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Echinochloa P. Beauv. is an important genus because many of its species are weeds infesting most
paddy fields, which can reduce the rice grain production by up to 80%. A controversy exists about
the taxonomy of the genus due to the high level of morphological variations found in these species.
Cyhalofop-butyl, an aryloxyphenoxy-propionate herbicide, is used to control Echinochloa spp. in paddy
fields, although differences in susceptibility were found between different Echinochloa species. E.
colona was highly susceptible [EDsq = 34 g of active ingredient (ai) ha=1]; very similar results were
obtained with the remaining species. By contrast, E. oryzicola (170 g of ai ha™!) was less sensitive,
with the herbicide symptoms appearing later. Because of this differential susceptibility, morphological
and molecular studies were carried out. A morphological study, using 21 characters both quantitative
and qualitative of spikelets and seedlings, was capable of clearly distinguishing closely related E.
crus-galli plants (two populations), E. muricata and E. crus-pavonis, and E. oryzicola, E. utilis, and
E. colona species. The resolution of Echinochloa species at the molecular level, based on RAPD
analyses, was fairly consistent with morphological analysis results. Among the 60 primers screened,
21 primers exhibited polymorphic bands and produced a total of 136 RAPD markers. Of all the
amplified fragments, 90 were found to be polymorphic. E. oryzicola and E. colona were clearly
separated, and the RAPD analyses showed that both E. crus-galli populations were 100% related
and 51% related to E. utilis, whereas E. crus-pavonis and E. muricata (73% similarity) appeared as
being clearly separated from this group.
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INTRODUCTION high degree of phenotypic plasticity in response to environ-
The genusEchinochloa P. Beauv. belongs to the tribe mental conditions; others reflect selection by cultivation, for

Paniceae R. Br. subfamily Panicoideae A. Br., family Gramineae €xa@mple, nonshattering or mimicry of rice in paddy fields.
Juss (=Poaceae Barnh.). There is some disagreement about-armers have to use herbicides to control these weeds by means
the species that constituEehinochloa The genus may include ~ Of pre- and postemergence treatments. Due to the specific
20—-50 annual and perennial wild species that are widely conditions required for the development of this crop, with a
distributed in tropical and warm temperate regions of the world permanent layer of water in many cases, the number of
(1—4). Many of them are among the world’s most important herbicides available to control weeds in paddy fields is not as
warm-season annual grass weeBs@), especially in paddy  large as in other crops. Cyhalofop-butyl (CB), 2-[4-(4-cyano-
fields or swampy places, causing serious competition with the 2-fluorophenoxy)phenoxy]propionic acid, butyl estgy,(is an
crop and reducing its yield(8). A correct species identification  aryloxyphenoxy-propionate herbicide for the postemergence
is agronomically and economically important beca&shi- control of grasses in paddy fields at application rates of 300 g
nochloaspp. are aggressive invaders that are difficult to control. of active ingredient (ai) h&, mainly against almost all
Nevertheless, many species are hard to distinguish because thefzchinochloaspecies. Like other aryloxyphenoxy-propanoate
tend to intergrade9—11). Some of the characters traditionally (AOPP) and cyclohexanedione (CHD) herbicides, the site of
used for distinguishing taxa, for example, awn length, show a action of CB is acetyl coenzyme A carboxylase (ACCase, EC
6.4.1.2), an enzyme catalyzing the first committed step in de

* Corresponding author (telephore84 957 218 600; fax-34 957 218 noyg fatty acid biosynthesis (12). Different herbicide suscep-
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Table 1. Description, Origins, Countries, and Crop/Areas of the untreated controt andd are the coefficients corresponding to the
Echinochloa and O. sativa Populations lower and upper asymptotdsis the slope of the lingg is the herbicide
rate at the point of inflection halfway between the upper and lower
description origin, country crop/area asymptotes, and (independent variable) is the herbicide dose.
0. sativa Bahia cv. Seville, Spain Tice Reg_re_ssion analysis was conducted using the Graphpad Prism 3.03
0. sativa (weedy rice) Badajoz, Spain rice statistical software (2122).
E. crus-galli 6 Stuttgart, Germany maize Morphometric Analyses. A morphometric analysis was carried out
E. crus-galli 7 Stuttgart, Germany maize on 17-30 spikelets, including seeds (caryopses), and-oh331-week-
E. muricata Sacramento, CA wetlands old seedlings from each of th&chinochloaspp. andO. sativa
E. oryzicola Seville, Spain rice populations. Examined characters on spikelets were length, width,
E. utiis Yamagata, Japan rice thickness, shape (see below), length of the lower and upper glumes,
E. crus-pavonis Seville, Spain rice

lemma length of the lower (sterile) and upper florets, setae length, and
presence/absence of awns in glumes and lemmas. Awns were treated
as a qualitative character because awn lengtcimnochloaseems to

be heavily dependent on environment, for example, the amount of

’ moisture available. For a given population, the awnless character was
related genotypeslb). RAPD markers are produced using the assigned only if all of the spikelets examined had unawned glumes or

Pol_ymerase Chain R(_eactlon (PCR) when short primers  of lemmas. Moreover, the characters used on seeds were length, width,
arbitrary sequence (typically 10 bases long) are used to randomlyiickness, shape, hilum diameter, and external mark (length) of the
amplify different segments of the genome6( 17). Recent  embryo. Characters measured on seedlings were coleoptile length, blade
attempts to study genetic diversity and understand the populationlength and width of the first leaf, and length-to-width ratio of the first
genetic structure of somEchinochloaspecies have utilized leaf. The shape of spikelets and seeds was perceived, according to ref
isozyme and randomly amplified polymorphic RAPD markers 23, as the variance of their three dimensions, each divided by length
(4,10, 14,18, 19), and these studies have shed some light on so that the length was unitt,(x — X)%3. In this way, the shape becomes
the taxonomic relations oEchinochloaspp. The origin of dimensionless and can vary between 0 (spherical) and 0.2 (disk- or
resistant (19) populations oF. crus-galli has also been  Needle-shaped). _

examined using RAPDs, whereas RAPD, rDNA, and cpDNA DNA Extraction. Genomic DNA was extracted from the youngest

markers were used to investigate the origins of cold-ada tedIeaves of each sampled plant. The extraction procedure was performed
- . . g 9 P according to the manufacturer's recommendations (DNeasy plant mini
populations of this species (18).

e IR kit, Qiagen GmbH, Hilden, Germany). The DNA content and quality
The specific objectives of the present study were to () of extraction was checked by gel electrophoresis.

perform dose response studies to CB in populations of different  pcr amplification. A single PCR consisted of ca. 25 ng of DNA

species oEchinochloaand a cultivar and a weedy population  template, 12.5:M of each primer, 1.25 mM of each dNTP (PCR
of rice (O. sativa) and (b) carry out morphometric and RAPD nucleotide mix, Roche Diagnostic GmbH, Mannheim, Germany), and
analyses in seven populations @&chinochloa distributed 1.25 U of Tag DNA polymerase (Roche Diagnostics) with 1x
worldwide to assess the genetic variability at species level and concentration of the supplied buffer in a final volume of 25The

provide information on the phylogenetic relationships between reactions were cycled on a thermocycler (Touchgene Gradient, Techne,
Echinochloaand Oryza sativapopulations. Duxford, Cambridge, U.K.) with 35 cycles of 92 (DNA denaturation)

for 30 s, 35°C (primer annealing) for 30 s, and 7€ (primer elongation
by polymerase) for 30 s. Approximately 60 random decamer primers
MATERIALS AND METHODS of kits OP-A, -B, and -R (Qiagen Operon Technologies Inc., Alameda,
Plant Material and Growing Conditions. Different Echinochloa CA) were screened for their suitability for the generation of reproducible
species originating from different geographical locations were supplied DNA profiles. Aliquots of the PCR products were analyzed by gel
by Herbiseed (www.herbiseed.comTaple 1), all of them with no electrophoresis, and fragment sizes were determined using a 100 bp
records of CB applications. Seeds were germinated in Petri dishesladder (GeneRuler, MBI Fermentas GmbH, St. Leon-Rot, Germany).
containirg 2 g L™* KNOg solution. Seedlings were planted in pots (five Statistical Analyses Means and standard errors (SE) were computed
plants per pot) containing peat and sandy loam potting mixture (1:2 for all quantitative morphological characters, and means were tested
v/v) in a growth chamber at 28/T& (day/night) in a 16 h photoperiod  for group differences and compared using an analysis of variance
under 35Qumol m2 s~ photosynthetic photon-flux density and 80% (ANOVA) and a Tukey HSD post hoc test. Univariate statistical

E. colona Tanga, Tanzania vegetable fields

genetic diversity within plant species and characterizing closely

relative humidity. analyses were made using SPSS 9.0. In addition, two ordination
Dose—Response Assayfose—response experiments were con- methods were used, principal component analysis (PCA) and hierarchi-

ducted in the growth chamber in seven population€ohinochloa cal clustering. PCA was performed using Statistica 5.1 by including

and a cultivar (Bahia) and a weedy population of ri€e Eativa). the 15 quantitative characters measured in each spikelet from the 7

Treatments were applied to plants at the 3—4 leaf stage, using aEchinochloaspp. populations. Spikelets with incomplete data were
laboratory track sprayer equipped with a Tee-Jet 80.02E VS flat-fan excluded from the analysis. Hierarchical clustering was performed using
nozzle delivering a spray volume of 300 L Hat 200 kPa 20). CB SPSS 9.0 on mean values of the 19 quantitative characters and on the
was applied at the rates of 0, 20, 40, 60, 80, 100, 150, and 200 g of ai2 qualitative characters studied in both tBehinochloaspp. andO.

ha?* for all of the Echinochloaspecies and at 0, 300, 600, 1200, and sativa populations. To give the same weight to all of the characters,
1800 g of ai ha! for the cultivar and the weedy population of rice. mean values of each quantitative character were standardized to the
Above-ground fresh weight per pot was determined 21 days after maximum, the maximum being the same. In turn, this approach allowed
spraying, and data were expressed as percentage of the untreated contrdhe inclusion of the qualitative characters of absence (0) or possible
Herbicide rates to inhibit plant growth by 50% decrease in growth with presence (1) of an awn in upper glumes and lower lemmas. The
respect to the untreated control (igPwere determined, and tHe/S dendrogram was constructed on the basis of the average linkage between
ratio was computed as EP (R)/EDsy (S) @0). Treatments were groups, using the Euclidean distance as a similarity index. For the
replicated three times and were arranged in a completely randomizedRAPD data, a hierarchical clustering was also performed using NTSYS-
design with four replications per dose. Data were pooled and fitted to pc software. Binary data matrices were constructed by scoring the

a nonlinear, log—logistic regression model amplified bands as present (+) for shared DNA and abseptvhen
the corresponding fragments were either absent or very light in intensity
Y=c+{(d—c)[1+ (X/g)b]} using Jaccard’s coefficien24), which allowed us to calculate the

similarity levels (%): J (x,y) = a/(a+ b + c), wherea is the number
whereY is the fresh above-ground weight expressed as percentage ofof bands common to speciesandy andb andc are the number of
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correlated with the first component. The second component axis
emphasized the shape of both spikelets and seeds and setae
length. The consistent larger and shorter sizeg.obryzicola
andE. colona, respectively, explain their separation along the
first component, whereas the distinctive more spherical spikelets
and seeds dE. utilis mainly explain their separation along the
second component (Figure 1).

The hierarchical cluster analysis based on mean values of 19
quantitative characters and 2 qualitative characters clearly
separatedchinochloaspp. fromO. satiza populations Figure
2). Among Echinochloa, the twoE. crus-galli populations
showed the greatest similarity, 96%, dadnuricatawas closely
related toE. crus-pavonis, clustering at 84% similarity. These
two groups clustered at 73% similarityFigure 2). The

population of E. oryzicolashowed a greater morphological
affinity with the previous four populations than wita utilis

or E. colona, but linking only at 56% similarity={gure 2). E.
bands for speciex andy, respectively. The similarity data were utilis andE. colonaclustered at 56% similarity and formed a
analyzed using a group-average method, unweighted pair-group methodgjstinctive group among thEchinochloapopulations, showing
with arithmetical averages (UPGMA,) to create dendrograms providing only 36% similarity with the cluster linking the remaining five

a visual representation of the similarity matrices. populations (Figure 2). These results are in disagreement with
cytogenetic (2526) and molecular (27) data, suggesting that
E. utilisis a domesticated derivative Bf crus-galli.However,

crop domestication is an evolutionary process operating under
manmade selection pressures, which usually result in marked
morphological differences between domesticated and genetically
related wild species (28).

Figure 1. PCA based on 15 quantitative characters from spikelets of 7
Echinochloa populations.

RESULTS AND DISCUSSION

Morphometric Analyses. Examination of individual quan-
titative characters of spikelets showed tEairyzicolaandE.
colona populations both differed from the remaining five
populations ofEchinochloaby their overall larger and shorter
size, respectivelyTable 2). E. oryzicoladiffered significantly Herbicide Treatment. Although allEchinochlogpopulations
from all other Echinochloapopulations with respect to all  were controlled at the full field rate of CB (300 g of ai
dimensional variables from spikelets, with the exception of setae differences in susceptibility were foun&. colonawas very
length, and with respect to several seedling variableble susceptible (EBy = 34 g of ai hatl) (Table 3), obtaining very
2). The same was true fdE. colona, with the exception of  similar results with the remaining populations with &gDalues
spikelet and seed thickness, lower glume length, and hilum ranging from 54 to 86 g of ai h&. By contrastE. oryzicola
diameter (Table 2). The population d. colonawas also (170 g of ai ha') was less sensitive than the rest of populations,
distinctive for its unawned upper glumes and lower lemmas with the herbicide symptoms appearing later. sE@alues
(Table 2). The population oE. utilis differed significantly from (>1800 g of ai ha?) for the twoO. sativapopulations (Table
all other populations in most of the characters examined in 3) verify the selectivity profile of CB because of the capacity
spikeletsE. utilis showed wider and thicker spikelets and seeds of rice to inactivate the esterase’s functionality and metabolize
and, thus, a more spherical shape of both reproductive organsCB to inactive polar metabolite29). The effect on treated
(Table 2). The remaining four populations Bthinochloahad plants was rapid, with the first symptoms of phytotoxicity
no, or only a small number of, single quantitative characters. appearing 5 days after treatment. These symptoms were a visible
The two populations oE. crus-gallidiffered significantly in 5 reduction of plant growth together with chlorotic spots on the
of the 21 characters analyzed (Table 2). leaves. At higher herbicide rates, plants displayed a total growth

The PCA of 15 quantitative characters of spikelets among stop, followed by a rapid plant degeneration leading to death
the 7 Echinochloapopulations clearly separatéfl oryzicola, within 15 days after treatment.

E. colona, ancE. utilis but showed a large degree of overlap DNA Analyses.Among the 60 primers (OP-A, OP-B, and
among the remaining populationsigure 1). The PCA ac- OP-R) screened, 21 primers were polymorphic and were thus
counted for 85.35% of the total variance in the first two selected on the basis of good banding patterns that could be
components, 67.16 and 18.19%, respectively. All dimensional scored readily (Table 4). RAPD primers used were OP-A (1,
characters, with the exception of setae length, were highly 4, 8, 11-14, 17, and 19), OP-B (2—4, 7, 10, 12, and 20), and

190 B 60 40 n Q
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R T - T - T = T T - I |
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. muricata
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. sakiva CV

. zativa weed

—

I

Figure 2. Dendrogram for Echinochloa spp. and O. sativa populations generated by hierarchical cluster analysis based on 21 morphological characters.



1170 J. Agric. Food Chem., Vol. 54, No. 4, 2006

Ruiz-Santaella et al.

Table 3. Parameters of the Sigmoidal Equation? Fitted by Nonlinear Regression To Calculate the Herbicide Rates Required for 50% Reduction of
Above-ground Fresh Weight (EDso, Parameter g) of Different Populations of Echinochloa spp. and a Cultivar and Weedy Rice (O. sativa) from

Dose—Response Experiments

EDsy (g of pseudo

population d c b aiha™?) RMSb p2e P RIS?
E. colona 98.56 3.68 3.86 34 43.12 0.9838 <0.0001
E. crus-pavonis 100 4 4.14 54 35.93 0.9849 <0.0001 1.6
E. crus-galli 6 100 10 3.24 60 39.51 0.9821 <0.0001 1.76
E. utilis 100 6 2.67 62 41.33 0.9436 <0.0001 1.82
E. crus-galli 7 100 7 2.27 76 33.27 0.9921 <0.0001 2.24
E. muricata 100 15 1.54 86 34.59 0.9876 <0.0001 2.53
E. oryzicola 100 4.52 4.43 170 45.62 0.9710 <0.0001 5
O. sativa cv. Bahia >1800 >53
O. sativa weed >1800 >53

ay=c+{(d-c)[L + (xg)7}, where Yis the fresh above-ground weight expressed as percentage of the untreated control, ¢ and d are the coefficients corresponding
to the lower and upper asymptotes, b is the slope of the line, g is the herbicide rate at the point of inflection halfway between the upper and lower asymptotes, and x
(independent variable) is the herbicide dose. ? Residual mean square. ¢ Approximate coefficient of determination for nonlinear models with a defined intercept calculated
as pseudo ” = 1 — (sums of squares of the regression/corrected total sums of squares). ¢ R/S ratio was computed as EDsy (R)/EDsp (S).

— O. sativa Bahia CV

l—z O. sativa weed

———— E. crus-pavonis
E. muricata
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! E. crus-galli 7

E. crus-galli 6

E. utilis

E. colona

T
018

T
az

T
nsa

Cocfficicnt

T T 1
019 1o

Figure 3. Dendrogram constructed from unweighted pair-group method (UPGMA) associations of rice and weedy rice (O. sativa) and seven populations
of Echinochloa spp. based on analysis of the RAPD markers data.

Table 4. Selected Primers and Their Sequence and Level of

Polymorphism
total no. no. of poly- % poly-
primer sequence (5'-3') ofbands  morphic bands morphism

OPA-01 CAGGCCCTTC 9 7 7.7
OPA-04 AATCGGGCTG 7 6 85.7
OPA-08 GTGACGTAGG 6 4 66.7
OPA-11 CAATCGCCGT 7 5 714
OPA-12 TCGGCGATAG 3 1 333
OPA-13 CAGCACCCAC 7 4 57.1
OPA-14 TCTGTGCTGG 7 7 100

OPA-17 GACCGCTTGT 6 3 50

OPA-19 CAAACGTCGG 7 5 714
OPB-02 TGATCCCTGG 9 6 66.7
OPB-03 CATCCCCCTG 8 5 62.5
OPB-04 GGACTGGAGT 3 2 66.7
OPB-07 GGTGAGCGAG 6 4 66.6
OPB-10 CTGCTGGGAC 7 4 57.1
OPB-12 CCTTGACGCA 9 5 55.5
OPB-20 GGACCCTTAC 8 5 62.5
OPR-02 CACAGCTGCC 4 2 50

OPR-03 ACACAGAGGG 5 3 60

OPR-10 CCATTCCCCA 7 5 714
OPR-16 CTCTGCGCGT 8 6 75

OPR-20 ACGGCAAGGA 3 1 333
total 136 90 63.8

OP-R (2, 3, 10, 16, and 20%) (Table 4). The 21 primers

20 (Table 4). The rest of the primers were invariable, that is,
present in the populations examined, and these RAPD markers
may be genomic markers for this group of populatid2ig) ( Of

all of the amplified fragments, 90 were found to be polymorphic.
However, OPA-14 was found to produce 100% polymorphic
fragments. The lowest polymorphism (33.3%) was seen in
primers OPA-12 and OPR-20 (Table 4).

The dendrogram clearly separatedsativa from Echinochloa
spp. populations (18% similaritfigure 3). At the morphologi-
cal level, the two rice populations exhibited a lesser similarity
(Figure 2) compared to the molecular levetigure 3). The
genetic diversity of weedy rice has been reported using AFLP
methodology (30), and abundant polymorphisms were found
among the populations tested. Due to the genetic similarity
obtained, the weedy rice is presumed to most closely mimic
cultivated rice and may have recently evolved. This suggests
that weedy rice could adapt either to the natural environment
or to cultivation (30).

The resolution of the sevefchinochloaspp. populations at
the molecular level was fairly consistent with the results of the
morphological analysis. The RAPD analyses showed a maxi-
mum level of similarity (100%) betwee. crus-gallié andE.
crus-galli 7. TheE. utilis population appeared as being separated
from theE. crus-galli6—E. crus-galli7 group but clustered at
52% similarity Figure 3). This result is in agreement with the
view thatE. crus-galliis the direct ancestor d&. utilis, both

produced a total of 136 RAPD markers with a maximum of 9 hexaploid annuals (25—27). The populations that were mor-
bands in OPA-01, OPB-02, OPB-12 and the lowest score of phologically different to the extent of being included in different
fragments amplified, that is, 3 in OPA-12, OPB-04, and OPR- species proved to be genetically closely related. The existence
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of numerous intergrading races has been pointed dat anus-
galli (31). E. oryzicolaandE. colonawere clearly distinctive
among theEchinochloapopulations at the molecular level,
clustering at 30 and 38% similarity with th& crus-pavonis—
E. muricatagroup and theE. utilis—E. crus-galli6—E. crus-
galli 7 group, respectivelyHigure 3). No significant differences
were found with respect to sensitivity to CB, indicating that

there was no relationship between these populations and their
behavior toward the herbicide, although some authors do suggest

a relationship between populationskxthinochloaand herbicide
behavior. Thus, according to réfE. colong E. oryzoidesand

E. oryzicolaare very susceptible to quinclorac treatments in
Spanish paddy fields; by contrakt, crus-galliandE. hispidula
show some degree of natural tolerandg (

A high degree of variability in RAPD markers was observed
in E. utilis (data not shown), this being parallel to the high
degree of morphological variability observed in this species.
This variability could be due to possible multiple domestication

J. Agric. Food Chem., Vol. 54, No. 4, 2006 1171

(2) Gould, F. W.; Ali, M. A.; Fairbrothers, D. E. A revision of
Echinochloan the United StatesAm. Midl. Nat.1972 87, 36—

59.

Michael, P. W. Taxonomy and distribution dchinochloa
species with special reference to their occurrence as ric/eled
Control in Rice; International Rice Research Institute: Manila,
The Philippines, 1983; pp 291—306.

Lopez-Martinez, N.; Pujadas, A.; Finch, R. P.; Marshall, G.; De
Prado, R. Molecular markers indicate intraspecific variation in
the control ofEchinochloaspp. with quincloracWeed Scil999,

47, 310—315.

Holm, L. G.; Plucknett, D. L.; Pancho, J. V.; Herberger, J. P.
Echinochloa crus-gall{L.) Beauv. InThe World’s Worst Weeds
Holm, L. G., Plucknett, D. L., Pancho, J. V., Herberger, J. P.,
Eds.; University Press of Hawaii: Honolulu, HI, 1977; pp-32
40.

Maun, M. A,; Barret, S. C. H. The biology of Canadian weeds.
77.Echinochloa crus-gall{L.) Beauv.Can. J. Plant. Sci1986,

66, 739—759.

(©)

4)

®)

(6)

events for the crop in different regions and the subsequent gene (7) Smith, R. J., Jr. Weeds of major economic importance in rice

flow between the different cultivars. The genetic variability in
E. utilis is particularly high when one considers the great
inbreeding nature of the crop. On the other hand, the low genetic
variability in crops, such as that found in barnyard millet, is
not surprising (32). Crop domestication is a relatively recent
(about 10000 years) evolutionary process from a few wild

populations. Consequently, crop populations constitute a subset

of the variability in wild ancestral species. Mutations, crosses
between genetically diverged cultivars, and a possible gene flow
with the wild and weedy progenitor contribute to their genetic
diversity.

The existence of morphologically intergrading types is a well-
known problem for taxonomy and species identification within
Echinochloa. A univariate analysis showed that all of the
guantitative characters examined differed significantly between
one or more populations. Likewise, the ordination analyses
exhibited a high degree of morphological overlap among most
Echinochloapopulations. In this sense, RAPD analyses, which
were in general agreement with morphological results, can
provide useful information about the genetic diversity and
relationships amongchinochloaspecies. However, due to the
simplicity of this technique, more accurate studies should be
performed, for example, amplified fragment length polymor-
phism (AFLP) fingerprinting, which is based on the selective
PCR amplification of restriction fragments from a total digest
of genomic DNA (3334) and allows the generation of a larger
number of polymorphisms. Compared with arbitrary-primed
PCR, AFLPs are performed under high stringency and are
therefore less sensitive to reaction conditions but produce a
multilocus fingerprint with polymorphism being apparent as
either band presence or band abserd&).(AFLPs and micro-
satellites (SSRs) ifechinochloahave been used recently to
assess variations . crus-galli,E. colona, ancE. crus-paonis,

suggesting that these techniques may be useful for discriminating

genotypes, studying population structure, and resolving taxo-
nomic relationships ifEchinochloaspecies (31).

ACKNOWLEDGMENT

We thank Dow Agrosciences S.A. for supplying chemicals. We
are very grateful to Dr. Millan for statistical assistance and
advice.

LITERATURE CITED

(1) Clayton, W. D.; Renvoize, S. A. Genera GraminumGrasses
of the World Cope, T. A., Ed.; Royal Botanic Gardens, Kew:
London, U.K., 1986; pp 280—281.

and yield losses due to weed competitidtroc. Conf. Weed
Control Rice; Los Bafios, The Philippines, 1983; pp 19—36.
(8) Smith, R. J., Jr.; Costello, T. A.; VanDettender, K. W. Weed
impact on U.S. riceProc. First Int. Weed Control Cong.992
2, 484—486.
(9) Carretero, J. L. El géneiechinochloaBeauv. en el suroeste de
Europa.An. Jardin Bot. Madrid1981, 38, 91-108.

(10) Asins, M. J.; Carretero, J. L.; Del Busto, A.; Carbonell, E. A.;
De Barreda, D. Morphologic and isozyme variation in barn-
yardgrassKchinochlog weed speciedVeed Technoll999 13,
209-215.

(11) Norris, R. F. Morphological and phenological variation in
barnyardgrass (Echinochloa crus-galli) in Californisleed Sci.
1996,44, 804—814.

(12) Gronwald, J. W. Herbicides inhibiting acetyl-CoA carboxylase.
Biochem. Soc. Trand994,22, 616—621.

(13) Carretero, J. L. Variacion en la sensibilidad al propanil del género
Echinochloade los arrozales valencianos (Espafipc. 4th
EWRS Mediterr. Sym{d.989, 407—411.

(14) Lopez-Martinez, N.; Finch, R. P.; Marshall, G.; De Prado, R. A
molecular assessment of genetic diversityerhinochloaspp.
Proc. Brighton Crop Prot1995, 445—450.

(15) Jasieniuk, M.; Maxwell, B. D. Plant diversity: new insights from
molecular biology and genomics technologi®ged Sci2001,

49, 257—-265.

(16) Williams, J. G. K.; Kubelik, A. R.; Livak, K. J.; Rafalski, J. A,;
Tingey, S. V. DNA polymorphisms amplified by arbitrary
primers are useful as genetic marké¥sicleic Acids Resl990,

18, 313—317.

(17) Welsh, J.; McClelland, M. Fingerprinting genomes using PCR
with arbitrary primersNucleic Acids Re€990,18, 7213-7218.

(18) Roy, S.; Simon, J. P.; Lapointe, F. J. Determination of the origin
of the cold-adapted populations of barnyardgr&ssh{nochloa
crus-galli) in eastern North America: a total evidence approach
using RAPD DNA and DNA sequenceSan.J. Bot.2000,78,
1505—-1513.

(19) Rutledge, J.; Talbert, R. E.; Sneller, C. H. RAPD analysis of
genetic variation among propanil-resistant and -susceptible
Echinochloa crus-gallpopulations in Arkansa$Veed Sci200Q
48, 669—674.

(20) De Prado, J. L.; Osuna, M. D.; Heredia, A.; De Pradd,dium
rigidum, a pool of resistance mechanisms to ACCase inhibitor
herbicides.J. Agric. Food Chem2005,53, 2185—2191.

(21) Martin, A.; Luna del C., J. de Bioestadstica para Ciencias
de la Salud; Norma: Madrid, Spain, 1990.

(22) Osuna, M. D.; Vidotto, F.; Fischer, A. J.; Bayer, D. E.; De Prado,
R.; Ferrero, A. Cross-resistance to bispyribac-sodium and
bensulfuron-methyl irEchinochloa phyllopogoand Cyperus
difformis. Pestic. Biochem. Phy2002,73, 9-17.



1172 J. Agric. Food Chem., Vol. 54, No. 4, 2006 Ruiz-Santaella et al.

(23) Bekker, R. M.; Bakker, J. P.; Grandin, U.; Kalamees, R.; Milberg,  (30) Federici, M. T.; Vaughan, D.; Tomooka, N.; Kaga, A.; Wang,

P.; Poschlod, P.; Thompson, K.; Willems, J. H. Seed size, shape X. W.; Doi, J.; Francis, M.; Zorrilla, G.; Saldain, N. Analysis
and vertical distribution in the soil: indicators of seed longevity. of Uruguayan weedy rice genetic diversity using AFLP molecular
Funct. Ecol.1998,12, 834—842. markers.J. Biotechnol.2001,92, 131—145.
(24) Gower, J. C. Measures of similarity, dissimilarity and distance. (31) Danquah, E. Y.; Johnson, D. E.; Riches, C.; Arnold, G. M.; Karp,
In Encyclopaedia of Statistical Scien¢é®tz, S., Johnson, N. A. Genetic diversity irEchinochloaspp. collected from different
L., Read, C. R., Eds.; Wiley: New York, 1985; Vol. 5, pp 397 geographic origins and within rice fields in Céte d’lvoil&eed
405. Res.2002,42, 394—405.
(25) Yabuno, T. Cytotaxonomic studies on the two cultivated species (32) Hilu, K. W.; Johnson, J. L. Chloroplast DNA reassociation and
and the wild relatives in the genuBchinochloaCytologia1962, grass phylogenyPlant Syst. Ev011991,176, 21-31.
27, 296—305. (33) Lin, J.; Kuo, K. AFLP: a novel PCR-based assay for plant and
(26) Yabuno, T. Biosystematic study of the getfichinochloaJpn. bacteria DNA fingerprintingFocus1995,17, 239-256.
J. Bot.1966,19, 277—323. (34) Vos, P.; Hogers, R.; Bleeker, M. AFLP: a new technique for
(27) Hilu, K. W. Evidence for RAPD markers in the evolution of DNA fingerprinting. Nucleic Acids Resl995,23, 4407—4414.
Echinochloamillets (PoaceaePlant Syst. Eol. 1994,189, 247 (35) O'Hanlon, P. C.; Peakall, R.; Briese, D. A review of new PCR-
257. based genetic markers and their utility to weed ecoldyged

(28) Harlan, J. R. Crops and man.American Society of Agronomy Res.2000,40, 239-254.

and Crop Science Society of Ameri@nd ed.; Madison, WI,
1982; 284 pp.

(29) Ruiz-Santaella, J. P.; Heredia, A.; De Prado, R. Basis of
selectivity of cyhalofop-butyl ifOryza satival. Planta 2006,
223, 191-199. JF0520746

Received for review August 23, 2005. Revised manuscript received
November 29, 2005. Accepted December 2, 2005. We thank Project
CO03-187 and AGL2004-8357 for supporting this research.



