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Abstract

The genus Echinochloa constitutes some of the most prominent weed species found in rice
(Oryza sativa L.) production worldwide. The taxonomy of Echinochloa is complex due to its
morphological variations. The morphophysiological diversity and taxonomic characteristics
of Echinochloa ecotypes infesting rice fields in Texas are unknown. A total of 54
Echinochloa ecotypes collected during late-season field surveys in 2015 and 2016 were charac-
terized in a common garden in 2017. Plants were characterized for 14 morphophysiological
traits, including stem angle; stem color; plant height; leaf color; leaf texture; flag leaf length,
width, and angle; days to flowering; panicle length; plant biomass; seed shattering; seed yield;
and seed dormancy. Principal component analysis indicated that 4 (plant height, flag leaf
length, seed shattering, and seed germination) of the 14 phenological traits characterized here
had significantly contributed to the overall morphological diversity of Echinochloa spp. Results
showed wide interpopulation diversity for the measured traits among the E. colona ecotypes, as
well as diverse intrapopulation variability in all three Echinochloa species studied, including
barnyardgrass [Echinochloa crus-galli (L.) P. Beauv.], junglerice [Echinochloa colona (L.)
Link], and rough barnyardgrass [Echinochloa muricata (P. Beauv.) Fernald]. Taxonomical
classification revealed that the collection consisted of three Echinochloa species, with E. colona
being the most dominant (96%), followed by E. crus-galli (2%), and E. muricata (2%).
Correlation analysis of morphophysiological traits and resistance status to commonly used
preemergence (clomazone, quinclorac) and postemergence herbicides (propanil, quinclorac,
imazethapyr, and fenoxaprop-ethyl) failed to show any significant association. Findings from
this study provided novel insights into the morphophysiological characteristics of Echinochloa
ecotypes in rice production in Texas. The morphological diversity currently present in
Echinochloa ecotypes could contribute to their adaptation to selection pressure imposed by
different management tools, emphasizing the need for a diversified management approach
to effectively control this weed species.

Introduction

The genus Echinochloa contains the most troublesome weeds of rice (Oryza sativa L.) produc-
tion systems worldwide. It comprises about 50 species, most of which are found in the tropics
(Michael 1983). Echinochloa spp. are highly adaptive and competitive due to traits such as high
fecundity, seed dormancy, and genetic diversity (Lopez-Martinez et al. 1999; Maun and Barrett
1986). Barnyardgrass [Echinochloa crus-galli (L.) P. Beauv.] and junglerice [Echinochloa colona
(L.) Link] are the two most problematic Echinochloa species infesting rice fields in the southern
United States (Bryson and Reddy 2012). Echinochloa crus-galli is an annual grass weed that
mimics rice, especially at the seedling stage. However, by the time it can be easily differentiated
from rice, crop yield loss may have already occurred (Holm et al. 1977). It is an erect-growing
plant, reaching up to 2 m tall. The leaves are linear to lanceolate, extending up to 40-cm long and
0.5- to 1.5-cm wide (Chin 2001). Echinochloa colona, a species like E. crus-galli in appearance, is
also an annual grass weed, but has a prostrate growth habit, with plants growing up to 0.6-m tall
(HruSevar et al. 2015). In general, E. colona has lanceolate leaves with green or purple stems
that are often branched at the base (Zimdahl et al. 1989). Rough barnyardgrass [Echinochloa
muricata (P. Beauv.) Fernald], another species found in U.S. rice production, often grows erect
(0.8- to 1.6-m tall), with stem nodes sometimes having sparse hairs (Gould et al. 1972).
Echinochloa colona and E. crus-galli can flower throughout the year, whereas E. muricata usually
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flowers during midsummer to early fall (Chauhan and Johnson
2009; Tahir 2016; Vengris et al. 1966).

The taxonomy of the genus Echinochloa is very complex due to
continuous morphological variation exhibited by the taxa and the
formation of several intergrading polymorphic complexes, which
are difficult to classify (Barrett and Wilson 1981). In many cases,
Echinochloa spp. lack conspicuous identification characteristics,
which can lead to misidentification (Costea and Tardif 2002;
Michael 1983). Although Echinochloa species show a high degree
of autogamy, occasional outcrossing is sufficient to facilitate
gene exchange among populations (Maun and Barrett 1986).
In rice production in Texas, E. crus-galli has long been thought
to be the most prominent species of Echinochloa (popularly known
as “barnyard” among growers and crop consultants in the region).
However, visits to Texas rice fields by the authors have suggested
the distribution of more E. colona populations than what was
previously perceived.

In U.S. rice production, different Echinochloa spp. were
reported to have evolved resistance to various herbicides (Heap
2021), and multiple herbicide resistance is also common (Rouse
et al. 2018). Herbicide resistance is often associated with certain
plant morphological characteristics. For example, in a detailed
survey of Echinochloa in rice fields in northern Greece, Damalas
et al. (2006) found significant morphological differences among
the populations, which were consistently linked with the level of
sensitivity to different rice herbicides used in the region. Tsuji
et al. (2003) compared the morphology of 15 herbicide-resistant
and 8 susceptible late watergrass [Echinochloa phyllopogon
(Stapf) Kosso-Pol.] populations from rice fields in Sacramento
Valley, CA, and found that the resistant populations were shorter
in height, with shorter and narrower flag leaves, thinner culms, and
smaller spikelets compared with the susceptible plants. In that
study, the morphological similarity among the resistant popula-
tions was also greater than that of the susceptible populations.
Maity et al. (2021) reported positive correlation between herbicide
resistance and 100-seed weight as well as seed dormancy in Italian
ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot].

Though Echinochloa spp. are important weeds in rice produc-
tion in Texas, knowledge of the morphophysiological diversity and
species composition of different ecotypes is limited. Moreover,
multiple resistance (different combinations) was confirmed for
propanil, quinclorac, imazethapyr, and fenoxaprop in several
Echinochloa ecotypes collected in Texas (Liu 2018), but whether
certain morphophysiological characteristics are associated with
altered sensitivity to herbicides in these ecotypes is unknown.
The objectives of this research were to (1) characterize different
Echinochloa ecotypes collected from rice fields in Texas for
different morphophysiological traits and (2) determine potential
association between plant morphophysiological traits and herbi-
cide-resistance status in the ecotypes studied.

Materials and Methods
Plant Materials

Echinochloa samples were collected across the rice-growing region
in Texas, known as the “Texas Rice Belt” (Figure 1), during late
July/early August in 2015 and 2016. Surveys followed a semi-strati-
fied methodology, and the survey sites were randomly selected on a
Google® map using the ITN Converter software (v. 1.88; Benichou
Software, http://www.benichou-software.com) without any prior
knowledge of the distribution of Echinochloa spp. in specific fields.
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Figure 1. Collection sites (dots) of different Echinochloa ecotypes used in the experi-
ment. Field surveys were conducted in all rice-growing counties highlighted in green;
however, seeds were available in harvestable quantities only in select fields.

More details of the survey methodology can be found in Liu et al.
(2020). A total of 232 fields were surveyed, but samples were
collected only in fields where the Echinochloa escapes were present.
In each survey field, approximately 20 mature panicles were
randomly collected and pooled into a single composite sample.
A total of 54 samples were collected, representing 54
Echinochloa ecotypes. Samples were subsequently dried in a hot-
air oven at 50 C for 48 h, hand threshed, cleaned, and stored in
ziplock bags before use in the experiment. Sensitivity of the
collected Echinochloa ecotypes to five different herbicides (cloma-
zone, propanil, quinclorac, imazethapyr, and fenoxaprop)
commonly used in Texas rice production was evaluated in a
parallel study (Liu 2018).

Morphological Characterization

Seedlings of each ecotype were raised at the Norman Borlaug
Center for Southern Crop Improvement Greenhouse Research
Facility at Texas A&M University, College Station, during
March 2017. Seeds were germinated in petri dishes (9-cm diam-
eter) and transplanted to individual pots (10-cm diameter, 9-cm
height) at the 1-leaf seedling growth stage. When the seedlings
were about 15- to 25-cm tall, they were transplanted in a common
garden established at the David Wintermann Rice Research and
Extension Center located near Eagle Lake, TX. The soil type at
the study location was Hockley silt loam (fine, smectitic, hyper-
thermic Typic Albaqualfs; 61% sand, 31% silt, and 8% clay), with
0.75% organic matter content and 6.1 pH.

The climate at this location is characterized by mild winters and
hot and humid summers, with an average annual rainfall of
114 cm. The experiment included all the 54 Echinochloa ecotypes
established in rows (7 plants per row), arranged in a randomized
complete block design with four replications (i.e., 4 rows of 7 plants
each per ecotype). The distance between plants within a row was
1 m, and the distance between rows was 1.2 m. The experimental
area was maintained weed-free throughout the study period by a
combination of hand weeding and glyphosate application between
rows using a sponge roller at approximately biweekly intervals. The
plots were surface irrigated as needed. Rice (variety: ‘Clearfield™
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111°) was planted at 78.4 kg ha™! all around the plots to provide a
safe border. In each row, 3 plants (out of the 7 plants) were
randomly selected (avoiding borders) and tagged for detailed
morphophysiological characterization.

A total of 14 traits were recorded from each tagged plant: stem
angle; stem color; leaf color; leaf texture; flag leaf length, width, and
angle; days to flowering; panicle length; plant height at maturity;
plant biomass; seed shattering; seed yield; and seed dormancy.
Stem angle (growth habit) was determined visually relative to
the horizontal plane (1 = prostrate/open canopy; 2 = intermediate;
3 = erect/closed canopy). Flag leaf angle was determined visually
relative to the main culm (1 = leaf angle <45°; 2 = leaf angle >45°).
The length and width (measured at the widest point of the leaf) of
flag leaves were measured from five random tillers plant™!. Leaf
texture was assessed by rubbing fingers along the surface of three
random flag leaves in each plant (1 = smooth; 2 = intermediate;
3 = rough). Plant height was measured from the base of the plant
to the tip of the panicle on the main stem. Plants were monitored
weekly for initiation of flowering. The length of five randomly
selected panicles (fully developed) was measured for each plant.
To collect any shattered seed, the panicles of each plant were
enclosed in Delnet® bags (Delstar Technologies, Middletown,
DE, USA) before seed maturity. Plants were harvested at maturity
by clipping the entire plant from the base. Samples were dried
and weighed for plant biomass determination. Seeds were threshed
and weighed for estimation of seed yield. Taxonomical classifica-
tion of each Echinochloa ecotype was carried out based on
Carretero (1981).

Evaluation of Seed Dormancy

Seed samples were stored at room temperature (25 C) after harvest.
Seed germination tests were carried out for all Echinochloa
ecotypes at 210 d after harvest. Twenty-five seeds of each ecotype
were placed on a moistened filter paper in a petri dish (9-cm diam-
eter) and incubated at 30 C with a light intensity of 90 pmol m= s,
The test included two replications and two experimental runs for
each ecotype. Petri dishes were arranged in a completely random-
ized design. Seedlings were counted and removed every 4 d, up to
12 d. The petri dishes were re-randomized after each evaluation
timing. Viability of nongerminated seeds was determined using
the tetrazolium test (Overaa 1984). Seed were immersed in 2, 3,
5-triphenyltetrazolium chloride (1%) staining solution and incu-
bated at 30 C for 24 h before being examined. Seeds with pink
or red embryos were considered alive and dormant.

Data Analysis

Statistical analyses were performed using JMP® Pro (v. 13.1, SAS
Institute, Cary, NC, USA). A principal component analysis
(PCA) was conducted using JMPe Pro based on the 14 morphophy-
siological variables measured in this study to determine the most
important traits that contribute to grouping of ecotypes based on
eigenvalues. From the PCA output, four variables were chosen as
principal traits for K-means clustering to group the Echinochloa
ecotypes. The number of clusters was determined based on the
fit statistic with the largest cubic clustering criterion value, using
JMPe Pro. The resistance status of each ecotype for the herbicides
clomazone, propanil, quinclorac, imazethapyr, and fenoxaprop
(screening methodology and results are described in Liu [2018])
was used to calculate the percentage of ecotypes resistant to one
or more herbicide sites of action (SOAs) within each hierarchical
cluster. A multiple resistance (MR) status number was assigned to

each ecotype representing the total SOAs to which each ecotype
showed resistance (MR = 0, susceptible ecotype; MR = 1, resistant
to one SOA; etc.). A Pearson correlation analysis between the
herbicide-resistance status and the 14 morphophysiological traits
measured was performed in JMP® Pro.

Results and Discussion
Species Composition

Based on the taxonomic characteristics of the plants, 52 of the total
54 ecotypes studied were identified as E. colona and 1 each as
E. crus-galli and E. muricata (Table 1; Figure 2). Results show that
E. colona is the most prevalent Echinochloa species infesting rice
fields in Texas. Similar findings have been reported by Bryson
and Reddy (2012) in a study involving 240 Echinochloa accessions
collected from six midsouthern U.S. states (Alabama, Arkansas,
Kentucky, Louisiana, Mississippi, and Tennessee), where E. colona
was the most commonly found species throughout the region.
Likewise, in eastern Arkansas, 73 of the 94 accessions of
Echinochloa collected from rice and soybean [Glycine max (L.)
Merr.] fields were identified as E. colona (Tahir 2016). The rest
of the samples included E. crus-galli, E. muricata, and coast cock-
spurgrass [Echinochloa walteri (Pursh) A. Heller]. In the present
survey, E. walteri was not observed in rice fields in Texas. Tahir
(2016) indicated that high fecundity and low seed dormancy of
E. colona have likely contributed to its widespread occurrence in
the region.

Phenotypic Differentiation within and among Echinochloa
Ecotypes

About half (48%) of the E. colona ecotypes showed prostrate or
intermediate growth habit with short plants (average height:
48 cm), whereas E. crus-galli (127 cm) and E. muricata
(137 cm) exhibited erect growth habit (Table 2; Figure 2). Our
results corroborate the observations of Tahir (2016) on
Echinochloa ecotypes characterized in Arkansas with respect to
species characteristics. Prostrate growth habit allows a plant to
have maximum ground coverage with open canopy, whereas an
erect growth habit with closed canopy helps avoid shading from
nearby plants. Rice breeders intentionally select for an erect plant
growth characteristic to improve production efficiency (Monsi
et al. 1973). The erect growth habit of E. crus-galli is one of the
examples of crop mimicry in weed species (Barrett 1983).
Moreover, plants tend to exhibit erect growth habit when they
grow in a dense population (van Hinsberg and van Tienderen
1997). Observations from our field survey showed that E. colona
plants were like rice plants in height, though E. crus-galli and E.
muricata were much taller than the rice canopy.

The majority (73%) of E. colona ecotypes had green color leaves,
while the rest (27%) had a mixture of plants with purple or green
color leaves within the same ecotype (Table 2). The E. crus-galli and
E. muricata ecotypes characterized here also had a mixture of
plants with either purple or green color leaves within each ecotype
(Table 2). It is likely that ecotypes showing a mixture of phenotypic
traits might have resulted from inter/intraspecific hybridization
(Burgos et al. 2014; Singh et al. 2017). It is often observed in the
field that the leaf blades of E. colona have purple marks; however,
this is not a reliable key for species identification (Bryson and
Reddy 2012). Tahir (2016) indicated that E. muricata was the only
species that has green leaves with purple margins, which may help
distinguish this species from E. crus-galli. This trait was not
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Table 1. Details of the Echinochloa ecotypes collected in rice production fields (A)
in Texas.
Ecotype Latitude °N Longitude “W Species
ECH-1 29.35 96.61 E. colona
ECH-2 29.35 96.61 E. colona
ECH-3 29.23 96.64 E. colona
ECH-4 29.11 96.69 E. colona
ECH-5 29.12 96.70 E. colona
ECH-6 29.28 96.63 E. colona
ECH-7 29.27 96.56 E. colona
ECH-8 29.24 96.57 E. colona
ECH-9 29.19 96.48 E. colona
ECH-10 29.18 96.46 E. colona
ECH-11 29.16 96.47 E. colona (B)
ECH-12 29.16 96.47 E. colona
ECH-13 29.16 96.47 E. colona
ECH-14 29.23 96.43 E. colona
ECH-15 29.37 96.38 E. colona
ECH-16 29.36 96.42 E. colona
ECH-17 29.35 96.43 E. colona
ECH-18 29.35 96.43 E. colona
ECH-19 29.38 96.45 E. colona
ECH-20 29.41 96.43 E. colona
ECH-21 29.57 96.29 E. colona
ECH-22 29.51 96.30 E. crus-galli
ECH-23 29.51 96.30 E. colona
ECH-24 29.55 96.28 E. colona
ECH-25 29.60 96.30 E. colona
ECH-26 29.81 94.57 E. colona
ECH-27 29.83 94.44 E. colona
ECH-28 29.97 94.36 E. colona
ECH-29 29.96 94.35 E. colona
ECH-30 29.63 96.31 E. colona
ECH-31 29.63 96.31 E. colona
ECH-32 29.63 96.31 E. colona
ECH-33 29.63 96.31 E. muricata
ECH-34 29.59 96.27 E. colona
ECH-35 29.54 96.32 E. colona
ECH-36 29.24 96.44 E. colona
ECH-37 29.59 96.31 E. colona
ECH-38 29.60 96.25 E. colona
ECH-39 29.61 96.22 E. colona
ECH-40 29.60 96.21 E. colona
ECH-41 29.59 96.21 E. colona
ECH-42 29.57 96.20 E. colona
ECH-43 29.55 96.19 E. colona
ECH-44 29.56 96.18 E. colona
EE:::Z ;Zgg Zgif’l E Eg;zgg Figure 2. Photos of three Echinochloa ecotypes: (A) E. colona; (B) E. crus-galli;
ECH-47 30.61 96.35 E. colona (C) £ muricata.
ECH-48 29.50 96.17 E. colona
ECH-49 29.55 96.27 E. colona observed in the E. muricata ecotype studied here. With respect to
Egggg ;g'g gi';‘g E Egﬁgz Z stem color, 92% of the E. colona ecotypes had purple stems, and the
ECH-52 2973 94.48 E. colona rest had a mixture of plants with purple or green stems.
ECH-53 29.86 94.47 E. colona Echinochloa muricata had green-based stems, whereas E. crus-galli
ECH-54 29.86 94.52 E. colona had plants with both green- or purple-based stems. Tabacchi et al.
Eg::(l) ;g'g gi'g E C";"”" (2006) reported in an Italian rice system that basal stem color was
= o o . colona . . . . . . .
ECH-52 2673 oildn E colona an important morphological trait for distinguishing different
ECH-53 29.86 94.47 E aallaia Echinochloa accessions. The ecological advantage of stem color,
ECH-54 29.86 94.52 E. colona however, is not clear.
ECH-50 29.42 96.44 £ 5050”0 Nearly 87% of the E. colona ecotypes had smooth (hairless) leaf
EE:; ig'sg Zi'ii E Eg [ZZ g texture, and the rest had a mixture of individuals with both smooth
ECH-53 29.86 94.47 E colona and rough-textured leaves; E. crus-galli and E. muricata had
ECH-54 29.86 94.52 E. colona smooth leaves. This finding is largely consistent with the report
ECH-51 29.68 94.43 E. colona of Holm et al. (1977) on Echinochloa spp. collected from the
Eg:gg ;g'zz gﬁ? E CO;"”" Mississippi delta region of Arkansas, where E. colona, E. crus-galli,
= o o . colona . . e 1. .
ECH-54 20.86 9452 E. colona and E. muricata all had hairless leaf blades. They did indicate that

E. muricata may have some long hairs at the base of the leaf blades,
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Table 2. Morphophysiological characteristics of different Echinochloa spp. collected in rice production fields in Texas.

Species® N Plant height  Flag leaf length  Flag leaf width  Panicle length  Seed shattering ~ Germination ~ Days to flowering initiation®
m mm % 28 35 21-28 28-35
E. colona 52 48 11 8 99 20 83 2 7 1 42
E. crus-galli 1 127 17 12 172 30 85 0 0 0 1
E. muricata 1 137 18 12 173 43 86 0 0 0 1
Panicle color® Stem color® Canopy structure
Species N P G P&G P G P&G Prostrate Erect Intermediate
E. colona 52 17 2 33 48 0 4 25 0 27
E. crus-galli 1 0 1 0 0 0 1 0 1 0
E. muricata 1 0 1 0 0 1 0 0 1 0
Leaf texture? Flag leaf angle Leaf color®
Species N S R S&R 0°-45° 46°-90° Variable: 0°-90° P G P&G
E. colona 52 45 0 7 3 1 48 0 38 14
E. crus-galli 1 1 0 0 0 1 0 0 0 1
E. muricata 1 1 0 0 0 1 0 0 0 1

2Species identified based on taxonomic classification.

PMeasured as days after transplanting; the range indicates intra-ecotype variability in initiation of first flowering.
Color: P, all plants within the ecotype exhibiting purple color; G, all plants within the ecotype exhibiting green color; P & G, plants within a given ecotype with both plants of purple color and

plants of green color.
dLeaf texture: S, smooth; R, rough; S & R, both smooth and rough.

but this characteristic was not observed in the current study. Leaf
hairs may directly influence the retention and uptake of herbicides
(Himel et al. 1990). For instance, Sterling and Jochem (1999) found
that the white locoweed (Oxytropis sericea Nutt.), which has fine
hairs on the leaf surface, exhibited high uptake of the herbicide
metsulfuron.

The average flag leaf length of E. colona was 11 cm (range: 5.3 to
17 cm), considerably shorter than that of E. crus-galli (17 cm) and
E. muricata (18 cm) (Table 2). Likewise, E. colona had narrower
(8-mm wide) flag leaves than E. crus-galli (12-mm wide) or
E. muricata (12-mm wide). The surface area of a flag leaf is asso-
ciated with photosynthetic capacity (Damalas et al. 2008; Evans
and Rawson 1970). High flag leaf surface area allows the plant
to intercept more sunlight for photosynthesis and assimilate
carbon. The longer and wider flag leaves of E. crus-galli and
E. muricata could produce sufficient energy to support the taller
plant stature, compared with E. colona. With respect to flag leaf
angle, erect angles (<45°) in grasses allow for more light penetra-
tion to the lower parts of the plant canopy and improve overall
light interception by the plant (Mantilla-Perez and Salas
Fernandez 2017). In fact, self-shading rather than leaf angle per
se is important for light interception and carbon gain (Falster
and Westoby 2003). In the current study, the majority (48 out
of 52, 92%) of E. colona ecotypes exhibited high within-ecotype
variation (0° to 90°) for flag leaf angle. Considering that E. colona
largely mimics rice crop height, the within-ecotype variability for
leaf angle might allow it to maximize light and carbon capture
depending on crop density. In contrast, E. crus-galli and
E. muricata had flag leaves with much wider angles (46° to 90°).
Given that these two species grew taller than the rice canopy,
the broader flag leaves and wider flag leaf angles may have provided
better light interception, while shading the rice crop underneath
(Weiner and Thomas 1986).

The majority (95%) of E. colona began flowering within 28 to
35 d after transplanting, and flowering continued for several weeks.
Both E. crus-galli and E. muricata also initiated flowering within
the same time frame as the majority of E. colona. Reports indicate
that E. colona and E. crus-galli can flower throughout the
year (Chauhan and Johnson 2009; Vengris et al. 1966), whereas

E. muricata usually flowers during midsummer to early fall
(Tahir 2016). A long flowering window increases opportunities
for outcrossing among different Echinochloa biotypes and species.
Even though members of Echinochloa are autogamous and
predominantly self-pollinating, occasional outcrossing could still
happen (Maun and Barrett 1986). Pollen-mediated gene flow
(PMGF) was detected among E. crus-galli plants at the maximum
tested distance of 50 m (Bagavathiannan and Norsworthy 2014).
An extended flowering window has implications for the spread
of herbicide resistance through PMGF across fields.

With respect to panicle length, E. colona had the shortest
(9.9 cm) panicles compared with E. crus-galli (17.2 cm) and
E. muricata (17.3 cm). It was reported that the inflorescence length
and seed production are positively correlated in E. crus-galli
(Norris 1992). Two different panicle colors are usually observed
in Echinochloa: purple and green. The majority (63%) of E. colona
had a mix of both purple- and green-colored panicles within the
ecotype (Table 2), whereas the remaining 33% or 4% of the
ecotypes had purple- or green-colored panicles, respectively.
Both E. crus-galli and E. muricata had green-colored panicles.
Upon maturity, the caryopsis of the green panicles typically turned
brown, while the purple-colored panicles turned dark brown.

Seed shattering is an important weedy trait that contributes to
species’ persistence in the field. Results showed that E. crus-galli
and E. muricata had greater seed-shattering abilities with 30%
and 43% at plant maturity, respectively, compared with E. colona
(20%). When tested at 7 mo after harvest, the vast majority of the
ecotypes had already overcome dormancy, exhibiting 83%, 85%,
and 86% germination for E. colona, E. crus-galli, and E. muricata,
respectively. Honék and Martinkova (1996) reported that
freshly harvested seeds of Echinochloa spp. typically exhibit
dormancy, the length of which can vary from 3 to 7 mo. Seed
dormancy is an important bet-hedging mechanism that facilitates
temporal dispersal of a species, allowing for persistence under
unpredictable environmental conditions (Baskin and Baskin
2004). Unfortunately, seed dormancy of the freshly harvested seed
could not be tested in the present study due to practical circum-
stances. Nevertheless, tetrazolium test results suggest that the vast
majority of the seed might germinate in the following season
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morphological diversity of Echinochloa ecotypes investigated in this study.
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Figure 4. Histogram for the fourimportant traits identified by the principal component analysis among the Echinochloa ecotypes collected from Texas rice fields: (A) plant height,

(B) flag leaf length, (C) seed shattering, and (D) seed germination.

should germination requirements be fulfilled. Animal grazing
during the rotational year typically practiced in the region might
be beneficial for the management of Echinochloa spp.

Clustering of Ecotypes Based on Four Significant
Phenotypic Traits

The PCA (Figure 3) indicated that 4 of the 14 phenological traits
characterized in the study— plant height, flag leaf length, seed
shattering, and seed germination—contributed significantly to
the overall morphological diversity of Echinochloa spp. The
frequency distribution of the four traits that significantly
contributed to Echinochloa ecotype diversity is displayed in
Figure 4. Based on these four traits, K-means cluster analysis
grouped the 54 Echinochloa ecotypes into five clusters (Table 3;
Figure 5).

Cluster 1 comprised 28% of the characterized ecotypes, with an
average plant height of 51 cm, slightly taller than the plants in the
Cluster 2 (47 cm), and an average flag leaf length of 12 cm.
Seed-shattering potential was the lowest (14%) in this cluster,
and seed germination was 86%. Seed shattering is an important
weedy trait that typically favors dispersal and persistence of a weed
population through seedbank replenishment (Holm et al. 1977).
Low weed seed shattering ability of certain ecotypes can be
exploited for harvest weed seed control strategies, which rely on
the ability of weeds to retain seeds at the time of harvest for seed
collection and destruction (Walsh et al. 2018). Cluster 2, which
represented the highest number of ecotypes (43%), was character-
ized by the highest germination capacity (88%). It also had purple-
or green-colored panicles.

Cluster 3 consisted of 7% of the total ecotypes, having the
shortest (9 cm) flag leaf length and the greatest (40%) seed
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Table 3. K-means cluster analysis of different Echinochloa ecotypes based on the four most discriminating traits.?

Days to flowering

Cluster N Plant height  Flag leaf length Flag leaf width Panicle length  Seed shattering ~ Germination initiation®

cm mm 9 28 35 21-28 28-35
1 15 51 12 8 101 14 86 0 3 1 11
2 23 47 10 8 97 21 88 1 1 0 21
8 4 43 9 7 93 40 82 0 1 0 3
4 10 48 13 8 101 18 66 1 2 0 7
5 2 132 18 12 172 36 86 0 0 0 2

Panicle color® Stem color® Canopy structure
Cluster N P G P&G P G P&G Prostrate Erect Intermediate
1 15 4 0 11 14 0 1 7 0 8
2 23 7 2 14 22 0 1 11 0 12
3 4 0 0 4 3 0 1 1 0 3
4 10 6 0 4 9 0 1 6 0 4
5 2 0 2 0 0 1 1 0 2 0
Leaf textured Leaf angle Leaf color®

Cluster N S R S&R 0°-45° 46°-90° Variable: 0°-90° P G P &G
1 15 13 0 2 0 0 15 0 11 1
2 23 21 0 2 0 0 22 0 17 1
3 4 4 0 0 0 1 3 0 3 1
4 10 7 0 3 1 0 9 0 7 1
5 2 2 0 0 1 0 0 0 0 1

2Clusters based on plant height, flag leaf length, seed shattering, and seed germination.

PMeasured as days after transplanting; the range indicates intra-ecotype variability in initiation of first flowering.
Color: P, all plants within the ecotype exhibiting purple color; G, all plants within the ecotype exhibiting green color; P & G, plants within a given ecotype with both plants of purple color and

plants of green color.
deaf texture: S, smooth; R, rough; S & R, smooth and rough.

shattering. The plants in this cluster were also the shortest (43 cm)
compared with other groups. Cluster 4 consisted of 18% of the
ecotypes characterized. This cluster had the lowest germination
rate (66%). This is notable, because plants in other clusters showed
very high germination. Low germination could be attributed to
seed dormancy, which is regulated by genetic and environmental
factors (Bewley 1997; Chauhan and Johnson 2009). As discussed
earlier, seed dormancy allows for species’ persistence (Baskin
and Baskin 2004).

Cluster 5 had two ecotypes (4% of the total ecotypes) that were
phenotypically very distinct from others. A taxonomic identifica-
tion revealed that these two ecotypes were of different species:
E. crus-galli and E. muricata. Plants were the tallest (132 cm) with
the largest flag leaf (18-cm length, 1.2-cm width) and panicle
length (17.2 cm). Tall plants can suppress the surrounding vegeta-
tion through shading and thereby can be more competitive for
resources (Weiner and Thomas 1986). This cluster had the second
highest seed shattering (36%) and germination capacity (86%).

Correlation Analysis of Morphophysiological Traits
and Their Association with Herbicide Resistance

Correlation analysis (Figure 6) performed on 14 morphophysio-
logical traits revealed that plant height was highly correlated with
flag leaf width (r=0.79), panicle length (r=0.92), stem color
(r=0.91), and canopy structure (r = 0.83). In general, E. crus-galli
and E. muricata in the current study were taller and exhibited
wider flag leaves and longer panicles compared with E. colona.
Similar findings were reported by Tahir (2016) in Arkansas, where
the widest flag leaves and longest panicles were observed in E. crus-
galli and E. muricata, rather than in E. colona. Stem color was
highly correlated with canopy structure (0.81), which represents
the plant growth habit. Specifically, Echinochloa ecotypes with

purple stem color tend to have open geometry with shorter stature.
Conversely, ecotypes with greener stems were taller, with a closed
canopy. An open canopy allows for better light penetration, though
open canopy with decumbent or prostrate growth habit may pose
disadvantages for hybridization. In this respect, E. crus-galli and
E. muricata may have greater chances of hybridization in a rice
field, owing to taller stature and larger inflorescences (OLA and
MAFF 2002).

No significant association was observed between phenotypic
traits and herbicide-resistance status (Figure 6). The multiple
herbicide resistance profile of Echinochloa within each cluster is
displayed in Figure 5. In Cluster 1 (total 15 ecotypes), 26% were
susceptible to all four herbicides, whereas 37%, 11%, 21%, and
5% of the ecotypes were resistant to one, two, three, and four herbi-
cide SOAs, respectively. In Cluster 2 (total 23 ecotypes), 24%, 38%,
and 14% of the ecotypes were resistant to one, two, and three herbi-
cide SOAs, respectively, whereas the rest (24%) were susceptible.
None of the ecotypes in this cluster were resistant to all four tested
herbicides.

Cluster 3 consisted of three ecotypes, of which two were
resistant to one SOA, and one ecotype was resistant to three
SOAs. In Cluster 4, which comprised nine ecotypes, 22%
were susceptible, whereas 42% and 11% were resistant to two
and three SOAs, respectively. All four clusters were composed of
E. colona ecotypes only, and frequency of resistance to one or more
SOAs was independent of cluster groupings. Similar results have
been reported by Rouse et al. (2018) in a study conducted in
Arkansas, where 40% of the E. colona ecotypes were found resistant
to only one SOA and 33% were resistant to two or more herbicides.
Cluster 5 consisted of two ecotypes, one of them was susceptible
(E. crus-galli) and the other one (E. muricata) was resistant to
one SOA. In contrast to the current findings, E. crus-galli in
Arkansas exhibited higher frequency of three-way resistance (three
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Figure 6. Correlation analysis between herbicide-resistance status and 13 morphophysiological traits measured in 54 Echinochloa ecotypes collected in rice production fields
in Texas.
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SOAs) compared with other species (Rouse et al. 2018). However,
due to low sample size of E. crus-galli and E. muricata available in
the current study, resistance frequencies could not be compared
across the different Echinochloa spp.

This common garden study revealed the occurrence of three
Echinochloa species in Texas rice production, namely E. colona,
E. crus-galli, and E. muricata, among which E. colona is the
predominant species. Even though Echinochloa spp. are commonly
referred to as “barnyardgrass,” it is vital that the research and
extension community is cognizant of the inaccuracy of attribution.
The 14 morphophysiological traits investigated in this study were
found to vary greatly within and among the ecotypes. Certain
morphological traits, notably plant height and flag leaf size, could
help with Echinochloa species classification. However, association
between herbicide resistance and weed morphophysiological traits
was not evident. Overall, the presence of high diversity for different
morphological traits among different Echinochloa ecotypes charac-
terized in this study suggests their ability for adaptation to different
selection agents. The findings support the fact that Echinochloa
spp. show high risk for the evolution of herbicide resistance and
emphasize the need for proactive diversified management to tackle
this species.
Acknowledgments.  Assistance  provided by  Zachary  Schaefer,
Russ Garetson, Cynthia Sias, and Shirley Engelke on sample collection; and
Prabhu Govindasamy, Spencer Samuelson, Blake Young, Kaisa Werner,
Queli Ruchel, Vitor Damido, Camille Werner, and Michael Escobar on plot
maintenance and data collection are gratefully acknowledged. The authors also
appreciate the help provided by the staff (Jason Samford, Bob Hensley, Patrick
Parma, Henry Nieto, and Coleen Meitzen) at the David R. Wintermann Rice
Research and Extension Center, Eagle Lake, TX. This research was funded in
part by the Texas Rice Research Foundation and the Rice Belt Endowment
Fellowship. No conflicts of interest have been declared.

References

Bagavathiannan, MV, Norsworthy JK (2014) Pollen-mediated transfer of herbi-
cide resistance in Echinochloa crus-galli. Pest Manag Sci 70:1425-1431

Barrett SC, Wilson BF (1981) Colonizing ability in the Echinochloa crus-galli
complex (barnyardgrass). Variation in life history. Can ] Bot 59:1844-1860

Barrett SH (1983) Crop mimicry in weeds. Econ Bot 37:255-82

Baskin JM, Baskin CC (2004) A classification system for seed dormancy. Seed
Sci Res 14:1-6

Bewley JD (1997). Seed germination and dormancy. Plant Cell 9:1055

Bryson CT, Reddy KN (2012) Diversity of Echinochloa in the Mid South.
Abstract 35 in Proceedings of the 52nd Weed Science Society Annual
Meeting. Waikoloa, HI: Weed Science Society of America

Burgos NR, Singh V, Tseng TM, Black H, Young ND, Huang Z, Hyma KE,
Gealy DR, Caicedo AL (2014). The impact of herbicide-resistant rice tech-
nology on phenotypic diversity and population structure of United States
weedy rice. Plant Physiol 166:1208-1220

Carretero JL (1981) El genero Echinochloa en el suroeste de Europa. An Jard Bot
Madrid 38:91-108

Chauhan BS, Johnson DE (2009) Seed germination ecology of junglerice
(Echinochloa colona): a major weed of rice. Weed Sci 57:235-240

Chin DV (2001) Biology and management of barnyardgrass, red sprangletop
and weedy rice. Weed Biol and Manag 1:37-41

Costea M, Tardif FJ (2002) Taxonomy of the most common weedy European
Echinochloa species (Poaceae: Panicoideae) with special emphasis on
characters of the lemma and caryopsis. SIDA Contrib Bot 20:525-548

Damalas CA, Dhima KV, Eleftherohorinos IG (2006) Control of early
watergrass (Echinochloa oryzoides) and late watergrass (Echinochloa
phyllopogon) with cyhalofop, clefoxydim, and penoxsulam applied alone
and in mixture with broadleaf herbicides. Weed Technol 20:992-998

Damalas CA, Dhima KV, Eleftherohorinos IG (2008) Morphological and
physiological variation among species of the genus Echinochloa in northern
Greece. Weed Sci 56:416-423

Evans LT, Rawson HM (1970) Photosynthesis and respiration by the flag leaf
and components of the ear during grain development in wheat. Aust J Biol
Sci 23:245-54

Falster DS, Westoby M (2003) Leaf size and angle vary widely across species:
what consequences for light interception? New Phytol 158:509-525

Gould FW, Ali MA, Fairbrothers DE (1972) A revision of Echinochloa in the
United States. Am Midl Nat 87:36-59

Heap I (2021) The International Herbicide-Resistant Weed Database. http://
www.weedscience.org. Accessed: January 23, 2021

Himel CM, Loats H, Bailey GW (1990) Pesticide sources to the soil and prin-
ciples of spray physics. Pages 7-50 in Cheng HH ed. Pesticides in the Soil
Environment: Processes, Impacts and Modeling. Madison, WI: Soil
Science Society of America

Holm LG, Plucknett DL, Pancho JV, Herberger JP (1977) The World’s Worst
Weeds. Honolulu, HI: University of Hawaii Press. 610 p

Honék A, Martinkovd Z (1996) Geographic variation in seed dormancy among
populations of Echinochloa crus-galli. Oecologia 108:419-423

Hrugevar D, Miti¢ B, Sandev D, Alegro A (2015) Echinochloa colona (L.) Link
(Poaceae), a new species in the flora of Croatia. Acta Botanica Croatica
74:159-164

Liu R (2018) Survey, Ecology and Management of Problematic Weeds in Rice
Production in Texas. Ph.D dissertation. College Station, TX: Texas A&M
University. 107 p

Liu R, Singh V, Zhou XG, Bagavathiannan M (2020) Stakeholder and field
surveys on weed issues and research needs in rice production in Texas.
Weed Technol 35:242-250

Lopez-Martinez N, Salva AP, Finch RP, Marshall G, De Prado R (1999)
Molecular markers indicate intraspecific variation in the control of
Echinochloa spp. with quinclorac. Weed Sci 47:310-315

Maity A, Singh V, Jessup R, Bagavathiannan M (2021) Seed traits correlate with
herbicide resistance in Italian ryegrass (Lolium perenne ssp. multiflorum).
Pest Manag Sci 77:2756-2765

Mantilla-Perez MB, Salas Fernandez MG (2017) Differential manipulation of
leaf angle throughout the canopy: current status and prospects. ] Exp Bot
68:5699-5717

Maun MA, Barrett SCH (1986) The biology of Canadian weeds. Echinochloa
crus-galli (L.) Beauv. Can J Plant Sci 66:739-759

Michael PW (1983) Taxonomy and distribution of Echinochloa species with a
special reference to their occurrence as weeds of rice. Pages 291-306 in
Proceedings of the Conference on Weed Control in Rice. Los Baifios,
Laguna, Philippines: International Rice Research Institute and International
Weed Science Society

Monsi M, Uchijima Z, Oikawa T (1973) Structure of foliage canopies and
photosynthesis. Annu Rev Ecol Syst 1:301-327

Norris RF (1992) Relationship between inflorescence size and seed production
in barnyardgrass (Echinochloa crus-galli). Weed Sci 40:74-78

[OLA and MAFF] Open Learning Agency and British Columbia Ministry of
Agriculture, Food, and Fisheries (2002) Guide to Weeds in British
Columbia. Burnaby, BC, Canada: Open Learning Agency. 195 p

Overaa P (1984) Distinguishing between dormant and inviable seeds. Pages
182-196 in Dickie JB, Linington S, Williams JT, eds. Seed Management
Techniques for Genebanks: Report of a Workshop Held at the Royal
Botanic Gardens, Kew, UK. Rome: International Board for Plant Genetic
Resources

Rouse CE, Roma-Burgos N, Norsworthy JK, Tseng TM, Starkey CE, Scott RC
(2018) Echinochloa resistance to herbicides continues to increase in Arkansas
rice fields. Weed Technol 32:34-44

Singh V, Singh S, Black H, Boyett V, Basu S, Gealy D, Gbur E, Pereira A, Scott
RC, Caicedo A, Burgos NR (2017) Introgression of Clearfield™ rice crop
traits into weedy red rice outcrosses. Field Crops Res 207:13-23

Sterling TM, Jochem HS (1999) Do Differences in Locoweed Leaf Surfaces
Affect Herbicide Uptake? Las Cruces, NM: New Mexico Agricultural
Experiment Station Res Rep 55. 56 p

Downloaded from https://www.cambridge.org/core. IP address: 47.133.240.231, on 29 Dec 2021 at 02:42:43, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms
. https://doi.org/10.1017/wsc.2021.64


http://www.weedscience.org
http://www.weedscience.org
https://doi.org/10.1017/wsc.2021.64
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

10

Tabacchi M, Mantegazza R, Spada A, Ferrero A (2006) Morphological traits and
molecular markers for classification of Echinochloa species from Italian rice
fields. Weed Sci 54:1086-1093

Tahir H (2016) Characterization of Echinochloa spp. in Arkansas. Master’s
thesis. Fayetteville, AR: University of Arkansas. 148 p

Tsuji R, Fischer AJ, Yoshino M, Roel A, Hill JE, Yamasue Y (2003)
Herbicide-resistant late watergrass (Echinochloa phyllopogon): similarity
in morphological and amplified fragment length polymorphism traits.
Weed Sci 51:740-747

van Hinsberg A, van Tienderen P (1997) Variation in growth form in relation to
spectral light quality (red/far-red ratio) in Plantago lanceolata L. in sun and
shade populations. Oecologia 111:452-459

Liu et al.: Diversity in Echinochloa spp.

Vengris ], Kacperska-Palacz AE, Livingston RB (1966) Growth and develop-
ment of barnyardgrass in Massachusetts. Weeds 14:299-301

Walsh MJ, Broster JC, Schwartz-Lazaro LM, Norsworthy JK, Davis AS,
Tidemann BD, Beckie HJ, Lyon DJ, Soni N, Neve P, Bagavathiannan MV
(2018) Opportunities and challenges for harvest weed seed control in global
cropping systems. Pest Manag Sci 74:2235-2245

Weiner J, Thomas SC (1986) Size variability and competition in plant
monocultures. Oikos 1:211-222

Zimdahl RL, Lubigan RT, Moody K, Mabbayad MO (1989) Seeds and Seedlings
of Weeds in Rice in South and Southeast Asia. Los Bafios, Laguna,
Philippines: International Rice Research Institute. 63 p

Downloaded from https://www.cambridge.org/core. IP address: 47.133.240.231, on 29 Dec 2021 at 02:42:43, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms
. https://doi.org/10.1017/wsc.2021.64


https://doi.org/10.1017/wsc.2021.64
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

	Morphophysiological diversity and its association with herbicide resistance in Echinochloa ecotypes
	Introduction
	Materials and Methods
	Plant Materials
	Morphological Characterization
	Evaluation of Seed Dormancy
	Data Analysis

	Results and Discussion
	Species Composition
	Phenotypic Differentiation within and among Echinochloa Ecotypes
	Clustering of Ecotypes Based on Four Significant Phenotypic Traits
	Correlation Analysis of Morphophysiological Traits and Their Association with Herbicide Resistance

	References


