an effect on the growth (height or weight) of plants greater 
than the 3-4 leaf stage of vegetative growth. Nevertheless, 
caution should be exercised to avoid exacerbating negative 
effects from any existing adverse environmental 
conditions.  

Mature plants showed the highest EC10 value 
(2.89 and 5.30 mg L-1) of all the growth stages. Nelson et 
al. (2003) also observed that wild rice treated at the mature 
stages were not affected, regardless of rate or herbicide 
used; however, diquat rates tested in this study were much 
higher than used in Nelson’s work (1.03 mg L-1). 
 
CONCLUSIONS 

Based on the results of our study, rice seedlings 
at the germination stage are more sensitive to diquat in 
irrigation water than subsequent stages of plant 
development. The diquat concentration capable of 
inhibiting plant growth by 10%, on average, for the 
germinating whole plant was 0.01 mg L-1. This theoretical 
value was obtained by calculating the mean EC10 for the 
roots and shoots. This concentration is about 37 times less 
than the maximum concentration of diquat (0.37 mg L-1) 
that can be currently applied in water. 

The high susceptibility of germinating rice 
seedlings to diquat indicates that diquat-treated irrigation 
water should not be used to flood freshly planted fields, 
but restricting irrigation of rice with diquat treated water at 
later growth stages does not appear necessary. These 
studies were conducted with clean tap water and pure 
sand, which would likely result in longer diquat half-lives 
and constitute “worst case” conditions.  

This study evaluated the effect of diquat on 
growth and dry weights of vegetative rice plants and did 
not evaluate any potential impacts on subsequent grain 
production; however, based on the known activity and 
physiological behavior of diquat, grain yield should not be 
reduced as long as growth or height of mature plants is not 
affected. However, additional studies should be conducted 
to ascertain that diquat in irrigation water does not affect 
seed production in rice. 
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