
 

J. Aquat. Plant Manage.

 

 47: 2009. 147

 

ACKNOWLEDGMENTS

 

We appreciate the comments of Tom Lanini and Tom Jor-
dan who read an earlier version of this manuscript. Mention
of a manufacturer does not constitute a warranty or guaran-
tee of the product by the U.S. Department of Agriculture nor
an endorsement over other products not mentioned.

 

LITERATURE CITED

 

Bowmer, K. H., G. McCorkelle and G. R. Sainty. 1992. Potential use of bensul-
furon methyl for sediment application in irrigation systems in Australia. J.
Aquat. Plant Manage. 30:44-47.

Chapman, R. L., D. E. Bayer and N. J. Lang. 1972. Observations on the domi-
nant algae in experimental California rice fields. J. Phycol. Suppl

 

.

 

 8:17.
Chen, Z., P. Juneau and B. Qiu. 2007. Effects of three pesticides on the growth,

photosynthesis and photoinhibition of the edible cyanobacterium Ge-
Xian-Mi (

 

Nostoc

 

). Aquat. Toxic. 81:256-265.
Desikachary, T. V. 1959. 

 

Cyanophyta

 

. Indian Council of Agricultural Research,
New Delhi. 686 pp.

Getsinger, K. D., G. O. Dick, R. M. Crouch and L. S. Nelson. 1994. Mesocosm
evaluation of bensulfuron methyl activity on Eurasian watermilfoil, Vallis-
neria, and American pondweed. J. Aquat. Plant Manage. 32:1-6.

Glomski, L. M. and K. D. Getsinger. 2006. Carfentrazone-ethyl for control of
giant salvinia. J. Aquat. Plant Manage. 44: 36-138.

Glomski, L. M. and M. D. Netherland. 2007. Efficacy of diquat and carfentra-
zone-ethyl on variable-leaf milfoil. J. Aquat. Plant Manage. 45:136-138.

Glomski, L. M. and M. D. Netherland. 2008. Effect of water temperature on
2,4-D ester and carfentrazone-ethyl applications for control of variable-leaf
milfoil. J. Aquat. Plant Manage. 46:119-121.

Glomski, L. M., A. G. Poovey, and K. D. Getsinger. 2006. Effect of carfentra-
zone-ethyl on three aquatic macrophytes. J. Aquat. Plant Manage. 44:67-69.

Gray, C. J., J. D. Madsen, R. M. Wersal and K. D. Getsinger. 2007. Eurasian
watermilfoil and parrotfeather control using carfentrazone-ethyl. J. Aquat.
Plant Manage. 45:43-46.

Haller, W. T., A. M. Fox and C. A. Hanlon. 1992. Inhibition of hydrilla tuber for-
mation by bensulfuron methyl. J. Aquat. Plant Manage. 30:48-49.

Hill, J. E. and A. J. Fisher. 1999. The framework for weed control programs in
California rice. UC Cooperative Extension Rice Meetings, Feb. 1999. Uni-
versity of California, Davis. http://www.plantsciences.ucdavis.edu/
ucceRice/news/weedtalk.htm. Accessed 3 March 2009. 

Kim, J. and C. Lee. 2006. Differential responses of two freshwater cyanobacte-
ria, 

 

Anabaena variabillis

 

 and 

 

Nostoc commune

 

, to sulfonylurea herbicide ben-
sulfuron-methyl. J. Microbiol. Biotechnol. 16:52-56.

Koschnick, T. J., W. T. Haller and A. W. Chen. 2004. Carfentrazone-ethyl pond
dissipation and efficacy on floating plants. J. Aquat. Plant Manage. 42:103-
108.

Langeland, K. A. and F. B. Laroche. 1992. Hydrilla growth and tuber produc-
tion in response to bensulfuron methyl concentration and exposure time.
J. Aquat. Plant Manage. 30:53-58.

Ma, J, L. Xu, S. Wand, R. Zheng, S. Jin, S. Huang and Y. Huang. 2002. Toxicity
of 40 herbicides to the green alga 

 

Chlorella vulgaris

 

. Ecotox. Environ. Safety
51:128-132.

Nelson, L. S., M. D. Netherland and K. D. Getsinger. 1993. Bensulfuron methyl
activity on Eurasian watermilfoil. J. Aquat. Plant Manage. 31:179-185.

SAS Institute, Inc. 2004. SAS OnlineDoc® 9.1.3. SAS Institute, Inc., Cary, NC. 
Spencer, D. and G. Ksander. 1987. Comparison of three methods for extracting

chlorophyll from aquatic macrophytes. J. Freshw. Ecol

 

.

 

 4:201-208.
Spencer, D., C. Lembi and R. Blank. 2006. Spatial and temporal variation in the

composition and biomass of algae present in selected California rice fields.
J. Freshw. Ecol. 21:649-656.

Van, T. K. and V. V. Vandiver, Jr. 1992. Response of monoecious and dioecious
hydrilla to bensulfuron methyl. J. Aquat. Plant Manage. 30:41-44.

Van, T. K. and V. V. Vandiver, Jr. 1994. Response of hydrilla to various concen-
trations and exposures of bensulfuron methyl. J. Aquat. Plant Manage.
32:7-11.

 

J. Aquat. Plant Manage.

 

 47: 147-150

 

Potential for Selective Activity of the ALS 
Inhibitors Penoxsulam, Bispyribac-sodium, and 

Imazamox on Algae Responsible for Harmful 
Blooms

 

M. D. NETHERLAND

 

1

 

, C. A. LEMBI

 

2

 

, AND L. M GLOMSKI

 

3

 

INTRODUCTION

 

In 2007, there were 45 acetolactate synthase (ALS) inhib-
iting herbicides registered for use by the U.S. Environmental
Protection Agency (USEPA; WSSA 2007). The registration of

such a large number of herbicides with the same mode of ac-
tion is based largely on the differential selectivity exhibited
by these products. Slight changes in the molecular structure
of ALS-inhibiting herbicides can greatly affect their potency
and weed control spectrum (Ren et al. 2000). The selectivity
of the ALS herbicides is due to the ability of different plant
species to metabolize the herbicide, or in some cases tolerant
plants can have an altered target enzyme site. The ALS herbi-
cides are widely used in cropping, forestry, right of way, and
aquatic sites. From an aquatic registration perspective, ALS
inhibitors exhibit a high margin of safety for fish and wild-
life, and mesocosm screening suggests they can be selective
against numerous aquatic macrophyte species (Nelson et al.

 

1

 

U.S. Army Engineer Research and Development Center, 3909 Halls
Ferry Rd., Vicksburg, MS 39180.

 

2

 

Purdue University, Department of Botany and Plant Pathology, Lily Hall
of Life Sciences, West Lafayette, IN 47907.

 

3

 

U.S. Army Engineer Research and Development Center, Lewisville
Aquatic Ecosystem Research Facility, 201 E. Jones St., Lewisville, TX 75057;
Received for publication November 14, 2008 and in revised form June 15,
2009.



 

148

 

J. Aquat. Plant Manage.

 

 47: 2009.

1993, Getsinger et al. 1994, Chiconela et al. 2004, Koschnick
et al. 2007, Glomski and Netherland 2008).

 

 

 

Algae and cyano-
bacteria have many of the same enzyme systems as higher
plants, and therefore the question was raised as to whether
some of the enzyme-specific inhibiting herbicides may be ac-
tive against certain algal species responsible for harmful
blooms.

Harmful algal blooms (HAB) are expanding from tropical
to temperate waters, and the factors that contribute to their
bloom formation, toxin production, and toxin release have
proven to be multifaceted and poorly understood (Dokulil
and Teubner 2000). Several species recognized as being
problematic bloom formers include 

 

Cylindrospermopsis

 

 

 

racibor-
skii

 

,

 

 Microcystis

 

 

 

aeruginosa

 

,

 

 Oscillatoria perornata

 

, 

 

Prymnesium
parvum

 

,

 

 

 

and

 

 Pseudanabaena limnetica

 

 (Poovey and Netherland
2006). These algae are known to produce neurotoxins (i.e.,
endotoxins, anatoxins) and hepatoxins (i.e., microcystins
and cylindrospermopsins). Harmful algal blooms have been
associated with degraded water quality and can jeopardize
aquatic ecosystem health by causing fish and wildlife mortali-
ty or impeding growth of aquatic flora or fauna (Casanova et
al. 1999, Lindholm et al. 1999, Oberemm et al. 1999, LeB-
lanc et al. 2005, Wilde et al. 2005).

Identification and evaluation of potential new organic al-
gaecides has received minimal research attention, and as a
result algal control efforts continue to rely heavily on the use
of broad-spectrum copper-based compounds (Murray-Gulde
et al. 2002). While copper use has many benefits (no restric-
tions on use in potable water, cost-effective control), broad-
spectrum control of algae can lead to depressed dissolved ox-
ygen levels or toxin release (Jones and Orr 1994). There is al-
so evidence of potential selection for more copper-tolerant
algae (Lembi 2000), suggesting development of an alterna-
tive mode of action would be warranted.

In past decades photosynthetic-inhibiting herbicides, such
as diuron and simazine, were registered for use as broad-
spectrum algaecides for smaller water bodies. The photosyn-
tethic inhibitor diquat (currently registered for use as an
aquatic herbicide) has also been tested against various cyano-
bacteria species (Phlips et al. 1992). None of these herbi-
cides are currently registered to control HAB in public
waters. Due to a lack of viable alternatives, diuron has been
granted a Section 18 emergency use label issued by the
USEPA to control algae (mainly 

 

Oscillatoria perornata)

 

 that
cause taste and odor problems in catfish ponds (Schrader et
al. 1998, Tucker 2000, Schrader and Harries 2001). Because
diuron is a broad-spectrum product with potential environ-
mental and human health concerns, there are ongoing re-
search efforts by United States Department of Agriculture
(USDA) scientists to find and evaluate natural and reduced-
risk compounds for effective and selective algae control in
catfish farming (Schrader and Harries 2001, Schrader et al.
2003, 2004, Schrader 2005).

The recent development and aquatic registration of highly
selective ALS herbicides presents an opportunity to investigate
the algicidal properties of these compounds. Like copper, the
current aquatic labels for these ALS herbicides do not include
use restrictions for drinking, swimming, and fishing. Based on
selective properties in terrestrial systems, we hypothesized these
enzyme-specific inhibitors may show a high level of specificity

for certain species of problem cyanobacteria and algae. In this
study, we sought to determine the activity of the USEPA-regis-
tered ALS inhibiting herbicides penoxsulam [2-(2,2-difluoroet-
hoxy)-N-(5,8-dimethoxy[1,2,4] triazolo[1,5-c]pyrimidin-2-yl)-6
(trifluoromethyl) benzenesulfonamide] and imazamox [2-[4,5-
dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-5-
(methoxymethyl)-3-pyridinecarboxylic acid], and the Experi-
mental Use Permit herbicide bispyribac-sodium [2,6-bis(4,6-
dimethoxypyrimidin-2-yloxy)benzoic acid] against several cy-
anobacteria associated with harmful blooms as well as species of
green algae that are typically considered beneficial.

 

MATERIALS AND METHODS

 

All algae used in efficacy screens were maintained in
unialgal culture in an inorganic liquid medium appropriate
for culture of that species. Studies were conducted in 500-ml
Erlenmeyer flasks filled with 200 ml of an appropriate cul-
ture medium, the species of interest, and a known concentra-
tion of herbicide. Flasks were placed in a controlled-
environment growth chamber (Percival E36 L) at 65 to 120
umol/m

 

2

 

/sec (depending on species), 25 C, and a 16:8 h
light:dark photoperiod.

The activity of ALS inhibitors penoxsulam, bispyribac so-
dium, and imazamox was screened under the culture growth
conditions described above at use rates of 100, 200, and 500
µg active ingredient (ai) L

 

-1

 

 for activity against the planktonic
blue-green algae 

 

Anabaena 

 

sp

 

, Cylindrospermopsis raciborskii,
Microcystis aeruginosa

 

, and 

 

Pseudanabaena limnetica

 

. In addi-
tion to algae associated with harmful blooms, we also
screened activity against the beneficial planktonic green al-
gae 

 

Ankistrodesmus falcatus

 

, 

 

Scenedesmus quadricauda

 

, and 

 

Sele-
nastrum 

 

sp.
After a 2-week exposure period to the ALS inhibitors, all

flasks were filtered. The planktonic algae were measured for
chlorophyll-

 

a

 

 content prior to treatment (referred to as ini-
tials) and at the conclusion of a 2-week exposure period. All
treatments were replicated four times. Chlorophyll data are
presented as mean values with 95% confidence intervals.

 

RESULTS AND DISCUSSION

 

All algal species grew readily during the course of the
treatments as evidenced by the increase in chlorophyll con-
tent between initial and untreated reference flasks (Figure
1). Active growth in these screens is important because the
activity of ALS-inhibiting compounds is enhanced when en-
zyme turnover is increased during rapid growth (WSSA
2007). Although bispyribac did show evidence of activity
against the green alga S

 

cenedesmus

 

,

 

 

 

screening of bispyribac
and imazamox suggests these products have limited activity
against the other algal species tested (Figure 1).

Penoxsulam was highly active against 

 

Cylindrospermopsis

 

and 

 

Anabaena, 

 

as well as the green algae 

 

Scenedesmus

 

, with the
lowest dose of 100 µg ai L

 

-1

 

 providing >90% chlorophyll re-
duction (Figure 1). A 100 µg ai L

 

-1

 

 penoxsulam treatment re-
duced 

 

Pseudanabaena

 

 chlorophyll-

 

a

 

 content by 58%, while
concentrations of 200 and 500 µg ai L

 

-1

 

 reduced chlorophyll-

 

a

 

 levels by 85 and 90%, respectively. Penoxsulam did not re-
duce chlorophyll-

 

a

 

 for the noxious cyanobacterium 

 

Microcys-
tis 

 

or the green algae 

 

Ankistrodesmus

 

 and 

 

Selenastrum.
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Figure 1. Chlorophyll a response of unialgal cultures of seven species to the ALS-inhibiting herbicides penoxsulam (P), imazamox (I) and bispyribac (B).
Treatment rates were 100, 200, and 500 µg active ingredient (ai) L-1. Each bar represents the mean of 4 replicate treatments with 95% confidence intervals
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This differential selectivity for these three ALS herbicides
on various algal and cyanobacterial species is consistent with
selectivity patterns demonstrated for both emergent and sub-
mersed aquatic macrophytes (Koschnick et al. 2007, Glomski
and Netherland 2008). Although current recommended use
rates for the ALS compounds are typically lower than the 100
µg ai L

 

-1

 

 concentration we evaluated (current use rates range
from 10 to 75 µg ai L

 

-1

 

), the intent of these laboratory trials
was to determine which compounds displayed activity against
algae associated with harmful blooms. The short-term nature
of these assays (14 days) was meant to predict potential activ-
ity and not meant to mimic results of longer-term field expo-
sures.

While penoxsulam and bispyribac each impacted a green
algae, there was no indication that any of the ALS com-
pounds would be active against a broad range of green algae.
Differential response of green algae to ALS-inhibiting herbi-
cides has been documented in previous laboratory and field
trials (Thompson et al. 1993, Nyström and Blanck 1998, Wei
et al. 1998). Further testing with different target and benefi-
cial algal species is needed to determine direct impacts of
these herbicides on different algal classes (e.g., diatoms and
filamentous algae).

The inability to identify environmentally compatible, cost-
effective, and selective alternatives to copper over the past sev-
eral decades has contributed to skepticism regarding the de-
velopment of new algaecides. Management of invasive aquatic
macrophytes has dominated research efforts with newly regis-
tered herbicides, yet these compounds may provide potential
tools for addressing problems with HAB. Developing new,
cost-effective, and environmentally compatible algaecides will
require an innovative approach to adequately protect water
resources. The lack of broad-spectrum algal control provided
by these enzyme-specific herbicides can be viewed as a limita-
tion for future development; however, these data suggest the
potential for selective control of algae responsible for nui-
sance or harmful blooms. Many of the newer classes of herbi-
cides that target specific plant enzyme systems have
toxicology packages compatible for large-scale use without as-
sociated water use restrictions. Results of this initial testing
suggest that evaluations of other enzyme-specific herbicides
are warranted to determine selectivity patterns and potential-
ly refine use rates and exposure times for target algae.
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